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MOIEJIMPOBAHUE TEMIIEPATYPHbLIX PEXXUMOB
B OJIEMEHTAX MUKPOJJIEKTPOHHBIX ITPUBOPOB

Pewena epanuunasn 3aoaua mennonposoo-
HoCcmu OJisl U30MPONHOU NOJOCHI C UHOPOO-
HbIM NPAMOY20TbHbIM BKIIOYEHUEM, HA 00-
HOU U3 2paHuy KOMopou OCyu,ecmeisiemcs
KOHBEKMUBHbBIU Menjio00MeH ¢ 6HeuHel
cpeooul, a Opyeas Hazpesaemcs. menjioGblm
NOMOKOM.

[Iponecc NpoeKTUPOBAHUS OTACTBHBIX Y3JIOB U 3Jie-
MEHTOB KOHCTPYKLHI MUKPO2JIEKTPOHHOM anmnaparypsl
TpeOyeT TOUHON MaTeMaTHYeCKON MOJIEIIH TEILIOBBIX MPO-
LIECCOB B CTPYKTYpax ¢ HHOPOIHBIMU BKIIFOUEHUAMH. J{11s
3TOr0 HEOOXOomMMa pa3paboTKa HOBBIX 9((PEKTHBHBIX Me-
TOJIOB PELICHUS KPAeBbIX 3a]1a4 TeTIOMPOBOAHOCTH, YTO
HUMEET KaK TeOPETHUYECKOe, TaK U MPAKTUUECKOe 3Haue-
HHUE. YUeT MHOPOAHBIX BKIIOYEHHUH B CTPYKTYpax yCIox-
HSET MaTEMaTUYECKYI0 MOZIEIIb, OIHAKO YBEJIUUMBAET €€
TOYHOCTh, YTO HEOOXOIUMO JIJIsl 00SCTICUCHHS TEPMOYC-
TOWIMBOCTH CTPYKTYD. [loaTOMy pazpaboTka HOBBIX ai-
TOPUTMOB U ITPOTPAMMHBIX CPECTB JIJIsl aHAJTU3a TeMITe-
paTypHBIX PEKUMOB B OTAEIBHBIX y3J1aX U KOHCTPYKLH-
OHHBIX 3JIEMEHTaX MUKPOAJIEKTPOHHOH anapaTypbl sIBJIs-
€TCs JOCTATOYHO aKTyaJIbHOM 3a7a4ei.

Hekoropsle uccnenoBaHus TEMIONPOBOJHOCTH TEJ
OJTHOMEPHOH KyCOYHO-OJHOPOIHOH CTPYKTYPHI OBIIH
npoBenieHsl B [1]. B [2] paccmoTpeHbl 1ByMepHBIE 3a-
JIa4¥l TETUIOIPOBOTHOCTH JIJIsl KYCOYHO-OTHOPOIHBIX TEJ
C TpeLIMHAMM, KOTOPbIe CBOJSATCS K PEILIEHUI0 CHUHTY-
JSPHBIX MHTETPAJIBHBIX YPAaBHEHUH METOOM MEXaHU-
YECKUX KBaJparyp.

Hacrosmast paboTa rmocBsimeHa pereHnio TpaHHIHOH
CTAIMOHAPHOM 33141 TETIONMPOBOIHOCTH JIJIsl K30TPOTI-
HOI TIOJIOCBI C MHOPOAHBIM BKIIFOYEHUEM MPSIMOYTOJIb-
HOIi (pOpMBI, Ha OJTHOHM U3 IPAaHUI] KOTOPOH OCYIIECTBIS-
eTCsl KOHBEeKTHBHBIHM TEIUIO0OMEH C BHELIHEH cpeoH, a
JIpyTas HarpeBaeTcs TeIIOBbIM IIOTOKOM.

