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PaCqeT rrpO,n;O.JDICIfTeJIhHOCTM6hICTpOrO

3aMOpa)Kl1BaHlUI rrMmeBhIX rrpO,nyKTOB B
u u

TYHHeJIhHOM arrrrapaTe C rrpOTOqHOM a30THOM

CMCTeMOll XOJIo,n;ocHa6)KeHlUI
KaHa. meXH. HayK II.JI. AKCEJIbPO.n, a-p meXH. HayK, nporjJ., aKaaeMuK MAX K.n. BEHfEP

MocKo8cKuu zocyaapcm8eHHblu yHu8epcumem npuKIlaaHOU 6uomexHollozUU,
a-p meXH. HayK A.A. AHTOHOB

OAO "HKMA"

A mathematical model ispresented allowing to calculate the process duration
for the conditions of asymmetric heat exchange in each zone of a three-zone
nitrogen quick-freezing tunnel apparatus. A classification is proposed
combiningnine classes of objects of qUickfreezing, for whichthermophysical
characteristics used in the calculation of duration of the process are
calculated.

CneQHaJIHCTaMH 000 «TeMn-11)) paJpa60TaH pR.u;aJOT-

HbIX CKOPOMOP03HJIbHbIX TYHHeJIbHbIX annapaToB (ACTA)
.u;JIjJ3aMOpa)l(HBaHHR nHIQeBbIX npo.u;yKToB llIHpoKoro ac-

copTHMeHTa, H HaJIa)l(eHO HX npoH3Bo.u;CTBO [1].

ITpHHQHnHaJIbHM cxeMa annapaTa ACTA npe.u;cTaBJIe-

Ha Ha pHC. 1. B HeM, KaK H B 3apy6e)l(HbIx aHaJIOraX, HC-

nOJIb3yeTCR TpeX30HHbIH npOTOqHbIH npHHI.{Hn opraHH3a-

QHH npOI.{ecca: nepBaR 30Ha (I) - npe.u;BapHTeJIbHOe OX-

JIa)l()l;eHHe npo.u;yKTa napaMH aJOTa; BTopaR (II) - 3aMO-

pa)l(HBaHHe opOllIeHHeM )l(H.nKoro a30Ta; TpeTbR (III) -
BblpaBHHBaHHe TeMnepaTYPbI no 061>eMy npo.u;yKTa raJo-

06pa3HbIM aJOTOM.

B 3TOM cnyqae xOJIo.nonpoH3Bo.u;HTeJIbHOCTb 1 Kr aJOTa

CKJIa.u;blBaeTCj{ H3 KOJIHqeCTBa TenJIOTbI, OTBO.u;HMOH)l(H.u;-
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Puc.1. npUH~UnUallbHaJl cxeMa A eTA:

1-30Ha npea8apumellbHozo oXlla:>tCaeHUJlnapaMu a30ma;
II - 30Ha OpOWeHUJl:>tCUaKUMa30mOM; III - 30Ha

8b1pa8HU8aHUJlmeMnepamypbl no 06beMy npoiJyKma;
1- cucmeMa omcoca ompa6omaHHbIX nap08 a30ma;

2 - menll0U30llUpo8aHHblu Kopo6; 3 - OCe8b1e8eHmUllJlmOpbl;
4 - :>tCUaKocmHblua30mHblU KOl/I/eKmOp c r/JopcyHKaMu;

5 - zu6KaJl wmopKa; 6 - cemllamblU KOH8euep; 7 - npu80a
KOH8euepa; 8- npu80a noiJoeMa menll0U30IlUp08aHHOZO
Kopo6a; 9 - YnllomHeHue; 10 - onopbl c MexaHu3MoM

noiJoeMa Kopo6a; 11 - aamlluKu meMnepamypbl;
12- menllOU30llUp08aHHaJl nIIuma

KHM aJOTOM OT npo.nyKTa npH nepexo.u;e ero B raJo06paJ-

Hoe COCTOj{HHe, H TenJIOeMKOCTH, norryqaeMOH npH Harpe-

BaHHH XOJIO.nHbIX napOB a30Ta .u;o TeMneparypbI, C KOTO-

POH OHH BbIXOMT H3 annapaTa.

