T. I Enuzaposa, A. B. XKepuxoe, H. C. Karauunckas,
HO.B. Illepemos
"YACNEHHOE MOAENNPOBAHUE KOHBEKTUBHbIX
TEYEHWUWA ONEKTPONPOBOOHOW XUOKOCTH B
KABEPHE'

1. BeeneHue

IIpouecch Temno-MacconepeHoca B pacniaBax HONYNPOBOAHAKOBEIX Ma-
TEpHAaNoB OKa3hIBAIOT ONpefelsioliee BO3AEHCTBHE Ha CTPYKTYPY U CBOMCTBA
BBIpAIUBaeMBIX KpHCTalnoB. OCHOBHOH NpPHYMHOM BO3HUKHOBEHHS IPHMeEC-
HEIX HEOZHOPOJHOCTell B KPHUCTAUIAX, IONYyYaeMbIX METOHOM OGECTHIENLHOM
30HHOH IUIaBKH, ABISETCS HECTAIMOHAPHOEC KOHBEKTHBHOE ABIKEHHE B pac-
IUIaBe, BO3HUKAaollee B Npoliecce KprcTamnmsanuy [1]. B 3eMHBIX yCIOBHSX
npeobiiafaeT rpaBUTAIHOHHAS KOHBEKIHS, B HEBECOMOCTH — TEPMOKAIMILIAD-
Has WIK KOHIEHTPalOHHO-KaTWIIIApHas KOHBEKIVS.

Hi3BecTHO, YTO BHE 3aBHCHMOCTH OT HaIpaBleHUs MarHHTHOTO MOJA 110
OTHOLIEHHIO K BEKTOPY CKOPOCTH TEUEHHS 3MeKTPONPOBOJHOM KHIKOCTH BO3-
HUKAIOIME MacCOBBIE CHIIBI TOPMO3ST ABIDKEHHE paciiaBa. Bo3aMOXHOCTE HC-
IIOJIB30BaHMUs 3TOr0 3¢deKTa IS MOJABIEHHS KOHBEKTHBHOIO ABIDKEHHS M
yiiy4IIeHH CBOMCTB BHIpPAII¥MBaeMbIX 0OPA3NOB IMHPOKO M3YyHaeTCs B HACTOS-
niee BpeMs ¢ IOMOMIBIO Kak HaTypHEIX [2], [3], TaKk H BEIMHCIATENEHBIX 3KCIIE-
puMeHTOB [4] - [6]- UncneHHoe MoneTMpOBaHMUe IPOLECCOB B3aMMOAEHCTBHS
MAarHUTHOTO JIOJIS M JIEKTPONPOBOAHOMN JKUIKOCTH NPEACTABISETCS JOCTATOY-
HO CIOXHOM MaTeMaTH4eCKOH M BRIYHMCIUTEIBHONH IPOOIeMOii.

B nammoii pabore mpenyioxeHa OpPUTHHAIBHAS MaTeMarv4ecKas MOIENb
JJIs1 OIIMCAaHHUs Te4eHUH pacIyiaBoB B IIOCTOSHHOM BHEITHEM MarHUTHOM IIOIE.
IlocTpoen anroput™ ee YHCIEeHHOH peamusalun. [IpuBeAeHE! pe3ynbTaThl pac-
JEeTOB TePMOKaIWIUIIPHBIX TeYeHHMIT B KBapaTHOH KaBepHe.

2. KepasurugpoauHamuyeckas cucrtemMa ons KBasuHewuTpanb-
HOW CXKMMaeMOW 3NeKTPOoNpPOBOLAHON XUAKOCTH

Jns Benu4HH, XapaKTepH3YIOIIMX TEYEHHI KBasHHEHTpanbHOW 3JIeKTpo-
HpOBOJHOM XuAKocTH, OyJeM HCIONb30BaTh CHEAyompe 0GO3HAUeHHUS:

p= p(;c,t)— TLIOTHOCTE, i:&(;c,t)— BEKTOp T'MAPOJHHAMHYECKOH CKOPOCTH,
p= p(;c,t)— nmapnenue, T =T (;c,t)— TeMIeparypa, &= g(} )~ BHYTpPEHHSI
SHEprHs e[VHHIB! MacChl, s= s(x f)— ynenbHas 3HTPOIMS, H=H (x t) u

E= E(x t)— HaNpPAKEHHOCTY MaTHUTHOTO U 3JIEKTPUYEcKOro nomiei, F — mac-

"PaboTa BEIIONHEHA TIpH TOJUIEPIKKE TPAHTOB PCDCDI/I N 01-01-00061 u INTAS N
2000-0617.
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coBasl IIOTHOCTh BHEHIHMX CHI, ¢ — CKOPOCTH CBETa B Bakyyme. B kauecTse
HCXOHON MaTeMaTHiecKoil MOfedH Gy[eM HCIONB30BaTh NPEIIOKECHHYIO B
[7] - [9] xBasumaramroraapoauHaMudeckyro (KMI'/I) cucremy

_‘;ﬁ + div(pa) = div(pw), M

ﬂgﬁ + div(pil@z]) + §p = pF + l[-j x H] + divIl,s +
c

+ divi(pw®u) + (pu ® w)],

4 Z+e + div §£+s+ﬁ+div"—
x| Pl 2 P P 7=

= p(@ - w)F) + G-E) + div(Tl,5-u) + 3)