ITocranoBka 3agaun

PaccMoTpuM HM30TPOIHYIO MOJOCY, COAEPIKALIYIO
HHOPOIHOE MPSIMOYTOIIFHOE BKITIOUCHHE TUIOIAbI0 4/1/,
OTHECEHHYIO K JIEKapTOBOU cucteme koopamHar (x0y) ¢
HayaJIOM B TIeHTpe BKitoueHus (puc. 1). Ha rpanumax
Briouenus L ={(x, y):x[=h,y<I|} n Ly={(x, »):]x<h],
ly|=!} 3amaHbl ycrnoBHs WAEaTBbHOTO TEMJIOBOTO KOHTAK-
ta. Ha rpanune nonocer I' ={(x, ~/~d, ):|x|<eo} ocyme-
CTBIISICTCSI KOHBEKTHBEIN TEIDIOOOMEH ¢ BHEIIHEH cpe-
JIO¥ TIOCTOSIHHOM Temmepartypsl £ . Jpyras rpanuua mo-

( ‘ K {x.mauj .

\ - b | ¢ \

\\ S ' \\
| L i C
| L 2h . |

} =
I /
Puc. 1. M30oTponHas moixoca ¢ HHOPOAHBIM NPSAMOYTOJIb-
HBIM BKJIIOUEHHEM, HarpeBaeMas TEIJIOBBIM ITOTOKOM

aockl I' ={(x,/+d):|x|<eo TenonsonnpoBana 3a HCKIIKO-
YECHUEM OTPE3Ka JJIMHOU C, JIEBBIM KOHEI] KOTOPOI'0 Ha-
XOOUTCA HA paCCTOAHUMN OT IICHTPA BKIIFOYCHU A U HA KO-
TOPBIH 11a1a€T TEMIOBO# IIOTOK MOLIHOCTBIO g, =CONSt.

ITocTpoenne HCXOAHOTO YPABHEHUS
TENJ0MPOBOIHOCTH

Pacrmipenenenue cTaliuoOHapHOTO TEMIEPAaTypHOTO
ToJIst £(x, ) B paccMaTpUBaeMOU CUCTEME MOXKHO Oy~
YUThH ITyTE€M pPEIICHUsS YPaBHEHHS TEILIONPOBOIHOCTH
[3, c. 46—58, 4, c. 17—29]

d 0] 0 09
—| M, y)— |+ =—| Mx,y)=— [=0 1
ax{ (x y)ax} ay{ (x y)ay} (1)
C TPaHUYHBIMU yCIOBUAMH
7“1@ =—q,[S_(x=b)+ S, (x—b-0)];

ay y=l+dy

20
Mov, @
9\\,4% 0,

rae A(x, y) — K03 QUIHMEHT TEIUIONPOBOIHOCTU HEOTHOPOI-
HO# monock! A(x, y)=A,+(A—A))-N(x, h)-N(y, );
Ays Ay — K03 QUIHEHTE! TETIONPOBOIHOCTH OCHOBHO-
ro MaTepuaia ¥ MaTepHaia BKIIOYCHUS;
0L — KOO QHUIUEHT TEIUIOOTAAYH C TPAHHMIIBI ITOJIO-
col I ;
0=1-1,
N(x, h) =S (x+h)-S_ (x—h);
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S, S, — acumMeTpuyeckue eauHu4YHbIEe QyHKIUHU [5],
1 mpu {>0;
S.(¢)=10,5F0,5 npu {=0;
0 mpu {<0.
Beenem ¢ynkmmo [6]
T=Mx,y)-0 Q)]
u ipoauddepeHImIpyem ee 1o epeMeHHbIM X U ) € yue-
ToM (opmyisl (3). B pesymnbrare momyanm

M) S = 2L Gy = )
(0], +(x —h)=6| _, 3 (x+h) [N(3.D);
(%)
Mx y)ie 2T+(k —-A)X
y

x[e\y:l 5.(y=0)=0| _,5_(v+D [N,

e 5,(6) =

5.0 acCUMMEeTpHUecKUe Jebra-QpyH-
dq

knn [{upaka [5], ucronbp3yembie Tpu MOACINPOBAHUH

MHOTHX (PU3UYECKUX MTPOIIECCOB [T KYCOYHO-OTHOPO/I-

HBIX Cpe/l.

