YK 536.2

MOJAEJNPOBAHUE TEIIVIOOBMEHA
ITPU PA3BUTOM ITY3bIPBKOBOM KUIIEHUH HA IIUITAX

Kana. texn. nayk OBCSIHHUK A. B.

Tomenvckuil cocyoapcmeennuiii mexnuyeckutl ynugepcumem umenu I1. O. Cyxoeo

CHImKeHre MEeTaJUIOEMKOCTH W TIOBBIIIIEHHE HaJeKHOCTH MOBEPXHOCTEH
HarpeBa JHEPreTHYECKOro O0OpYIOBaHUS, TEPMOCTATUPOBAHHE Pa3IUYHBIX
OJIEMCHTOB JHEPIOTCXHOJOIMYCCKHUX YCTAaHOBOK, BOCIPHUHHMAIOIIUX 6OJ'II)-
[IMe TETUTOBBIE MMOTOKHA M UMEIONINX KECTKHE OTPAHUUYEHUS TI0 TEPMUIECKUM
nedopManusaM, OXJIAXKIACHUE IIEMEHTOB MHKPOIJIEKTPOHHOW TEXHUKH U T. JI.
TpeOyI0T pa3pabOTKU HOBBIX M COBEPIICHCTBOBAHUS CYIIECTBYIOIIUX METO-
OB MHTCHCU(HUKAIIMHN TEIUIO00OMEHa, 00eCITeUnBAOIINX KaK BBICOKHE K03 -
(PMIHEHTHI TEIUIOOTAAYH, TAK U OTBOJ TEILIOBBIX MMOTOKOB OOJIBIION MOIIHO-
ctu. B Pa3JIUYIHBIX SHEPTCTUUCCKUX U TCXHOJOTMYCCKUX alIaparax pa3HiaTCAa
TpeOOBaHUA, NpPEeAbSIBISEMblE K CHCTEMaM OXJAXIEHHS MO YCIOBUSIM
HaJIeKHOCTH, DKCILTyaTallid, T€OMETPUUYECKUM XapaKTePHCTHKaM, CTOUMO-
CTH, TexHOJOTruYHOCTH. [loaTOMY ana mHTEeHCH(HUKAIUKU TErIooOMeHa Mpu-
MEHSIIOT JOBOJIBHO ITUPOKHUH PsI T€X WM WHBIX TEXHUYECKUX PEIICHHMH.

OOBEKTOM HCCIEOBaHUS SBISIFOTCS MPOIECCH TEIUIOOOMEHa Ha Pa3BHUTHIX
HEM30TEPMHUUECKUX MOBEPXHOCTIX, B YaCTHOCTH Ha opebpeHHBIX (pebpa oOpa-
30BaHbI IHIIAMH).

CymiectByromue Qu3ndeckre MOICITU MPOLECCOB TEILIO0OMEHA TPU KHIIe-
HUW KUJIKOCTEH Ha M30TEPMUYCCKUX W HEM3OTCPMHUUCCKHUX (OpPEOpPEHHBIX) IT0-
BEPXHOCTSAX MPEJCTABISIOT COOON CHUCTEMBI, MpeayiaraeMbie JTU00 JUI ompee-
JICHHBIX MOBEPXHOCTEH TeruiooOMeHa, 00 MOJETH, KOTOPHIM NPUCYIIU Clie-
JYIOIINE HEJIOCTATKH:

e B CYIICCTBYIOIIMX MOJIENISAX IMPOIECCa KUICHUS HA M30TEPMHUYECKON MO-
BCPXHOCTHU NOCTOAHHLIC, BXOAANIUME B PACUYCTHBLIC YPABHCHUSA OIPCACTIAIOTCA
OMITUPHUYECKUM ITYTEM Ha OCHOBE OIIBITHBIX TaHHBIX, YTO HE BCETJa BO3MOXKHO,

e TIIPU aHaNW3e U pa3paldOTKe HEKOTOPHIX (U3MUYECKHX MOJeJel mpolecca
KHUIICHUS UCTIOJIb3yeTCs (DOpPMaIbHBINA METO aHAIN3a 3HAYMMOCTH ISl TeTLJIO0T-
Jla4y TIpY KUTIEHHH HEKOTOPBIX, MPOU3BOJIBHO BHIOPAHHBIX Oe3pa3MepHBIX KOM-
IJICKCOB WJIH TETUIO(U3NICSCKIX BEIUYHH;