TpeX30HHM CHCTeMa annapaTa n03BOJIj{eT 3aMeTHO CHH-

3HTb pacxo.u; )l(H.nKoro aJOTa, qTO j{BJIReTCj{ maBHbIM <paK-

TOpOM npH 3KcnrryaTaI.{HH KpHoreHHoro 060py.u;OBaHHR.

BHellIHHH BH.n ACTA-30 C QHCTepHoH )l(H.u;KOro a30Ta

nOKaJaH Ha PHC, 2.
Ha nepBoM 3Tane aHaJIHTHqeCKHX HCCJIe.u;oBaHHH 6bIJIa

paJpa60TaHa TPexpaHrOBaj{ KJIaCcH<pHKaQHR 061>eKTOB 6bI-

cTPoro 3aMOpa)l(HBaHHR [1]. B nepBbIH paHr Mo.u;eJIH BXO-

MT 9 KJIaCCOBnpo.u;yKTOB, .u;H<p<pepeHI.{HpOBaHHbIx no nep-

BOMy KJIaCcH<pHKaQHOHHoMY npH3HaKY - <pH3HqeCKOH HX

npHpo.u;e: IT1 - Mj{conpo.u;YKTbI; IT2 - TITHQa; IT3 - pbI6a;

IT4 - nJIo.u;bI, Rro.u;bI; ITs - OBOIQH; IT6 - TecTO; IT7 - KOM-

6HHHpOBaHHble npo.u;YKTbI "TecTO + HaqHHKa"; ITs - CJIH-

BOqHOe MaCJIO; IT9 - TBep.nb1e CbIpbI.

Bo BTOPOHH TPeTHH paHrH BKJIIOlIeHbI nO.D:KJIaCCbIH rpyn-

nbI 061>eKTOB, .u;H<p<pepeHQHpOBaHHbIe no BTOpOMY npH3Ha-

KY, - BJIaroco.nep)l(aHHe H )l(Hpoco.nep)l(aHHe npo.u;yKTOB.

ITo.u;KJIaCCbI, co.u;ep)l(aIQHecj{ BO BTOpOM paHre, .neJIj{Tcj{

Ha HHTepBaJIbI, paBHble 10 % BJIa)l(HOCTH H 10 % )l(HpHOC-

TH, a rpynnbI npo.u;yKToB B TPeTbeM paHre - Ha HHTepBa-

JIbI 5 % BJIa)l(HOCTH H 5 % )l(HpHOCTH.

KrraccH<pHKaI.{HlO HCnOJIb30BaJIH .u;JIj{onpe.u;eJIeHHj{ Ten-

JI0<pH3HqeCKHX xapaKTepHCTHK (T<I>X) yCJIOBHO-paCqeTHO-

ro npo.u;yKTa (YPIT) OT.u;eJIbHO.u;JIj{Ka)l()l;OH rpynnbI, no.u;-

KJIaCCOB, KJIaCCOB, a TaK)l(e .lJ:JIjJBcero accopTHMeHTa (HY-

JIeBOH paHr) npo.u;yKToB.

YPIT j{BJIj{eTCj{ HeKoTopbIM ycpe.u;HeHHbIM nOKaJaTeJIeM,

KOTOpbIH C 3a.naHHoH TOqHOCTbIO npe.ncTaBJIj{eT onpe.u;e-

JIeHHyIO cOBoKynHocTb npo.u;yKToB 6bICTPOrO 3aMOpa)l(H-

BaHHj{ B annapaTe.