[Noncrasinsis BeipaxkeHus (5) B cootHowenue (1), mpu-
XOIUM K TU(PPEepeHINATEHOMY YPAaBHCHHUIO B YaCTHBIX
TIPOM3BOIHBIX C Pa3PHIBHBIMHU U CHHTYIISIPHBIMHU KO (-
(burreHTaMM:

AT +(\, — xo){[e\xz_h 8 (x+h)—0| _, 8 (x—h) |x

XN(y,1)+ [e\y?l 8 (y+1)—0| 8 (y- l)]x
XN (x,h)}=0. (6)
2 2
3nece A=——>+ —, —— omeparop Jlanmaca B 1e-
ox>  dy

KapTOBOI/I HpSIMOYFOJ'H)HOI/I CHUCTEME KOOpAUHAT.

Haxoxnenue aHAJIMTHYECKOTO peumeHus 3ajgavuu

ArnmpokcumupyeM GyHkmu 0(£h, y), 0(x, £/) cie-
JFOIITUM 00pazom [6]:

L

0(h, y) = 0" + 2(951?) S8 (v =3
o ©)
0(x,+1) =6 + 3 (6(%) 0L )S_(x—x),
k=1

me y; € Fuils w<y, <<y,

el-mh; x<x<.<x,.;

e(ih) e(il)
j 5> Up — HCU3BCCTHBIC alllIPOKCUMHUPYIOUIUEC 3HA-

YEHUSI MUCKOMOH TeMIepaTryphl.

[MoncraBnsis Beipaxenus (7) B ypaBHenue (6), mo-
JTy4yaem

AT + (0 —)y) {[ei'lw( v,0)+ 2(9333
j,
0Ny, y,) |8 (x+h) —{eﬁl)N(y,l) + Z(eyjl -
=

m=1
0\ )N (y, ;) |8, (x—h)+ {ei’“N(x, h)+Y, 057 -

k=1

m—1
_e;"”)zvu,xk)]s:(y+l)—{e§’”N<x,h)+ PC

k=1

_eih))N(x,xk)}éﬁ(y—l)}: 0. (8)

rne N(y’ yj)zsf(y_yj)_SJr(y_l);

N(x, x)=S_(x—x,)=S,(x—h).

[TpumenuB unTerpasIbHOE MpeodpazoBaHue Pyphe Mo
KOOpPAHMHATEe K YPaBHEHUIO (§) U rPaHUYHBIM yCIOBHIM
(2) c yuetom cootHomenus (4), mpuxonuM K 0OBIKHO-
BeHHOMY Ju((hepeHIINATBHOMY YPAaBHEHHIO C IIOCTOSH-
HBIMHU KO3 QHUIIEHTaMU

a’T
dy2
n—1

(G
+2(9k+1
k=1

n—1
+2(6§fi1 -0 )N (y.y)) |+ é[(ze;’“ -shihé +

T = Jz_ O =2 e[ (07N D) +

=0 "IN (3, 3,)) - €™ (0" N (y, 1)+

m—

+2(e<]+’;>

m—1
(20" -shing + Y (0"
j=1

—00) (" — ")) (v +1) -

(h)
Jj+l _ej )X

X(eihi _ ei"ké))ﬁl(y _ l)]} 9)
U I'paHUYHBIM YCJIIOBUSIM

ar _or ,

dy N >\‘l y==l-dy

~ . 10
dl _ My i, e 1 (10)
e e e )’
dy y=l+dy 27[%-3

1
e T —tpancdopmanta yuxuun T, T = —— [ ¢ Tdx ;
=l

&—napaMeTp HWHTETPaJIBHOTO Tpeodpa3zoBanus Dypobe;
I —MHHUMas €IUHUIIA.