-2
+ div{pﬁ{yz— + e} + p—uj + pﬁ(?v-?ﬁ],

@

rot E=- ———, div H=0, j=— rot H. 4

Benuuunsi Iy, ¢ ¥ j, AHTEpIpeTHpyeMBIe KaK TEH30D BA3KUX HAUPDKEHUH,
BEKTOP TEILIOBOTO MOTOKA ¥ BEKTOP INIOTHOCTH JJIEKTPAYECKOTO TOKA, BBIYHC-
JSHOTCA 110 GOpMYJiaMm

— - — w2 -
My =n[{V & +{V® - =1 di , 5
NS n[( u) ( u) 3 iv u] )
g =-2V T, (6)
j=o(E + 16 - W« #) ™

c
rae
v (o s T - pF - G« H] @
P c

CuMBONEL -, X ¥ ®@HCHONB3yIOTCHA A 0003HAYCHMA omepalmil cka-

JIPHOTO, BEKTOPHOT'O U MPAMOTO TEH30PHOI'O IPOH3BEIEHMA BEKTOPOB; div H
rot — OIIepaTOpsl AMBEPIeHIMH 1 POTOpa; ] — eAMHUYHBIA TEH30p BTOPOTO paH-
ra. J[UsieKTpUYecKy0 H MarHATHYIO IIPOHHIIAEMOCTH CPeJibl CYMTaeM PaBHBI-
wmu epunune. CHcTeMa CTAHOBUTCSA 3aMKHYTOH, €CIH €€ JOMOJHMTH ypaBHe-
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HUAMH COCTOAHUSA

p= qjl(p’ T)’ & = \PZ(P, T)? § = \F3(p> T)7
a TaKKe BbIPaXCHUAMH
n = "P4(p’ T)> &= l{Is(pzv T)’ o = II"6(p: T)

ATSL BBIMHMCIEHHS KO3((HIMEATOB JUHAMHYECKO! BS3KOCTH 1), TEILIOTIPOBOS-
HOCTH & H 2JIEKTPOIPOBOAHOCTH O. PeakcalonHsI napaMeTp T, HMerommit
PasMepHOCTE BPEMEHH, ONPEETIETCS C IIOMOLIBIO BEIPAKEHUSL

7
2)

pech
e C; — CKOpOCTH 3BYKa B Cpelle IPH OTCYTCTBHH 3JE€KTPOMATHUTHOIO IIOJIA.
®opmainsHbli nepexof B (1) — (8) k npeneny npr 7 — 0 aaer KXaCCHYECKYIO
cuctemy MI'/] B xBasuHe#TpansHoM npubmmxenuu [10], [11].
C nomompio Toxnecrsa I'u66ca Tds = de + pd(1/p) uz (1) — (8)
MOJKHO BBIBECTH YPABHCHHE Gananca OHTPOIIHHA

T =

g%?l + div(pus) = div(pws) + div(ae—vi—?—) + 'ae(—vz—wz)2 + ?

€ HEOTpHLATENbHON AUCCUTIATUBHON dyHKLIueH
-2

—2
cD:(HNS:HNS)+ pw +L
2n T

3. KMI[O-cuctema B 6e3biHOYKUMOHHOM NpPUOTMKEHNUMU
O6epbeka — ByccuHecka

KMI'I-ccTeMa B Tak Ha3bIBaeMOM Oe3BIHAYKIMOHHOM HPHOIIMIKEHHUH
Obepbexa - Byccunecka UMeeT BU

div u = div;, ©®
O iy i ® %)+ SVp =
ot p
—_— 0' - — e ——
- _ BgT + ;-?H(u - W) x H,] x HO] + (10)

I

+ %div My + div [(w ® u) + (u ®w)
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%§- + div (uT) = div (wT) + yAT. 1)

Ipn >rom Bemmauus! 1, 1 w BBIMHECIIOTCS 10 GOPMyTIaM

I, = n[(? ®u+ (Ve ;)T],

i SR |- ~ SR (12)
w = T((u-V)u + ;Vp + pgl - —p—c—z—[[u x H":I x HO]J.

On#u BEIBOISATCS M3 NMONHBIX ypaBHeHui (1) — (8) mpu crnemyrommux no-
* TyIIEeHUAX: i

1) Hcnonsayercs npubamkesue tuna Obepbexa - Byccunecka. Wien ¢
JMcCHIaTHBHOM dyHKIuel B ypaBHEHHH NIepeHoca TeIlla OMyIIeH.

2) PaccMaTpHBAaIOTCS TeUCHHUS MTONYIPOBOLHUKOBOTO paCIUiaBa, KaK Te-
9eHHS KBaSHHEHTPANBHOH XHAKOCTH. BIMAHHEM 3IEKTPUYECKOTO HOJs IIpe-
HeOperaeM.

3) OTKIOHeHHS MarHUTHOT'O NOJIA B PACILIaBe OT BENMYHHBI OXHOPO/IHO-
IO BHEIHEr0 MarHHTHOTO 0 Ho CUMTAIOTCS MABIMA. '

4) UngyrupyeMsie TOKH Maibl JIKoynes HarpeB B YpaBHEHHH [IEPEHOCA
TeIlla He YIHTHIBAETCH.

3necys p = const > (0 — cpeljHee 3HaYeHHE ILIOTHOCTH, ;=z~¢(;c,t) -
BEKTOP THAPOJMHAMHYECKOH CKOPOCTH, p = p(x,f) — IaBueHye, OTCYATEIBAS-
Moe OT rujpocraruyeckoro, 7' =T (E,t) ~ OTKIIOHEHHE TEMIIepaTyphsl OT ee
cpenrero 3gauenus 1y = const > 0, A — onepartop Jlannaca B mpocTpaHcTBe
R;f. TemmepaTypusiit KooGGUIMEHT pacIIMpeHus XUAKOCTH [, AuHaMH4e-
CKaf BSI3KOCTB 7] = PV, TEMIEPATYPOIPOBORHOCTs ¥ = &/(pc,) U JIeKTpo-
TIPOBOZHOCTL O CHUTAIOTCA 3aJaHHBIMH IIOJIOKUTEIBHBIMU IIOCTOSHHBIMH.