.Ll:JIj{paCqeTa npo.u;OJI)I(HTeJIbHOCTH 3aMOpa)l(HBaHHj{ on-



Puc.2. A30mHblU CKOpOMOp03UJlbHblU mYHHeJlbHblU annapam
ACTA-3D (a) u u,ucmepHa aTK 5/0,25 c :JICUJKUM G30mOM (6)

pe,lJ,eJleHbI CJle,lJ,YlOllI,Me T<I:>X yCJlOBHO-paCqeTHOrO rrpo-

,lJ,yKTa: y,lJ,eJIbHa5I TerrJlOeMKOCTb C, K03epepMlIJfeHTbI Terr-

JlOrrpOBO,lJ,HOCTI1 'A M TeMrrepaTyporrpOBO,lJ,HOCTM a, rrJIOT-

HOCTb p.

T<I:>X orrpe)J,eJI5IJlM paCqeTHbIM MeTO,lJ,OM, rrpe,lJ,JIO)l(eHHbIM

E.E. KOBTyHOBbIM, MO,lJ,MepMIIMpy5I ypaBHeHM5I A.M. npa)l(-

HMKOBa, H.3. KaYXqeIllBMJlM, qTO rr03BOJlMJlO yqecTb BJIM5I-

HMe )l(Mpa Ha TerrJloepM3MqeCKMe xapaKTepMCTMKM [1].
nOJlbIllMHCTBO 06beKToB 3aMOpa)l(MBaHM5I MMelOT CJlO)l(-

HylO epOPMY. II03ToMY ,lJ,JI5IpacqeTa rrpo)J,OJl)l(MTeJlbHOCTM

3aMOpa)l(MBaHM5I He06xo,lJ,MM rrepexo,lJ, K HeKoTopoMy cpe,lJ,-

HecTaTMCTMqeCKoMY 3KBMBaJIeHTHoMy TeJlY rrpaBMJlbHOH

reOMeTpMqeCKOH epOPMbI (rrJlaCTMHa, IIMJIMH,lJ,P, IlIap), ,lJ,JI5I

KOToporo MoryT 6bITb rrOJIyqeHbI cpaBHMTeJlbHO rrpocTble

peIlleHM5I.

TaKoH rrepexo,lJ, B03MO)l(HO oCyllI,eCTBMTb, MCrrOJlb3Y5I pa3-

pa60TaHHbIH A.H. BeHHMKoM rrpl1HIIMII cTa6MJlbHOCTM Terr-

JlOBOrO rrOTOKa. IIo,lJ,06Me rrpocTbIX reoMeTPMqeCKMX MO-

,lJ,eJleH MX peaJIbHbIM aHaJIOraM OCHOBbIBaeTC5I Ha paBeH-

CTBe MHTerpaJlbHbIX xapaKTepMCTMK, BXO)J,5IllI,MX B ypaBHe-

HMeTerrJlOrrpOBO,lJ,HOCTM,TaKMX, HarrpMMep, KaKCpe,lJ,He06b-

eMHa5l TeMrrepaTypa.

H3yqeHMe TpexMepHblx, ,lJ,ByxMepHblx M O,lJ,HOMepHblx

rrOJIeH IIpM 3aMOpa)l(MBaHMM peaJIbHbIX 06beKToB CJlO)l(-

HOH epOPMbI rrOKa3aJlO, qTO cpe,lJ,He06beMHa5I TeMrrepa-

Typa 3TMX 06beKToB B TeqeHMe Bcero rrpollecca 3aMopa-

)l(MBaHM5l rrpaKTMqeCKM TO)l(,lJ,eCTBeHHa cpe,lJ,He06beMHoH

TeMrrepaType O,lJ,HOH M3 reOMeTpMqeCKM rrpocTbIX MO,lJ,e-

JleH [1].
ComacHo rrpMHIIMrry cTa6MJlbHOCTM TerrJlOBOrO rrOTOKa

corrOCTaBJIeHMe TeMrrepaTypHbIX rrOJleH BHyTpeHHMX 06JIa-

CTeH TeJla CJlO)l(HOH KOHep«rypaIIMM M ero KJIaCClfqeCKoro

aHaJIOra ,lJ,OJl)l(HO ocymecTBJI5ITbC5I IIpM paBeHCTBe TerrJlO-

BbIX rrOTOKOB Qo = Q MJlM

aoBcTO Fo d'to = a BCT F d't, (1)
r,lJ,e Q - TerrJlOBOH rrOTOK, BT;

a - K03epepMIIMeHT TerrJlOOT,lJ,aqM OT CTeHI<M K oKpy)l(a-

lOllI,eH cpe,lJ,e, BT/(M2·K);