HeomHopoanoe nuddepennmanbroe ypaBHeHHE (9)
pEIIeHO METOIOM BapHalluH MOCTOSTHHBIX. C MCII0JIB30-
BaHUEM I'paHUYHBIX ycinoBuil (10) momydeHo yacTHOE
peuieHue rpannuHoi 3agaun (9), (10). 3aTem, npuMeHHB
o0paTHOe HHTETpaTbHOE IpeodpazoBanue Pypbe, Momy-
YHM BBIpaKCHUE

28

TexHOMOTHS 1 KOHCTPYHPOBAHKE B YNIEKTPOHHOM anmapatype, 2011, Ne 1-2




OBECIIEYEHHME TEILJIOBBIX PEXKNMOB

7= {%P@, M) +(hy ~ )%
LA S

X0 (sin&(x + )= 0" sin&(x — ) x

X (&,y)+sinEC+ ) S (067 — 07D (E, v, v,) -
= :

—sing(r—1) (0%, -0 )D(E,y.y,) +

n-1
+®, (&, y)(20{" sin hE - cos x& — X, (0 —
k=1

~0,")F (&, x,x,)) + @5 (&, ¥)(20{" sin h - cos xE —

—g(%fll ~0,)F (& x,x, ))}}d& an

3n1ech

D&, x) = sin&(b — x) +sin &(x — b — ),
®,(.y) =2F<a, V)= P y) fE):

BE,y.y,) = éF@, ¥y - PEWFEY,):
®, (5, y) = P( y)she(2l +d,) - écha(y +DS_(y+1);

@,(E,y) = éché(y =S, (y=1) = P(&, y)shed,;

P(&) =& [sh&(l +d,) R(§) +chg(l +d,)P (©)];
B(§)=A&ché(l +d,)+ashE(l+d );
P (§) =A&shé(l+d ) +aché(l+d );
1
P& y)= @[a (§)ch&y + P, (§)shgy;
F(&,y)=ch&(y+1)S_(y+1)—ch&(y—1)x
XS, (y=D)—N(y,0D);
F(&,y,y;)=ch&(y—y;)S_(y—y;)—ch&§(y-Dx
XS, (y=0D=N;(y,y,);
F(&,x,x,)=sin&(x—h)—sin§(x—x,);
f(&)=sh&(2l +d,)—sh&d,;
f@&y;)=sh&(l+d,—y;)—shid,.

HewussecTHble annpoKCUMUPYIOLIHNE 3HAYEHHSI TeMIIe-

paTypsl G(jih) (j=1..,n-1), G(J»ﬂ) (k =1,...,m—1) maxo-

UM, pemras cucteMy 2(n+m) JTUHEHHBIX anreOpande-
CKHX ypaBHEHH, OITy4YeHHYIO U3 BhipaxkeHus (11).
TakuM 00pa3oMm, UCKOMOE TeMIEpaTypHOE IMOJe B
HEOJTHOPOJIHOM ToJToce onuchiBaeTcs popmyioi (11). U3
cooTHotreHus (11) momyyaem 3HaUECHUE TEMIIEPATYPHI B
70001 TOUKE TOJIOCHI U HHOPOTHOTO BKITIOUCHHUSL.

AHa/IN3 YHMCJICHHBIX pe3yJIbTaToB
YucnenHslil aHamm3 6e3pa3MepHOil H30BITOUHON TEM-

nepaTypsl T = —h MIPOBOJIMIICS TIPU (PUKCHPOBAHHOM
9o
. oh
3Ha4eHnu kpurepus buo Bi = )L— 1 CIIETYIOIINX UCXOI-

1
HBIX TaHHBIX: MaTepual nouocel — kepamuka BK94-1

(A,=13,4 B1/(m'K)), MaTepuan BKIFOUEHHS — cepedpo
(A,=419 Br/(M'K)), konmdecTBO pa3OHeHHi oTpe3KoB
skl v =Ll — n=m=5; L=1/h=2; D =d /h; B=b/h=2;
C=c/h=1.