4. MocraHoBKa 3apaum

PaccmoTpuM 3afady O KOHBEKUHH MOJYNPOBOJHUKOBONO paciuiaBa B
MOJIOCTH MPAMOYTOJIBHOTO cedeHus JUIHHE L u BRICOTH AL. OpnHa u3 rpaHumiy
nonocty cBoboxHas, ocTanbHble TBepAsle. [lycts ® > 0 — Temmepartypa Je-
BOH CTEHKM KaBepHHL TemiiepaTypy NpaBoOil CTEHKH IIOJOXXHM PaBHOM HYIIIO.
OnHopozHOe BHEIIHee MarHMTHOE TI0Jie HANpaBlIeHO MepPIeHAMKYJIIPHO CBO-
6onHOU MOBEPXHOCTH.
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4 y
A
prg Uy g
Hy
Uy %
0 1 >
Puc.1

OcHoBHOl MaTeMaTHyecKod Mopenblo OyneMm cumrath cucreMy (9) —
(12), xoTopyro 3amumIeM B JeKapTOBEIX KOOPAMHATAX (X, V).

ou Oy _Ow, oW 3)
o &y o oy

Ou, N au,”) : O(u,u,) N op _ Iy oIy
ot Ox oy Ox ox oy 14
o Hww) o(uw,) N o(u,w,) Hat ), .

ox ) oy

ou, 0w dwu) ap _8(TLy) (L)
a oy ox &y dy as
N o(u,w,) N o(u,w,) 5 o(u,w,) . G,
ox Ox dy

Z_T . a(g;T) N o(,T) _ 5(1;;T) N ow,T) N
t o o 16)
1|0 o'T

|+,
Pr { ot o }

Wy = f(ux L uy%? + —gxg + Hazux), (17



( ou, Ou, op
w, = t|u =2 + u =2 + L _ GrT |, (18)
Ox oy oy

KOMHOHeHTBI HaBbhE-CTOKCOBCKOTO TeH30pa BA3KHX HaHpSDKeHHf/'I
11" mmeror BUA

ou

225 I =117 = (a”x . o

| H”S_z 19
% ax] - 1

Cucrema (13) — (19) npexncrasneHa B Ge3pazmepHoit popme. B xagzectse
/IMBAI U3MEPEHUS X, Y, 1, U, , U,, W,, W,, p, T COOTBETCTBEHHO BHIGpaHEI Be-
mraunst L, L, IPJv, v/L, v/L, v/L, v[L, p(v/Ly, ©. Yucna I'pacroda Gr,
I'aptmana Ha, Ipaunras Pr, Maparronn Ma u 3BykoBoe uucio PeiiHonpaca
Re; onpenenaroTcs ¢ IOMOIIBIO BRIpaXKeHUH

3
", =§_@{£, Ha = M,y T opr=Y M= _%99_1’ Re, = oL
1% c \n z ny oT v
3necs o = 0,(T)— x030OUIEEHT MOBEPXHOCTHOIO HATSKEHHA pACILIaBa.

BespasMepHBIH pelaKCaliMOHHEINA IapaMeTp 7cBi3aH ¢ Re; COOTHOIIEHHEM
= 1/ (Re?). IIpoexnuy BeKTOpa MAOTHOCTH IIOTOKA MacChl BEIYHCISIOTCS IO

topmynam

NS _
1, =

Jme = U, — W, me = uy - Wy'

Myers G={(x, ) : 0<x<1, 0<y<A4} — obnacts TeueHus.
Jonomuum cuctemy (13) — (19) HauanbHBIMH YCIOBHAMHA

=), =0 T|,=0 (% »eG, (20)

IlycTh XHMIKOCTH IPUIHIAET K IPaBoil, J€BOM ¥ HIDKHEH IpaHHLAM I10-
JIOCTH, & Ha BepXHel NeHCTBYIOT CHIbI HOBEPXHOCTHOIO HAaTsKeHHs. I OpH30H-
" TaJlBHBIE TPAHMLBI IIONOCTH TEIIoM30iMpoBaHbl. CxeMa pacdeTHOH obnactu
npuBejena Ha Puc. 1. Taxoi ¢u3udYeckoi IMOCTaHOBKE COOTBETCTBYIOT Ipa-
HHYHEBIE YCIIOBHA:
e jieBas cTenka (x = 0, 0 <y <4):

op
u, =u, =0, a=0, T=] @2n

e mpapag cTeHka (x = 1, 0 <y < A):
u =u, =0, —a—a=0, =0 (22)

x y ox

o HkHAA cTeHKa (0 <x < 1,y =0):
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op orT
u,=u,=0, ==Gr T, —=0 - (23
T £ )
e BepxXHs cTeHKA (0 <x <[,y =A):
Ou Ma oT dp or
-+ =, u,=0, —= T, —=0.
% o 7e % Gr > 24)