BCT = fCT - fs;

fCT - TeMrrepaTypa cTeHKM, °C;

fs - TeMrrepaTypa oKpy)l(alOllI,eH Cpe,lJ,bI, °C;

F - rrJlOllI,a,lJ,b IIoBepxHocTM TerrJlo06MeHa, M2;

't - BpeM5l, q.

Bce BeJIMqMHbI 6e3 MH,lJ,eKCOB cooTBeTcTBYIOT paccMaT-

pMBaeMoMY TeJlY CJIO)l(HOH epOPMbI, a C MH,lJ,eKCOM «0» -
ero KJlaCCMqeCKoMY aHaJlOry.

ECJIM rrpMH5ITb, qTO B 060MX TeJlaX rrpoIIeccbI ,lJ,OJI)l(HbI rrpo-

TeKaTb CMHXpOHHO, T.e. d't = d'to' a TaK)l(e, qTO BCT = eC1{)' TO

,lJ,JI5I06eCrreqeHM5I 3KBMBaJIeHTHOCTM TeMrrepaTypHblx rro-

JleH 060MX TeJl He06xo,lJ,MMO:

a = ao FIFo = a A,
r,lJ,e A - KpMTepMH epOPMbI.

Toma

Bi = A a ti'A, (2)
r,lJ,e Bi - KpMTepMH nMo;

'A - K03epepMIIMeHT TeIIJlOrrpOBO,lJ,HOCTM, BT/(M2·K).
Pa3Mep to orrpe,lJ,emleTC5l M3 yCJIOBM5l paBeHcTBa 06be-

MOB 060MX TeJl.

KpMTepMH epOPMbI A BCer,lJ,a 60JIbIlle e,lJ,MHMIIbI, rr03ToMY

CKOpOCTb 3aMOpa)l(JfBaHM5I TeJIa CJIO)l(HOH epOPMbI B Jl1060M

cJIyqae BbIIlIe, qeM cooTBeTcTBylOllI,erO KJlaCCMqeCKOrO

aHaJlOra. nOJIbIllMHCTBO rrMllI,eBbIX rrpO,lJ,yKTOB, BXO,lJ,5lllI,MX B

rrpe,lJ,JlO)l(eHHYIO KJIaCcMepMKaIIMlO 06beKToB 3aMOpa)l(JfBa-

HM5I, MO)l(HO rrpe,lJ,CTaBMTb 3KBMBaJIeHTHbIM TeJIOM B BM,lJ,e

HeorpaHMqeHHOH IIJlaCTMHbI [1].
B OCHOBy peIlleHM5I 3a,lJ,aqM ,lJ,JI5IHecMMMeTpMqHOrO Terr-

JI006MeHa rrOJIO)l(eH rrpM6JlM)I(eHHbIH MeTO,lJ, MHTerpaJIbHbIX

CooTHoIlleHMH J1 JIeH6eH30Ha, pa3BMTbIH B.A. KaprrbJqe-

BbIM, A.M. npa)l(}{MKOBbIM, A.H. IIeJleeBbIM M MO,lJ,MepMIIM-

pOBaHHbIH rrpMMeHMTeJlbHO K YCJlOBM5IM 3aMOpa)l(JfBaHM5I B

MHor030HHOM KpMoreHHoM arrrrapaTe. IIpM peIlleHMM MC-

rrOJIb30BaJIM CJle,LJ,ylOllI,Me ,lJ,orryllI,eHM5I:

TerrJIo06MeH C BHeIllHeH Cpe,lJ,OH oCYllI,eCTBJl5IeTC5I rro

3aKoHy HblOToHa - PMxMaHa, rrpMqeM K03epepMIIMeHTbI Terr-



JIOOT.ll:atUfU1 H U2 Ha .ll:BYX IIOBepXHOCTHX IIJIaCTHHhI pa3-

JIHqHhI;

TeIIJIoqm3HqeCKHe XapaKTepHCTHKH IIpO.ll:yKTa IIOCTOHH-

HhI B IIpe.ll:eJIaX O.ll:HOH<pa3h1H H3MeHHIOTCH CKaqKOM IIpH

<pa30BOM IIepeXO.ll:e;

IIpO.ll:yKT HMeeT IIOCTOHHHyIO IIO BceMy o6'heMy HaqaJIh-

HyIO TeMIIepaTypy To;
TeMIIepaTypa Cpe.ll:hI T IIOCTOjiHHa [1].

c
llpo~ecc 3aMOpIDKHBaHlfjJ pa3,.ll:eJIeHHa TpH xapaKTepHhIe

CTa,.ll:HH,KOTophIe paccMaTpHBaJIHCb rrOCJIe,.ll:OBaTeJIhHO:

.I CTa..ll:lfj[OXJIIDI<)l;eHlfjJ-,.ll:O ,.ll:OCTIDKeHlfjJKpHocKOrrHqeC-

KOH TeMrrepaTYPbI Ha rroBepxHocTH rrp0,.ll:YKTa;

.I CTa..ll:lfj[3aMOpIDKHBaHIDI- ,.ll:0,.ll:OCTIDKeHlfj[KpHOCKOIIH-

qeCKOH TeMIIepaTYPhI B TepMlfqeCKOM ~eHTpe rrp0..ll:YKTa;

.I CTa,.ll:lfjJ,.ll:OMOpIDKHBaHlfjJ- ,.ll:0,.ll:OCTIDKeHlfjJ3a,.ll:aHHOH

TeMrrepaTYPhI (HH:lKe KpHOCKOrrHtIeCKoH) B TepMHtIeCKOM

~eHTpe MJIH 3a,.ll:aHHOro 3HaqeHlfjJ. Cpe,.ll:Heo6'heMHoH TeM-

rrepaTYPbI rryTeM BhlpaBHHBaHlfjJ TeMrrepaTYPbI rro 06'he-

MY rrpo.ll:YKTa.

ComaCHO TeXHOJIOrHH 3aMOpIDKHBaHlfj[ B TpeX30HHOM

CKOPOMOP03MJIhHOMarrIIapaTe rrpo~ecc 06pa60TKH rrpo,.ll:yK-

TOB .ll:eJIHTCH Ha rrepHO,.ll:hI B COOTBeTCTBHH C ,.ll:eJIeHHeM

arrrrapaTa Ha 30HbI. OXJIIDI<)l;eHHe H HaqaJIO 3aMopIDKHBa-

Hlfj[ IIpOHCXOMT B rrepBoH 30He arrrrapaTa rrpH B3aHMO,.ll:eH-

CTBHHrrp0,.ll:YKTa C rrapaMH a3OTa, BhlXO~MH H3 BTOPOH

30HhI arrIIapaTa. llo OKo~aHHH rrepBoro rrepHO,.ll:arrpO,.ll:YKT

rrepeMe~aeTCji BO BTOpylO 30Hy aIIrrapaTa, r,.ll:e B3aHMO-

.ll:eHCTBYeT C :lKH,.ll:KHMa3OTOM, rrocryrralOIl.UfM H3 pacrrhl-

JIHTeJIbHhIX <pOpCYHOKcBepxy IIpo,.ll:YKTa(Ha,.ll:JIeHTOHTpaHC-

IIopTepa). TpeTHii: rrepHO,.ll:rrpo~ecca 3aKaH'lliBaeTCji B cpe,.ll:e

ra3006pa3HOrO a30Ta rrOCJIe,.ll:HeH30HhI aIIrrapaTa.