e 3a49aCTyI0 BCTPCUAIOTCA NMPOTUBOPCUYUBBIC JAHHBIC O BJIIMAHHUU PEKUMHBIX
MapaMeTpoB Ha BHYTPEHHHUE XapaKTEPUCTHKH MPOIIecca KUTICHHUS;

e [IPH MOCTAHOBKE 3a]]auy aBTOPHI MOJIEIIe HCIONB3YIOT B KA4ECTBE OJHOTO
13 OTPEACISIONNX TapaMeTPOB KOIPGHHUITUEHT TETUIOOTIAYH, KOTOPBINA JOJKEH
OBITh 3apaHee M3BECTEH WIIM OIpPEJEJIeH OIBITHBIM IIyTEM, YTO HE BCErlla BO3-
MOYKHO WJIM KpalHe 3aTPyIHUTEIIbHO;

o (prBMUecKre MOJAENH MPEUIOKEHBI IS TJIAAKUX TOPU3OHTAIBHBIX TETIO-
OTJAIONINX MMOBEPXHOCTEH, HE YUYUTHIBAIOIIMX OPUCHTAIMIO MOCICIHUX B IPO-
CTpaHCTBE;

e B CBOEH CTPYKType (hM3MUYECKHEe MOJIEIH COJIEepkKaT KOHCTAHThI, KOTOPBIC
HEOOXOMMO ONPECIATh SIKCIIEPUMEHTAIBLHO, JIN0O OHU JIOJKHBI OBITH 3apaHee
3aJaHbl WU U3BECTHBI,

47



B [1, 2] nonyuena tennoduzndeckas MOZIEb MPOLECCOB TEMI000MEHa IPU
KUTICHUH JKUJIKOCTeH Ha pPagHalbHBIX M IPOJNOJBHBIX CIUIOIIHBIX pedpax,
B pe3yJbTaTe pEIICHHS KOTOPOH OIpeaensioTcs KO3(h(HUINEHTH TEII00TAa-
YH, MJIOTHOCTH TEIUIOBOTO MOTOKA W paclpelelieHHe TEMIIepaTyphl 10 BhICOTE
pedpa.

Hwxe mpennaraercs teruiogusnyeckas MOAEIb Mpolecca TermioooMeHa mpH
Pa3sBUTOM ITy3BIPHKOBOM KHIICHHHU >KUAKOCTEH Ha HEM3OTEPMHUUECKUX OpeOpeH-
HBIX TIOBEPXHOCTSX B BH/E IINIIOB.

CyTs crioco06a perieHns IOCTaBICHHON 3a/1au 3aKJIF0YaeTCsl B TOM, UTO pac-
CMaTpUBaeTCsl ypaBHEHUE TEIUIOBOTO OallaHca, B KOTopoM Temiora dQ, mepena-

BaeMmasi peOpoM, pacxojyercs Ha oOpa3oBaHHe IapoBoro myssips dQ, u mpe-
ononenue ero cui uHepuuu dQ,. OJHAKO CHIIBI HHEPIMHU PEHEOPERKNMO MalTbl

10 CpaBHEHHIO C TEIUIOTOH, UAYyIIel Ha MapooOpa3oBaHue, IOITOMY ITH CHJIBI B
YpaBHCHUHU TEIIJIOBOI'O OajlaHca MOXKHO HeE YUYUTLIBATh. Ha ocHoOBanum 3TOTO0
ypaBHEHHUE TEIJIOBOro OaaHca 3amHIIeTCs

dQ =dQ,.

. 2
IL]'IH [HWIIOB C MMOCTOSIHHBIM MMOTICPCUYHBIM CCYCHUCM. fl X = TCFO — [JIL KpyT-

JIOT'O IIMIIA, fl X =ab— AT IPpSAMOYTOJIBHOTO HIUIIA.

JI71s IIUIIOB ¢ IepPEeMEHHBIM NONEPeuHbIM ceueHneM f; X = nr? x .