Yro6bl yCTPaHHUTh HEOJHO3HAYHOCTD B OIpE/IE/NCHAN AaBleHus, OyaeM
HCIIONB30BATE HOPMUPOBKY

p@0, 0, 1) = 0. 25

Samaya cocToMT B HaxoxAeHMH OyHEKmEE u, = u (x, y, 1),

u, =u(x, y, ), p=px y, ) u T = T(x, y, t), YAOBIECTBOPSIOIUIHNX B

obmactu O = G x [0, T] cucreme (13) — (19), a Tawke ycnorusM (20) —

(25).
Js1 TocTpoeHus BEMUCIUTENBHOTO ajroputMa ypasaenue (13) yzoGuo
IpeNICTaBUTh B BUIE

&p &p_1|ou, Ou |
o oy

0 au ou 6 ou Ou,
-—| u,—~+u,—=+Hd'u, u—>+u,—~ - GrT |
o 6x oy 6y ox oy
BeeseM Takke dyHKimio Toka ¥, CBA3aHHYIO C COJEHOMAANBHBIM 10~
€M % - TIOCPEACTBOM COOTHOIICHHI

oY oY
U, - W, =—, U, - W, =-

T T

26)

5. BbluMcnuTenbHblA aniroputm
O6nacte G nokpoeM paBHOMEPHOH CeTKOH ¢ yucoM sigeek N, x N,.

Iycts
o, ={(x, y):x, =0 -1Udh, y, = - 1U2h,
i=L N, j=1 N h,=1/N, h, =1/N, }

— MHOXECTBO TOYEK, SBIMIOMMUXCS IEHTPAMH 3THX f9eeK, A ¢ — IIar 1o Bpe-
MEHH,

on =00 ¥, ={(x, y)ix =G - UDh, y, = (j - 1/2h,
i=0, N+, j=0, N+1, h, = 1/N,, h = 1/N, }.

['upponiHaMudecKie BEIHYMHBL Uy, %, H p OyIeM OTHOCHTH K y3/laM
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CeTKH @,. 3HaueHUs IPOU3BONEHON QYHKINY | U3 MHOKECTBA {ux, u, p} B
TouKax (xiilll’ yj)’ (x,., yjil/Z)’ (xi+l/2’ J’jﬂ/z) " (xi—X/Z’ yjﬂ/z) ompeznieM ¢
ITOMOIIBIO BhIpaXKEHUH . :
Wiz, ; = 05('//&1,,' + Wy) Vi uan = 0-5(‘/’1,]:1 + V/y):
Vian, jﬂ/é = 025t i + Wi mt W, + W)
Vi, oz = 025Wiyjm + Vit Wi, + ¥y)
B MoMeHT BpeMeHH ¢ = () IONOXKHM
), =@), =0, T, =0, (x, )€ a, @7

Y10651 anpoKCUMAPOBATH TPAHUIHBIE YCIOBHS IS CKOPOCTH U TEMIIe-
patypsl, CCTO‘IHBIC\@YHKIIHPI (uy)y, (u); 1 T; B IeHTPaxX QUKTHBHBIX S4eeK H3
¥, BEITHCIAM IO hopMynam

T,=2-T, Ty, =-T., j=L N;

0y. y
T, =T, 7;,1\/,+1 = 7;,1\/,) i=1 Ng
T =2 - Ty, To,N,n =2~ T;N,a
Ty10 = ~Ti s TN,+1‘N},+I = _TN,,Ny;
(ux)Oj = —(ux)lj’ (uy)oj' = —(uy)lj’
U)oy = Wy, s Wy, = _(uy)Nx‘j’ J=1 N;

(ux)io = —-(ux)il’ (uy)io = _(uy)iU

Mah, T;ﬁ»l,N; - T;—l,Ny
Pr A, 2
(uy)i,NyH = _(uy)i,N,’ i=1 N;

(U)o = ()5 (uy)OO = (uy)ll’

(ux)an,o = (ux)N,,ls (uy)N,+1,o = (uy)Nx,l’
Mah, Tz,/vy - To,zv,
Pr h, 2

(ux)i,Ny—H = (ux)i,N, -

3

(ux)o,N,u = —(ux)l,Ny +

b

(uy )O,N,ﬂ = (”y)l,N, >

Mah, Ty oy, = Tyw,
Pr h, 2

(ux)N,H,NyH =- (ux)Nx,Ny + > (28)
(uy)Nx+l,Ny+l = (”y)N,,Ny-
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Bo scex (x,, y,) € @, 3amenum muddepennuansHoe ypasuenue (26)
Pa3HOCTHEIM:

1 1
Zf(pﬂ-l,j - zpij + pl—l,j) + 7(pi,j+l - zpy‘ + px’,j—l) = =@ (29)
x Yy
3necs
1
;= ;{[(ux )i+l/2,j ((ux )i+1,j —(u, )ij)"(ux)i-llz,j ((ux )y = ()i, )] +
1
+‘}‘Z";l-[(uy)i+1/z,j((ux)i+1/z,j+x/z - (ux)i+112,j—-l/2) -
'ty

=), J ((ux Dtz iz = (U )iy, J-172 )] +

Ha*
), =20, + () ]+
1
+""“[(ux)i,j+1/2 ((uy)i+]/2,j+l/2 - (uy)i~112,j+1/2) -
hh,

- (ux)i,j—-I/Z ((uy)i+1/2j—ll2 - (ux)i—IIZ,j—IIZ):I +

+ z}{[(uy)i,jﬂu((uy)i,ﬂl - (uy)ff) - (uy)t‘,j‘llz((uy)'j - (uy)i,j—l)] B
y
_%[1;,1'+1/2 - 7;,1'-1/2] - _;i—l:[(ux)ﬁ»lﬂ,]’ - (u")"""z’j] -