CT3Jl.HH OXJla~eHHH. PaCqeTHaH cxeMa IIOKa3aHa Ha

pHc.3.
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Puc.3. PaClIemHaR cxeMa npoOyKma Ha cmaouu oXfJa:JICOeHUR:

Tn' ~ - meMnepamypbl Ha noeepXHocmu npoOyKma U
oXAa:JICOalO/J-4eucpeObl, • C; a l' a2 - K03qxjJU14UeHmbl

merlJlOOmOallu coomeemcmeeHHO om eepxHeu U HU:JICHeU
noeepxHocmeu npoOyKma, Bm/(M2·K); d1, d2 - mOJl/J-4UHbl

e03.MY/J-4eHHblXCJloee c eepxHeu U HU:JICHeUnoeepxHocmeu, M;
II' 12 - paccmORHue om meMnepamypHblX r/JpoHmoe 00

mepMUlIeCK020 14eHmpa, M; L - onpeoeJIRIO/J-4uupa3.Mep
npoOyKma, M

B OCHOBy perneHHH rrOJIO:lKeHa rHIIOTe3a A.M. llHpBep-

.ll:HHa0 HaJIHqHH TeMrreparypHoro <ppoHTa, KOTOphIH rrepe-

Me~aeTCH C KOHeqHOH CKOpOCThIO.

MaTeMaTHqecKaji MO,.ll:eJIhCTa.ll:HH OXJIa:lK.ll:eHHHOIIHChI-

BaeTCH ypaBHeHHeM TerrJIOrrpOBO.ll:HOCTH

aT a2T-;-. = a ::I 2 IIpH 11 ~x < L H IIpH -L<x~ 12;
at aX

T= To IIpH -/2 <x< 11 (3)
H rpaHHqHbIMH yCJIOBHHMH TpeTherO p0.ll:a Ha rrOBepXHOC-
THX rrJIaCTHHbI:

-A aT(L,t) = [T(L) -1'].ax (Xl ,t 0'

-A ~?J=!~!2= a [1'(- L t) - T ] .ax 2 , 0 ,

Ha TeMrrepaTypHhIX <ppoHTax:

aT (/pt)ax =0;

aT (-/2,t)----0·ax -,
l' (/]>t) = l' (-/2,t) = '0)'
BBeM 6e3pa3MepHhIe BeJIHqHHhI

[x = x '1.<). = To- l' .Fo = at .
L' T-T' e·'o ··C . -'

Bi = ~ ;PJ = ;, ;P2 = i]
H BbIIIOJIHHB He06xo.ll:HMhIe rrpe06pa30BaHHH, IIOJIyqaeM
3aBHCHMOCTh BpeMeHH OXJIa)l(,.ll:eHHH,.ll:0,.ll:OCTH:lKeHHHKpH-

OCKOrrHqeCKOHTeMrrepaTYpbI Ha rrOBepXHOCTH rrpO.ll:yKTa OT

yCJIOBHH TerrJIo06MeHa:

Fo(1) =_1_[ tJ;p + 21')Kp +21n(l-1') )].
3Bi2 (l-tJ)2 1-1') .p (6)Kp Kp

PaCCqHThIBaeM 3HaqeHHH 6e3pa3MepHoH TOJI~HHhI B03-

My~eHHoro CJIOH~KP rrpH ,.ll:OCTH:lKeHHHKpHOCKOrrHqeCKOH

TeMrreparyphI Ha rrOBepXHOCTH IIpO.ll:yKTa tJKp :

To-1'. 2tJ1.9 = tJ = P. 8 = Kp
Kp To -1~' Kp Bi(1- 1')Kp) (7)

HaXO.ll:HM rpa<pHqeCKHe 3aBHCHMOCTH ~ H Fo(l) OT Bi
Kp

[1]. Ha pHC. 4 rrpe,.ll:CTaBJIeH rpa<pHK Fo(l) = f(Bi),.ll:JUI yc-

JIOBHH, cooTBeTcTBYIO~HX rrepBoH 30He MHor030HHoro

a30THoro arrrrapaTa: Tc = -90°C; To= 28°C; TKP = -2°C.