KonmaecTBO TemnoTel, nepegaBaeMoil TeIIONPOBOIHOCTRIO B €IMHUITY Bpe-
MeHH B mune [1]:

d do

dQ=A—| f, x — |dx. 1

Q-1 a1 x 2] @

3amenuB f; X Ha Qopmyny mIom@agM MONEPEYHOro CCUCHHS X u
npoaudGepeHIUPOBaB ITO BEIpAKEHUE, TIOTYyIUM

2 dr
dQ=A|mr? x d—?+2nr x T X a5
dx dx dx

dx. @)

Hpe,I[HOJ'IO)KI/IM, YTO BCIMYHWHA TCIIJIOBOT'O IMOTOKA dQl' OTBOAHUMOI'O C dJIC-

MEHTa MoBepXHOCTH mmna OX Tpu pa3sBUTOM Iy3bIPHKOBOM KHUIIEHHH, POTIOP-
[IMOHAJIbHA Macce Mapa, NOCTYIHBIIETr0 B MapOBOM My3bIPh C 3JIEMEHTa KPHBO-
JMHEHHON MOBEpXHOCTH napoBoro my3bips dM/dF, ckopoctu pocta mapoBoro
ny3eipsi dR/dt, TemmeparypHOMy Hamopy MeXIy TEIUIOOTAAOIISH MOBEPXHO-
CTBIO M TEMIMEpaTypod HACHIIMICHUS KUIAMIEH >KUAKOCTH U M TEIUNIOEMKOCTH
KUIKOCTH Cx MIPU TEMIIEpaType HachllleHus. Toraa TerioBoi MOTOK, PacxoIy-
eMBbIil Ha MCIApEHUE >KUIKOCTH Ha TOBEPXHOCTH DJICMEHTA IIHIIA, 3aIlHIICTCS
CJISYIOIIUM 00pa3oMm:

dM (drR
dQ =2—| — |c_0dx. 3
< dF | dt | * ®)
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drR

dMm
Omnpenenus G u — [1], moy4nM KOJHMYECTBO TEILUIOTHI B €ANHHUILY Bpe-

dt
MCHH, nepeﬂaBaeMoﬁ HapOBOMy Hy3LIpIO oT TeHHOOT,Z[aIOH.Ieﬁ HOBerHOCTI/I
IuIIa.:

dQ, = 2y*p,aJa’c, Vdx. (4)
B pazsepnuyTtom Buze Gpopmyna (4) Oyner uMeTb BUI
A o0
dQ, = 22 mr_;«{‘;_m ]dx. ®)

3mech Y — K03 PUIMEHT, 3aBUCAIINNA OT KpaeBOro yrila CMaduWBaHUS O u
pasusiii 0,1-0,49 mpu 6 = 40-90 °C [3].

Ha ocnoBanuu (1) ypaBHeHHE TEIUIOBOTO OanaHca IJsl IIUIA MOXKHO 3aItH-
caTh:

2 dr x
dQ=mA|r® x d—?+2r X a9 dx=4—(p2 Yp,ala’c,® dx;

dx dx dx edg

r’ x OI—21?}+2r X Ir x do|_ 4o Yp,ala’c, ® (6)

dx? dx dx | m?Ad? Puf ST -
4¢ . .
31ech —= — YHCIIO TIAPOBBIX ITMy3bIpeil ¢ OTPhIBHBIM auamerpom O ¢ —
0
napocoaACpiKaHueC.

Pa3nenuB npaByo 1 I€ByIO 4acTH ypaBHEeHHUs (6) HA I' X , IOIXYYHM

d?o _dr x do 4¢ 5 5
rx +2 — = aJa‘c, ¥ . 7
[ dx? dx dx} °r x Adg P " @)
VYpasuenue (7) npencrasiser coboit nuddepeHnmanbHOe ypaBHEHNE TETLIO-
MPOBOIHOCTH IIHIIA TPOM3BOJILHOTO MPOQWIIS IPH KUTIEHHUH HAa HEM >KUJIKOCTH
MPU TPAHUYHBIX YCIIOBHSX:
do oY,
mpu Xx=h, V=9,; wpu X=0 —=-——"-5. (8)
dx A