1 :
_—%[(uy)i,jﬂﬂ - (uy)i,j—-I/Z]‘

IMpucoemuanM K (29) KpaeBble yCIOBUS

Poj = Pijs Pywy =Py J=L Ny
P = Pan — hyGrT;,uza

Pina = Py, * BGrTy ups i=1 N

Py = Pu t hyGrTl,IIZ’ (30)
Pona = Py, ~ h,Gr 7;,Ny+1/2’

Pyqp = Py + BGrTy

Pyana = Puoy, ~ h,Gr TN,,N,+1/2=

ByneM TAKXE CUHNTAaTh, UTO
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n = 0. (D

JuckperHble anawory ypasHernult asuxenus (14), (15) u ypaBHeHus me-
peHoca Terria (16) UMeroT BUL

gﬁ—A;;(&)—i— [(“ ),+1/2/ (ux)’z‘”z’f]+

+71‘:[(uyux),-,,ﬂ,z (48, +i[pi+l,2,,- P, -

= (), =), e (1) (02), 0 ] 02
+;—x[(uxwx)f+l,2,,—(u,, Yoz J*— y[(ux D IR W
%[(uywx),,,u,z — ), - HaP[ (1), - (), s

(@), —
"‘&—*—“““ [( Uy )i, (“x”y):—uz,/]"'

‘ + l-(u )u+1/2 (u ),,-1/2]"' [sz/z Pz,—uz]—

1 1
= -}T[(HA"YS )i+1/2,j ~(H$ )i—llz,j:|+z[(ngs )i LJ+1/2 -(1—'[}1\';9 )i,j~1/2:|+ (33)

X

1 .
+h_ [(uywx Jiarzg = @We)ian ,]"" [(uxwy)ﬂ-l/Z 5= @ wy), j]+
X

x

2
+7[(uywy i = (@, W), j_1,2]+ GrT,,
¥
v__¥, —[(uxT)H]/Z,j - (uxT)i-1/2,1:|+ _[(uyT)i,jH/z - (uyT)i,j—l/2] -
At h, h,

1 1
=T (WxT)1+1/2,j - (wa)i—IIZ,j +-— (wyT)i,jH/Z - (wyT)i,j-I/Z ] + (34)
h, h,

LT 2T T g g =204 T )

Pa3HOCTHBIE aHAJOTY KOMIIOHEHT HaBBE-CTOKCOBCKOIO TEH30pa BA3KMX
HANPSDKEHHUHN BEIMUCIAIOTCS HO GopMynaM
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NS _2 2
(H"" )1+x/2,j - —h—[(u")”l,f - (ul)i}']’ (H’IZ‘S ),-'_I/z,j = ;-[(ux)ij - (ux)i—l,j:l’
y 1 1
(H;S)iﬁm = ';‘[(ux)i,m' - (ux)y] + ;[(uy)i+l/2,j+l/2 - (uy)i-1/2,j+1/2 ]’
Y x
NS 1 1
(ny )i’j_“2 = Z‘[(”x)g - (ux)i,j—] ] + 'h_[(uy)mn,j-nz - (uy)i—-lll,j—l/Z:l’
¥y X
(35)
1 1
(Hgs )M,,_J = ;‘[(ux)m/z,jﬂ/z - (ux)i+l/2,j~l/2] + Z‘[(uy dirty ~ (”y)ij]:
Y x
NS 1 1
(sz )i—l/2, e h_[(ux)i—lll,jHIZ - (ux)i—l/2,j-l/2:| + ;;[(“y)y - (uy );-1, ,Ja
y : £3
(HNS) _ __2_ [ HNS _ 2
w lwinng  p W) D = )y ]’ ( »w )i‘-lll,j —h_[(uy )y = @)1, ]’
y y
rae
()1, — (),
(w, )1+1/2, ;= Tli(”x )i+l/2, J —_t"lih‘—‘]""‘
( ( " GO
U)oty rtrn = s =D,
Hu, )i+112,j i, ,+1/2h Ui + DPi; ~ Py + Haz(ux )i+1/2,jJ’
y x
(ux)i‘ ;—(ux)i—
(w, )H/z,j = T[(“x )H/z,j '—j—h__—u“*
+(uy)i-1/2j (u, )i~l/2,j+l/2 - (ux)i—llz,j—l/’z + Py = Piy + Ha? ()i b
3, hy hx 3,
(w, )x',j+l/2 - T[: (u, )1,j+x/2 (u, )i+l/2,j+1/2; (u, );‘-1/2, 2

()i =)y Prnjun = Py 3
+ (), ol e L +Ha2(ux)i,j+1/2 s

(w, )i,j-l/2 =7 l:(ux D12

+(®,), 11

hy h,
(u, ):+1/2, j—ilz —(u, ):—1/2, J-172

h

x

+

() =)0 Puimgan = Prvngan |
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ANTOpHUTM pacyera BKIFOYaeT CIEAYIOIHe 3Tallbl:
1) Borumcnenue none# CKOPOCTH B TeMIEpaTypHl B HAYaIbHBI MOMEHT

BpeMeHH ¢ nomomsio (27) - (28).

2) Onpepenenye NoNs OaBleHUS ITyTeM pelleHUA PasHOCTHON KpaeBoi

3amaunt (29) - (31) mna ypaaenus IlyaccoHa. 310 MOXKET OBITH OCYIECTBICHO

C IIOMOIIBIO OT/AENBHOM moanporpammsl. [Tpu ¢ = 0 B KauecTBe HyJIEBOTO MpH-
0 .