llpHqeM Tc rrpHHj[Ta rro ,.ll:aHHhIM3KcrrepHMeHTa, KaK cpe,.ll:-

HeJIOrapH<pMHtIeCKOe 3HaqeHHe TeMrrepaTYPbI ra3006pa3-

Horo a30Ta rro ,.ll:JIHHerrepBoH 30HhI arrrrapaTa.
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CTMHH 3aMOpa)KHBaHHH. AH<UIHTHl.J:eCKOe onHcaHHe

OCHOBaHO Ha MO)J,eJIHCTe<paHa, B COOTBeTCTBHH C KOTO-

POM npo,L()'KT pal)J,eJUleTCH Ha 3aMep3IIIHe H He3aMep3IIIHe

30HM, Me:>K)J,yKOTOPbIMH cymecTBylOT nOBepxHocTH pal-

)J,eJIa- <pPOHTbI KPHCTaJIJIH3aQHH. IlpoQecc 3aMOpa:>KHBa-

HHH paccMaTpHBaeTCH KaK nepeMemeHHe <ppOHTa KpHC-

TaJIJIH3aQHH OT nepH<pepHH K QeHTPY npo)J,yKTa.

B cJIyl.J:ae HeCHMMeTpHl.J:HOrO ~enJIOOTBo)J,a K Hal.J:aJIY

cTa)J,HH3aMOpa:>KHBaHHH TeMnepaTYpHbIe <pPOHTbI eme He

BCTPeTHJIHCb. B.3TOM CJIyl.J:aeB npO)J,yKTe KpOMe 3aMep3-

IIIHX H He3aMep3IIIHX 30H cymecTByeT H HeB03MYIQeHHaH

30Ha, B KOTOpOM TeMnepaTYpa npO)J,yKTa paBHa To, OT)J,e-

JIeHHaH OT B03MymeHHbIX 30H TeMnepaTypHbIMH <ppoHTa-

MH. CTa)J,HH 3aMOpa:>KHBaHHH B 3TOM cJIyl.J:ae pal6HBaeTcH

Ha )J,Banana. IlepBbIM 3Tan 3aKaHl.J:HBaeTCHnpH BCTpel.J:e

TeMnepaTYpHbIx <ppOHTOB, nOCJIe KOTOPOM HeB03MymeH-

HaH 30Ha HCl.J:e3aeTH Hal.J:HHaeTCHBTOPOH 3Tan 3aMOpa:>KH-

BaHHH, 3aKaHl.J:HBalOmHHcH B MOMeHT BCTPel.J:H<ppOHTOB

KPHCTaJIJIH3aQHH. Yl.J:eT HecHMMeTPHH ocymecTBJUleTCH C

HCnOJIb30BaHHeM K03<P<PHQHeHTaaCHMMeTpHH TenJIOOT)J,a-

l.J:H:k> 1; k= BiI/Bi2.

, ::> '::> X::> , :is
0 I e: ~ I~e:

'''=", I e: "=I 0", II:! 0@'~2 &~
, \J ,~::>

~ I~
PuC. 5. Pac'temHaJl cxeMa npoilyKma aAJ/ nep6020 3mana

cmaauu 3aMOpa:>ICU6aHUJl:
I U 2 - coom6emcm6eHHO 3aMep3lUaJl U He3aMep3lUaJl 30HbJ,

a He603MyU(eHHaJl 30Ha HaxoaUmCJl npa6ee meMnepamypHo2o
rjJpoHma; I] - mOAU(UHa 3aMep3lUeu 30HbJ, M; 12 - mOAU(UHa

He3aMep3lUeu 30HbJ, M; L - onpeaeAJ/lOU(uu pa3Mep
npOaYKma, M; Tn - meMnepamypa Ha n06epXHocmu

npoilyKma, 'C; To- meMnepamypa npoilyKma 6
He603MyU(eHHOU 30He, pa6HaR Ha1taAbHOU, 'C;