JUtst KPYTJIOro IIHMa MOCTOSHHOTO IMOMEePEYHOro CedeHwst mpu F X =Iy"

muddepenmanbHoe ypaBHEHHE BBITIISAUT CICTYIOMM 00pa3oM:

d>o 4@ .
dx> (I‘Onp)zkdg

’p ala’c, O . 9)

JUist IIATIa TIOCTOSTHHOTO MOTIEPEYHOr0 MPSIMOYTOIBHOTO cedeHnst f; X =ab
mddepennmanbHoe ypaBHEHNE TEIUIONPOBOIHOCTH UMEET BUJL
d’d 4
dx*  mhabd;
MIPY TPAHUYHBIX YCIOBHSAX (8).

v’p,ala’c,
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Jns pasznuunblx npoduieli mmna auddQepeHImanbHble ypaBHEHUS 3anu-
mytest [1]:

y pPx dr'® x o p?P
o TpeyroJibHbIA npodums: ™ x =-2=; =0 .

h,, dx h,
P 2 P
fo Xd—?+2r°—@=—24(phm = ¥p,ala’c,V ;
h, dx h, dx 7wryPxAd;
2 2
d—?+3@= 4(p2 hl“z - Yp,aJa’c, O | (10)
dx*  x dx mdg | m(rp?) XA

. iy dr' x
« napabomuyeckuii npoduis; P x =-L——; = =
h, dx h

x> d?y P do 4¢h, 2
2 2 4 2 v = 2..map.,2 2
h,” dx h, dx mr™"x"Ad;

2 4
70,409 _ 4(‘)( ( n, yZpHaJazcmﬂ]; (11)
m(r,

V?p ala’c, O ;

X xdx md | () XA

TpIT TpIt TpI
X dr™ x ™,

¢ dx h '

Jiig i1}

2 TpI
Y A Ju ?+ 2o 4% 4([)2 it vp,ada’c,d |
h, de h, dx mdg | n(ry™"x+h,r)A

d*o 2 do _ 4(p[ h,?

o TparnenueBUAHbINA mpodmwie. " X =

= ?p,ada’c, V| (12
dx>  x+h, r/cPodx o mdd nk(rom"x+hmre)zyp“ x (12)

Ecnu B kauecTBe MaciTada JMHEHHBIX BEJIMYMH NIPUHATH BBICOTY pedpa h, ,
a B KauecTBEe MacuTaba TeMIeparypbl — Temreparypy pedpa B ocHoBaHuH Uy, TO
Oe3pasmepHblii npoduibs pedpa F, X , Oe3pasmepHas koopauHaTa X, Oe3pas-
MepHas TemiepaTypa 0 u 6e3pa3mepHblii paguyc R OyayT:
_fx X )

F, x = ; f, x=h,F x; X=—; x=hX, 06=—;
h,, h, By

r x
¥=90;, R=——; r x =h,R.
hy

B pesynbrare mojacTaHoBKHM U npeoOpazoBaHuil nudhepeHinanbHOe ypaB-
HeHHUe 0000IIEHHOr0 IINIA U TPAHUYHBIE YCIOBUS IPeoOpa3yroTcs

2 21452
d62+£d_R@ :Zszae PudCyx | (13)
dX< RdX dX R A
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I'pannynbIe ycnoBus:

de  Nu,.0b(Ar
X=1 0=1; X=0 —=——rever]| Tw | 14
npu ; TIpH ax | [xj (14)

3mech 6, = B./0y; |. — xanumispHas HOCTOSHHAS.