GIIMKeHUs MCTIONB3yeTca ceTodnas QyHkmms po = 0, (x,, y ) € w,. s

)

OCTJIBHBIX [ BEJIWYHHEI p’;()) IonararOTCA paBHBIMY 3HAYCHUSAM [OABJIICHUS Ha
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OpEeABIRYUIEM CJIO€ O BPEMEHH. Vcnosue BBIXOHa M3 HTCPaAOHHOI0 IIUKIa
HUMECT BUJ
2

1 1
Z [Pm, 2P+ Dy J *"hT[Pi,ﬂl =2p,+ pt,H] +9; | hh, <e,
y

77
(x5, ¥} & ay, hx
rae &€, —33JlaHHad TOYHOCTG.

3) Haxoxnenue noneil cKOpOCTH ¥ TEMIEPATYPHI IpH £ = £ + A f ¢
noMomsio (32) - (37).

4) TlepeGpocka MaccHBOB M BO3BparT K IL. 1).

TeueHne cUMTACTCH YCTAHOBUBIIAMCS, ECIH

' = @l ey - @)
max |~ & || — [ <o

(%, ;) € o

3nechk n — HOMep Inara mo BpeMmend. s obecredenusi YCTOMYMBOCTU CY€Ta
IapameTp 7 CHeRyeT BBIMHCIATS II0 GopMyJie

s

TAE T, — HOJNOXHUTEIbHBIH PEeryispHU3UpyIOMUiA TapamMeTp. AJITOPUTM, aHaANIO~

THYHBIH ONMCAHHOMY BBHIIIE, HCIIONB30BAJICH panee B [12] myis MaTreMaTHyeCcKo-
ro MOJEIHPOBaHUS KOHBEKTHBHEIX TEUEHUI METaUIMYECKHX PacIliaBoB.

6. Pe3ynbTaTbi YMCNEHHbIX pacyeToB

B uncneHHBIX pacyeTax NpoBEpeHa pabOoTOCHOCOOHOCTH OIHMCAHHOTO
Bpime anropurMa pemienus KMIJl-ypaBuenuit. Hccnenmosana cxonumMocTh
Pa3sHOCTHOIO pelleHHs NPH CIyMEHHH MOPOCTPaHCTBeHHOH ceTku. MsydeHo
BIIMSHUE BEPTHKAIBHO 1 FOPHU3OHTAIBHO HAIIPABICHHOTO MarHUTHOTO MOJIS Ha
CTPYKTYPY W WHTEHCHBHOCTh KOHBEKTHBHOI'O ABHIKEHHS B pacIlaBe Ha IpHU-
Mepe 3a[a9M O TepMOKAIMIULIPHOM KOHBEKIMY IIONYNPOBOAHAKOBOTO pacIila-
Ba B KBaJpaTHOMH KaBepHEe IpH OTCYTCTBHM cwibl TsokecTH (Gr = 0). Konsex-
TUBHOE TeYEeHHUE B 9TOM CIIy4ae BO3HHKaeT Oiarojaps CuiaM IOBepXHOCTHOTO
HaTSOKESHHS.

Pacuersl GRUIM MPOBEAEHHI [UIS CIEAYIOMNX 3HAYSHUH Ge3pasMepHbBIX
napameTpos: 4 = I; Ma = 1000; Pr = 0.018; Ha = 0, 50, 100; g, =1 0 g, =

10°%. Vicmions3oBanack mocie 0BaTelbHOCTD PaBHOMEPHBIX IIPOCTPaHCTBEHHBIX
CETOK C YucHoM y3oB 22x22, 42x42 u 82x82. TlonyueHnsie pe3ynbTaThl Ipei-
cTaBieHbl B Tabmune | u Ha pucyHkax 2-5. Jlns uccneyeMsIx TedeHui Yucio
Re, Becema Benuko. Eciu L = leMm, v ~ 0.01 cM/cex, ¢, ~ 10° cm/cex, To Re,
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€CTh BEJIUYMHA MOPSAKa 10”. TMosToMy MOXHO CumTaTh, 4TO 7 ~7,. Bo Beex
BapuanTax Ge3pa3MepHblil mapaMeTp 7 MOJAaraycs paBHbIM 2*1 07,

HA=0 Grid=42x42 HA=50 Grid=42x42 HA=100 Grid=42x42

777777 v aof /[/ /”I ’//,//////'/////;

k) ) S I
1)

Ha puc. 2 m306paxeHbl H30TEPMBl U JIMHHU TOKA B YCTaHOBHBIUMXCH
pexumax st aucen Iaptvana Ha = 0, 50 u 100, nomydennsie Ha ceTke 42x42.
BHenigee MarHUTHOE TI0JIe HAIIPaBISHO BEPTUKAIBHO BBEPX. M30TepMbl U HU30-
IVHAA QYHKOAYM TOKa PacIIoNoKeHbl SKBHAUCTAaHTHO. Ha rpaHuIax pacueTHOR
obnactu bynkuus Toka ¥ obpamaercs B Hylds. MuHAManbHbe 3Ha9eHus ¥
npuBeneHsl B Tabnuue 1. Crpenkamu oKa3aHBl HAIPABICHHUA MarHATHOI'O 110-
7151, Bo BCex BapuaHTax Lar HHTEIPUPOBaHHUA 110 BpeMeHH At BeIOMpasicst pas-
ubiM 107, C yBenuuenneM HHTEHCHBHOCTH MATHHTHOTO IIOJSl CKOPOCTH KOH-
BEKIWH JBMXCHHS B KaBEpHE MAJaeT, & BHXPh CMELIAETCS BIIPaBO M BBEpX,
NPIDKEMasCh K cBOOOHOH noBepxHOCTH pacinasa. [Ipy Ha = 100 uckaxenwne
H30TEpM 32 CYET KOHBEKTHBHOIO ABMIKEHHSA PAcliaBa BEChMa Majlo.
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Tabauna 1