T ’
1.2
0,8

04+

~2

Puc. 2. Pacrnpezenenue n30bITOUHOI Oe3pa3MepHOil Temrie-
patypsi T 10 TLIOMAH H30TPOITHOM TTOMOCH TIPH D =1, Bi=5

Ha puc. 2 n300paxxeHo NOJTyYEHHOE TeMIIepaTypPHOE
oJIe paccMaTPUBAaEMOM U30TPOITHOM MOJIOCH B Oe3pas-
MEpPHBIX KoopauHarax X=x/h n Y=y/h npu D =d /h=1 n
Bi=5. Kak BunmM, Temriepatypa JOCTHTaeT MaKCUMaITb-
HOT'O 3HAYEHUS HA TPAHHUIIE MTOJIOCHI Y:L+DB, T. €. B 00-
JIACTH HENIOCPEICTBEHHOTO BO3ICHCTBHSI TEILJIOBOTO T10-
ToKa, a mpu —4<X<4, —1,5<¥Y<0 n 4<X<0, 0<¥<4 ona
MIPAKTUYECKH paBHa TEMIIEpaType CpPeIbl.

Ha pue. 3 nokazano usmeHeHnue remnepaTtypsl 7' Ha
rpaHuLax BKIIOUEHUs, OTKyla BUAHO, YTO OHA IPAKTHU-
YeCKH paBHA TemrepaTtype cpeasl nmpu X<—12, X >17 na
rpaHuuax, rae Y=const, u npu Y< —2,75 Ha rpaHunax,
rae X=const.

a)
T
03

02
0,1

-16 -12 8 4 0 4 8§ 12 16 X

X=2

-3 -2 -1 0 1 2 3 Y
Puc. 3. 3MeHeHue U30BITOYHON Oe3pasMepHOil Temrepa-

Typsl T* Ha IpaHMIAX BKJIIOYEHHs BJIONb OCEH KOOpIMHAT
0x (a) u Oy (6) npu D =2, Bi=5
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0,45

0,25

0,05

Puc. 4. V3meHeHnue n30ObITOYHOH Oe3pa3mMepHOil Temrepa-
Typsl 7" Bi0Mb Ocu KoopauHat Oy ipu X=0 1ist pasIuuHbIX
3HaYeHUH KkpuTepus buo npu D =2

I'paduku Ha puC. 4 AEMOHCTPUPYIOT BIUSHNAC TEILIO-
OT/Iauy Ha PacHpeielIeHUe TEMIIEPATy bl IIPU yKa3aHHbIX
UCXOJHBIX JAHHBIX. 3€Ch BUAHO, UTO C YBEIUUCHUEM
kpurepust buo remneparypa yobIBaeT.

*kk

Takum 00pa3zom, B HacTosIIIeH paboTe perieHa rpa-
HUYHAas CTallMOHApHas 3aJlauya TEeIUIONPOBOHOCTH ISt
M30TPOITHOM IMOJIOCHI ¢ MHOPOAHBIM BKIIFOUEHHEM IIpsi-
MOYTOJBHOH (hOPMBI, Ha OJHOM U3 IPaHUI] KOTOPOii oCy-

4 3 2 -1 0 1 2 3 Y

IIECTBIISICTCSI KOHBEKTUBHBIM TEINIOOOMEH C BHEIIHEH
Cpenoi, a ApyTast HarpeBaeTCs TEIUIOBBIM ITOTOKOM.
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[TPOEKTUPOBAHUE PAJIMATOPOB C OIITUMAJIBHBIMU
MACCOI'ABAPUTHBIMU ITAPAMETPAMU

IIpeonoocennvlii Memoo modxcem UCHOJIb-
308ambcs 05l NPOEKMUPOBAHUSL 1H0ObIX
pebpucmsix paouamopos u npusooum K
CHUDICeHU0 maccul bonee yem 6 2,5 pasa
npu ysenuuenuu obvema 6 1,5 pasa.