Ecnu topen pebpa TemonszonupoBaH (TEIUIOOTHada ¢ TOpLA IIUIA OTCYT-
CTBYET), TO IPaHUYHbIE YCIOBUS OyIyT:

de
X=10=1; X=0 —=0.
pu pu X

Hduddepenumansapie ypaBHEHHS! TEIUIONPOBOJHOCTH IIHUIIOB Pa3IMYHOTO
npoduis B 6e3pazMepHoii popme:

® IPSIMOYTOJIBHBIN poduie: ™ X =17,

9, d?0 o

2 2
PR 2 () hde Yp,aJac, 9,0 . (15)
it 0 0

ITocne mpeoOpazoBanuii moaydnM auddepeHIHaTLHOE YpaBHEHUE TEILIO-
TIPOBOTHOCTH IITUTIA TIPSIMOYTOIBHOTO PO st B 6e3pa3MepHOit hopme

2 2.2
d GZ _Zy Ja29 P,Lac, : (16)
dX<  w(Ry") A

. RPx dr'® x P
e TpeyronbHbIA npoduas. " x =-2—; =2
h,, dx  h,
ITocne mpeoOpazoBanuii moaydnM auddepeHIHaTLHOE YpaBHEHUE TEILIO-
MIPOBOTHOCTH IITUTIA TPEYTOIHHOTO POt B 6e3pa3mMepHoit hopme

2 2142
d 92 +£@: Zy J621 92 p,ac, : (17)
ax? X dX nRPYEXZ[ A
map \,2 dr“ap X nap
e napaGonuueckuit npoduin: ' x = fo ;( ; =20 2X§
h, dx h,
2 2142
4’0 , 4 d0 _ 273’0 (piac, ) (18)
dX? X dX mw(RyP)* X A
. pn o X dr™ x ™
e TpanenueBUIHEI npoguis: ' X = +r,; = ;
h, dx h,
2 2
e e LR
[X+ /1 } n R [X+ r, /P }

KoadduiueHTsl TEIIoOTAauu Ui IIUIOB Pa3IMYHOro npoduist u 0600-
LIEHHOTO IIUIa MOYHO MOJIyYUTh U3 YPaBHEHUH TETJIONPOBOJHOCTH.

O6o0menHoe muddepeHnnaIbHOE YpaBHEHHE TEIDIONPOBOJAHOCTH IIIWTIA
MIPOU3BOIBHOTO Tipodmis (7), OMHUCHIBAOIIIEE TIPOIECC MTepeaadn TEIUIOTH B pe-
Opax B BHJIC [IIMIIOB, MOXHO 3aIACATh
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d do 4¢
A—|mr? x — |dx=——— v°p aJa’c. ¥ dx. 20
dx[ dx} m°Ad; VP x (20)

O606menHoe auddepeHranb-HOe ypaBHEHHE TETUIOTPOBOTHOCTH 13 [1]

ki[fl X d—ﬂdx:Zoc*ﬁnr X dx. (21)
dx dx

IIpupaBHsB mpaBbie yacTu ypasHeHui (20) u (21), momydnm:

20, 97r X :4—(')2 V?p, ala’c O
dg
NJIn

4o [ ¥Pp,ada’c,
©omdZ| 2mr x

(22)

VYpasuenue (22) npencraBisier co00i BeIpakeHHe IJs pacdyera Kodphuu-
€HTa TEIUIOOTAa4YH PY KUIIEHUH KUIKOCTH Ha IIUIE TPOU3BOIBLHOTO IPOQHIISL.
715t UmoB pa3inugHoro npouiis Kod(pGUIUEHTH TEIUI00TAAYN OyayT:

o IPSIMOYTOJBHEIN podmite: ™ X =r™;

_ 4o (v’p,ada’c,

23
nd? 2mr)® (23)
rPx
e TpeyrobHbIA mpoduie: ' X :‘;]—;
2 2
o = 4(p2 Yp.da‘c, h, ; (24)
nd, 2nr® X
. ap B rOnapXZ .
o mapabonmaeckuit mpodwas: 'Y X = R
4 ’0 aJa’c_h 2
o, =0 T2 5 (25)
nd, 2nry® X
& T " X .
e TpAIEIUeBUIHBIA TPODUIB: I X = +1,;
49 (  v°p,ala’c,
= hy, | (26)

©md2 | 2n(ex+hr)

Hcxons U3 yciaoBUsl paBeHCTBA TEIUIOOTAAIONINX TUIOIAICH IUITOB Pa3nd-
HOTO PO HJIsL, ONPEAeIOTC UX KO UIIMEHTHI TEIUIOOTIAYH:

e TIPSIMOYTOJIBHBIN TpodMIiIb muma: Ko3QOUIUEHT TEeTUIO0TAaYH HaXOAUTCS
10 ypaBHeHUIO (23);

e TPEYTOJILHBIN MPODUIIB!
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ucxos u3 yenosust F o =F , nomy4nm:

1p

o' X h
2nrPh, =2ur™ x h, =2r-2—h =2mr"x; 1*h =r"x; P =-"Lr".
X

IIpoBens moacTaHoBKY B (24) 1 IpeoOpa3oBaHus, 3aIHIIIEM:

4¢ ( y?p, ada’c,
ndy| 2w

o, = (27)

© TapaboMIecKuit MpoQHITh:
ncxoxns u3 yenosust F_=F_, momydnwm:

np map’

2 2
Iy P X

2nrPh, =2nr"™ x h, =2mn ~ h,, 1 :ro""h—‘”. (28)

X2

il

IIpoBenst moacTaHOBKY B (25) 1 IpeoOpa3oBaHus, 3aIUIIICM:

2 2
o = 4(p2 Yp,aJa‘c, ; (29)
wdg 2mry”

® TpanenueBUIHBINA TPOUITH HINIIA:

ucxozst w3 yenosust F o =F ., moxyanm:

X+ rh,

2nryth, =2n h—ehm; Lrh, =r™'x+rh,.

Jiig

IIpoBens noacranoBky B (26) u mpeoOpa3oBaHMs, 3aIHULICM:

4¢ ( y?p,ada’c,

Q. = 2 np
wd 27,

(30)

3zmeck I," — paanyc OCHOBaHHS LINIA HPSIMOYTOIBHOTO MPOGHIIS IIIOMIAbI0
TermooOMeHa, paBHOM TIOLIA TN TEMI000MeHa NIMIOB APYTHX MPOodUIIeH.
VMHOXHB IIPaByIo M JIeBYI0 dacTH ypaBHenus (22) Ha (1, /A, ) u mpoBens

npeoOpa3oBaHus, MOJIYYUM YPaBHEHHE MHTEHCHBHOCTH TEIUIOOTIAYU NPH KU-
[IEHUHU Ha IIKWIax MPOU3BOJIbHOTO npoduis B 6e3pa3mepHoil Gpopme

Nu. = Zv2Ja?| — = | Pu | (31)
2r X | Py

Ucnone3ys ypaBHeHus: npoduiieil mmna u ypaBHeHus (23)—(26), nomxydanm
yucia HyccenpTa A5 UIOB pa3inuyHOro npouis:
® IPSIMOYTOJIBHBINA TPO(HIH

Nu, = Zy*Ja? L [P ; (32)
21" | Py
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o TPEYTOJILHBIH MPOGUITH

Nu, = Zy?Ja? SUTU g (33)
21X | Py

o TapaboaryecKuii NpoQuib

2
Nu, = Zy*Ja? —lbLklg L (34)
21X | Py

e TpamnenrueBUIHbIH TPOhUITH

Nu, = Zy2Ja? h,l. Pu | (35)
2n(rp ™' X+ h,r) | Pyx

[puBens ko3 dunmeHTs TEIIOOTAAYM K OMHOMY MPOGWIO (TIPIMOYTOIb-
HOMY), TIOJIy9UM BBHIpQKCHHE I ONpPEAENCHHs] MHTEHCHUBHOCTH TEILIOOTAaYH
Ha e Jro0oro npoduist B 6e3pazmepHon hopme

I
Nu, =Zv?Ja?| —— | Pn | (36)
2nr,® | Py
4¢ . .
rae Z =—— — YHMCIIO NAPOBBIX Iy3bIPE HA TEMIOOTAAIOIIEH IOBEPXHOCTH.

0
3mechk I," — paamyc OCHOBAHUS LIMIA MPSIMOYTOJBHOTrO Mpoduis, 60KoBas

IUIOIA/Ib HOBEPXHOCTH KOTOPOro paBHA OOKOBOI! MJIOIMIAAHN OBEPXHOCTH JT000-
ro Ipyroro MIuma.
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paMu, TerIo(pU3NUYECKUMH CBOMCTBAMH KHJKOCTH M T€OMETPHUECKUMH Xapak-
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