Ne Bapu- Pacyer- JuCNO MAaros 1o |
§ Has ceT- | Ha PRy
aHTa YCTaHOBICHHUA
Ka
1 22x22 50T 437210 -23.83
2 4242 |0 1500000 |-1343
3 42x42 50T 1440130 2218
4 lax4z 1001 | 353705 5224
5 42x42 |50« | 441100 -47.785
6  42x42 100« | 375754 41,124
7 82x82 50T 439553 2188 |

Puc. 3 nemMOHCTpHpYeT CXOAMMOCTE PEUIEHHS TOM 3a)ady [IpH Crylie-
HHUM IpOCTpaHCTBeHHOH ceTku it Ha = 50. YcranoBneHo, 9To ceTka 22x22
OKa3bIBACTCS CIMIIKOM Ipyboil U He ofecneynBaeT afeKBaTHON KapTHHEI Te-
9eHHs. 3aMeTHM, 9TO B OTCYTCTBHE MarHMTHOT'O HOJISI paspeliarinas crnocob-
HOCTB CETKH 22x22 OKa3bIBaeTCs BIOJIHE YAOBIETBOPUTEIBHOM.

HA=50 Grid 22x22 HA=80 Grid 42x42 HA=50 Grid 82x82




Ux for x=0.85, HA=60 Uy for y=0.85, HA=50
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Puc. 4

Ha puc. 4 npuseneHs! pacnpefeNeHHss KOMIOHEHT CKOPOCTH TEUCHHS
uy(y) | uy(x) B cedenusx x = 0.85 uy = 0.85 coorBercTBeHHO. C pocTOM UHCIa
I'apTMaHa CKOpPOCTH TEUEHUS B pacIliaBe, B TOM 4HCIE ¥ BONMHU3H HOBEPXHOCTH
KaBEPHEI, 3aMETHO CHIDKAETCS, a TOJNIIHHA [TOIPaHUYHOTO CJIOS B OKPECTHOCTH
cBOOOXHOM IpaHUNBI YMEHbIIaeTCs. AHATOTMYHAS 3aKOHOMEPHOCTS Oblia Imo-
nmydeHa. B [5], [6], Tae Ha OCHOBE KiacCHYECKOH MOJENM HCCIeJOBaIHUCh ILI0-
CKMe JByMEpHbIe TepPMOKAIWLIAPHEIE JBIKEHUS PAcILIaBOB B MarHUTHOM IIO-
ae.

M30TepMbl ¥ TMHHM TOKA B YCTAHOBHBIUMXCS PEXUMax U CIydas ro-
PH30HTABHOI'0 HANIPABJIEHNUs BeKTOPa HANPSPKEHHOCTH MarHUTHOTO ITOJIS M30-
GpaxceHbl Ha puc. 5. HexoToprle faHHbIe IPUBEAEHE! Takxe B Tabmuue 1. Jlu-
HMH TOKa B BEpXHEH HACTH PHCYHKOB M H30TEPMbI PACIONOXKEHEl 3KBHIH-
CTaHTHO. B 3TOM cirydae MakCMMyMBI MOZXYJS (yHKUMH TOKa OKa3bBIBAIOTCI
6oJIpIIe, 9€M B COOTBETCTBYIOINMX BapHaHTaX C BEPTHKAILHBIM HAIPaBIEHHEM
MarauTHOro nojs. OCHOBHOM BUXpPh CHIIBHO CMEIIASTCS K BEPXHEH TOBEPXHO-
CTH ¥ BCE T€YEHHE CTAHOBHTCS MHOTOCIONHBIM. J{IIS BU3yaIH3aliy CTPYKTYPBI
TeYeHHUs Ha PHC. 5 IPHBEJEHB! JONONHUTEIbHbIE JMHHY TOKA B LEHTPaX BHX-
peti. ITpu Ha = 50 HabmoxaroTcst TpH BEXpeBhIX 00pa3zoBanus, a pu Ha = 100
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—gereipe. [ npoBeneHus pacyeToB C TOPH30HTANLHBIM HAIPaBIEHHEM OIS
noctaHoBka 3afgaun (13) — (25) Oeuia MomMbUUMPOBaHa IIyTeM HCKIIOYEHHS
YICHOB, cofepxanmx 4ucio I'aptmana, u3 ypasreHuit (14), (17) u BBenenus
HX CHMMETpHYHBIM 0Opa3oM B ypaBHerms (15), (18). CoorBercrBeHHO, GBLT
H3MEHEH U aJTOPHTM, ONUCAHHEIM B paszene 5.