Mousble MOIYNPOBOJIHUKOBBIE IPUOOPHI, KOTOPBIE
LIMPOKO IPUMEHSIOTCA B IPe00pa30BaTeIbHON TEXHUKE
U B BBIXOJHBIX KacKaJaX CHUCTEM YIPaBJICHUS, UMEIOT
OrpaHUYEHHYIO JOIYCTUMYIO TEMIIEpaTypy p—H-1epexo-
J10B [ 1]. OOBI4HO 3TH IPHOOPHI OYEHb KOMIIAKTHBI U UMEIOT
BBICOKOE TEIJIOBOE CONPOTUBICHHUE MEXAY KOPIYCOM
npubopa u okpysxaroiieit cpenoit. s odecrieueHus ux
TEIUIOBOTO PEeKMMa NPU 3HAUYUTENIHBIX YPOBHAX MOII-
HOCTH pa3pabOTUHUKHU paiHoariiapaTypbl 0ObIYHO HCIIOJIb-
3y10T paguaropbl. CyliecTByeT O0JIbIIOe KOJTHYECTBO pa-
JIMATOPOB [2, 3], OTIUYAOIIMXCS TUIIOM OpeOpeHus (ped-
PHCTHIE, INTHIPEBBIE, TPOBOJIOYHBIC, TOQPHPOBAHHEIC) I
(hopMmoii ocHOBaHUS (TIACTUHA, ITUITUHIID).

B [4] moka3aHo, 4TO P ONITUMAIBLHOM pacipesene-
HHUU TEMIIEPaTypbl BJI0JIb TEIJIOOTBOISILINX SJIEMEHTOB pa-
JIMaTOPOB BO3MOYKHO 3HAUUTEIbHOE YMEHBIIIEHHE UX Mac-
Chbl ¥ rabapuTOB. BO3MOXKHOCTh YMEHBIICHUS MACChHI U
o0bemMa peOpHUCTHIX panaToOpoB MoKa3aHa B [5, 6], oa-
HaKO ONTUMH3AIHA TPOBOUIIACH P 33AaHHON TOJIIH-

He pedep U, KpoMe TOTO, B MCIOIH30BAHHBIX MOJEISIX
HE YUUTBIBAJICA TPEXMEPHBIHN XapakTep TeMIepaTypHOTo
MOJIsl B OCHOBAaHUU pajuaropa. [Ipu pacuere TemaoBbIX
PEXHUMOB PaiaTOPOB UCIIOJIb30BATHMCH TPAaHUYHbBIE YC-
JOBHA 3-TO pojia U MPHUOIMKEHHBIE COOTHOIICHUS IS
KO3 PHUITUESHTOB TEIUIOOTIauH.

Cy11ecTBeHHOE yBEINYEHHE TOUHOCTH PACYETOB MOJXK-
HO MOJTYYUTb TP UCTIONB30BaHUN CPEACTB MHKEHEPHOTO
MIPOEKTUPOBAHUS [7—9], TO3BOJISIONINX MOJIEIIMPOBATh
pacnpesiesieHIe TeMIepaTypbl B CIIOKHBIX KOHCTPYKITHAX
YCTPOMCTB pa3nnyHOro IpuMeHeHus1. B couerannu ¢ anro-
PUTMaMH OTITUMHA3AIIAHN 9TO OTKPHIBACT ITyTh K pa3padoTKe
METOJIOB ITPOEKTUPOBAHUS PAIMaTOPOB, YUUTHIBAIOILIUX
J00bIe KOHCTPYKTHBHBIE U TEXHOJIOTMYECKHE OTPaHUYECHHS.

Leunbtio HacTostIeld padoTHI ABJISIETCS pa3padoTKa Me-
TOJIOB TIPOSKTHUPOBAHUSI PEOPUCTHIX PAIUATOPOB C ONTH-
MAaJIbHBIMH MacCOTabapUTHBIMH TAPaMETPaMH Ha OCHOBE
UCIIOJIb30BAHMUS CPEJICTB MHKEHEPHOT'O IPOEKTUPOBAHUSL.

TenuioBasi Mojie/Ib peGpUCTOro paguaropa

[ocTpoenne mMomenu paguaTopa B Cpelie HHKeHep-
HOTO TIPOCKTUPOBAHHUS JICTUTCS HA ATAIIbI:

— CO3/IaHKe TPEXMEPHOU MOJIENIN TBEPAOTO TEA IO
3aJlaHHBIM pa3Mepam;

— 3aJjaHue TeTUI0(PU3NUECKIX ITapaMeTPOB MaTepra-
Ja paguaTopa 1 mapaMeTpoB TETIOHOCHTES;
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