HA=100

0.69443
00398757
i1 000102949 0
L1

N R [
025 05 075
X

o; ] u; - / [

osf | 7] 8
o7k (34 3
osh osf
058 11 3
048 041
osf o3}
02} 02}
[X] 3 0.1 T-

% BT I e+ o 025 05 X3

X X
Puc. §

B paGote [6] mns 4HCIEHHOrO0 MOZJEIHMPOBAHHMS TEYSHHUM paciuiaBa BO
BHEIIHEM MArHUTHOM IIOJIe HCIIONB30BaJICs KOHEYHO-Pa3sHOCTHHIH alropuTM,
Oasupyromuiica Ha ypaBHeHusax Hasre-Ctokca. B ocHOBY ObLia monoxeHa He-
SBHAs% KOHEYHO-PA3HOCTHAS CXEMa TPEThero MOpsKa TOYHOCTH IO IIPOCTpaH-
CTBEHHEIM KOOpIMHATAM, IOCTPOCHHAN B €CTECTBEHHBIX NepeMeHHbIX. s Be-
puQHUKaMY NPeANT0KEHHOr0 aBTOpaMi MeToa ObUI MPOBEIEH pacyer HOMs
TEYCHHs paciuiaBa B MOCTaHOBKe [6]. A HMEHHO, 3aa4a pelaiach ¢ H3MEHEH-
HBIM TPaHUYHBIM YCIIOBHEM IS TEMIICpPaTypsl Ha BepxHeil crenke: aguabaru-
yeckoe ycnosue OT(x, A)/dy = 0 6buto 3aMeneno Ha T(x, A) = 1—-x. Jina
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Ha = 50 na cetke 42x42 MyHHUMAaNbHOE 3Ha9eHHE (QYHKIMH TOKA B LEHTPE OC-
HOBHOTO,. BUXPA OKa3alocsk . paBHEIM —43.5. Merton [6] mpusen k. pezymsrary
~44.2. Iipn sToM ofbImas cTpyKTypa TedeHus B 060X pacuerax OBLIa TIPaKTH-
4eckn uieHTHyHO#H. [IpuBe/ieRHOe CpaBHeHHe NeMOHCTPHPYET XOPOLIYIO TOY-
HOCTE TIPe/IOKEHHOT0 aBTOpaMH IT0/IX0JIa, Lenecoo0pasHOCTh ero HCII0IE30-
BaHWs B 3aa9aX MaTeMaTHIECKOro MOAEIMPOBAHNA KOHBEKTHBHBIX TEYCHHH
II0JIyTIPOBO/IHUKOBEIX PACcINaBoB NpY HANHIHH MArHUTHOTO IO,

7 3aknioyeHune

TIpuBesena OpUrMHANBHAS MATEMATHYECKAs MOJIENb IS OMUCAHMAS Te-
yeHW KBasWHEHTPATHHOM CXKUMAeMOH 3IEKTPONPOBOJHOH KHUAKOCTH -
KMI ' JI-cuctema. Ha ee ocHOBe IOCTpOeHa yIpollieHHas MaTeMaTHiecKas Mo~
nens — KMITJI-cuctema B Ge3piaaykuoHHOM nprbnmkennn Obepbexa — Byc-
CHHeCKa, IPUTOAHas i YHCISHHOTO MOJENMPOBAHUA IBIKSHMH IONYIpO-
BOJIHMKOBEIX PaCIUIaBOB B OCTOAHHOM BHEIIHEM MarHUTHOM roine. Briucan
QITOPATM €€ YHCIEHHOTO PEIIeHNs, IPeICTABSIOIMHA COBOM SIBHYIO 110 Bpe-
MEHH OJHOPOAHYIO KOHEYHO-PAa3HOCTHYIO CXEMY C MCKYCCTBEHHBIMHU peryls-
pU3aTOPaMM CHEHHAIFHOIO BH/IA, KOTOPHIE o6ecneqn5aro’r BBICOKYIO TOYHOCTh
¥ yCTOHYUBOCTE YHCIEHHOTO PEICHHUS.

BHINONHEHa Ceprs YACIEHHBIX PACYETOB TEPMOKAIAIUISPHEIX TeYSHMI
MONYNPOBOAHUKOBOIO paciulaBa B KBaApaTHON KaBEpHE IpH pasIM4HBIX HH-
TEHCHBHOCTAX U HAIPaBJIEHUIX MarHUTHOTO IOJA. Y CTaHOBIEHO, YTO MarHUT-
HOE [10JIe 3aMETHO BIMSET HA XapaKTEpPHCTHKM TIPOLECCa, CyIECTBEHHO 3aMel-
Jisisi KOHBEKTHBHOE J{BHIKEHHE XUIKOCTH B OTTECHAS €0 K cBoGOHOM moBepx-
noctu. Ilon ero BospeiicTHeM HOrpaHudHEIN cliol, obpasyiomuiics BOIH3H
cBOGONHOM IIOBEPXHOCTH, CTaHOBHUTCA Gonee ToHKUM. [IpH ropHu3oHTaIRHOM
HaNpaBJIeHHUH BEKTOpPa _l?; HWHTEHCHBHOCT BHUXPEBOTO TEYECHYS CHIDKAETCH

MEHBIIIE, YeM B CNyyae ero BEpTHKAIbHOIO HampasieHus. IIpu sToM Tevenue
CTaHOBUTCS. MHOTOCJIOHHEIM.

ITpoBeieHO COMOCTABJIEHME PACYETHBIX JAHHBIX C AHATOTHYHBIMU pe-
3yNETATAMHY, TOXYyIeHHEIMHA ¢ MOMOILIBIO Knaccudeckoit MI'J| cucrems! B Ge-
3BIHAYKLUOHHOM HpuOmbxeHny. IToxasaHo, 4To IPeAnokKeHHas MaTeMaTHye-
CKast MOJIENb B METOJ] €€ YHCIEHHOTO HHTETPHPOBAHHS T03BOILIOT dddextie-
HO HPOBOJMTE PAcHeTsl TEUCHHH 3IEKTPONPOBOJHON XHUAKOCTH, obeceunBas
BBICOKYIO TOUHOCTBIO HaXKe Ha OTHOCHTENBHO I'pyGHIX MPOCTPAHCTBEHHBIX CET-
Kax.
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