TKP - KpUOCKOnU'teCKaR meMnepamypa Ha rjJpOHme
KpUCmaAAU3aI1UU, 'C; a - K03rjJrjJUI1UeHm menAOomaa'tu C

n06epXHocmu npOaYKma, Bm/(M2-K)

PaCl.J:eTHaHcxeMa npO)J,yl<Ta )J,JUInepBoro nana CTa)J,HH

3aMOpa:>KHBaHHH nOKalaHa Ha pHc.5.

3Hal.J:eHHHTellJIo<pH3Hl.J:eCKHXxapaKTepHCTHK 3aMOpO:>KeH-

HOro npo)J,yKTa 3Hal.J:HTeJIbHOOTJIHl.J:aIOTCHOT TIHX xapaK-

TepHCTHK B He3aMep3IlleH 30He, nonoMy HH)J,eKC10603Ha-

l.J:aeTnapaMeTPbI 3aMOpO:>KeHHOrO npo)J,yKTa, a 2 - COOT-

BeTcTBylOmHe napaMeTpbI He3aMOpO:>KeHHOrO npo)J,yKTa.

MaTeMaTHl.J:eCKaH MO)J,eJIb nep602o 3mana 3aMOpa:>KH-

BaHHH onHCbIBaeTCH ypaBHeHHHMH TenJIOnpoBo)J,HOCTH B

6e3palMepHOM BH)J,e)J,JIHI-H H 2-M 30H annapaTa:

i.h'}l _ A ;:ft}J. a'02 _ a2t}z

aFo - aXz' aFo aX2'

A
az .0 ~-T.:.o Tz-TJ<p

r)J,e =-; Ul =---;uz =--- (8)
at T

KP
- T, To - T

KP

rpaHHl.J:HbIe yCJIOBHH B 6e3pa3MepHoM BH)J,e )J,JIH)J,ByX

30H annapaTa:

t} 2 (c, Fo) = 0;

t}~(y,Fo) = 1; at}2~y,FO) = 0,
- X

r)J,e E = ilL; y = ilL; E, y - 6e3pa3MepHbIe KOOP)J,HHaTbI

COOTBeTCTBeHHO<ppoHTa KPHCTaJIJIH3aQHH H TeMnepa-

TYpHoro <ppoHTa.

BBe)J,eHbI 6e3palMepHbIe KOMnJIeKCbI:

A = ~; e = TKp - Tc • R = Cz (To - TKP) •
1 ' ,/\'z To - TKP wWr

W - BJIarOCO)J,ep:>KaHHenpO)J,yKTa;

(J) - )J,OJUIBbIMOpO:>KeHHOHBJIarH;

r - y.n.eJIbHaH TenJIOTa JIb)J,006palOBaHHH, K,lJ::>K!Kr;

Cz - y.n.eJIbHaH TenJIOeMKOCTb He3aMOpO:>KeHHOrO npo-

)J,yKTa, K,[(:>K!(Kr·K).

YCJIOBHe CTe<paHa Ha <ppoHTe KPHCTaJIJIH3aQHH:

R at} 2 ( c, Fo) .
ax

B xO)J,e peIlleHHH nOJIyl.J:eHO CJIe)J,ylOmee BbIpa:>KeHHe,

cO)J,ep:>Kamee BeJIHl.J:HHYFo = F01(II):

38'Bi'FO+28( 81nl~8 -1)+

+ 38'Bi' FO-28e( 81n1~8 -1) =Bie(ll)
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Puc. 6. 3a6UCUMocmb Fo} (II) om KpumepUll Bi aAJlpa3flUltHbIX
3HalteHUUK03rj)(jJu/{ueHma aCUMMempuu menJIoomaaltu k

IIocJIe He06xo~HMbIX rrpe06pa30BaHHH rrOJIyqHJIH aHa-

JIHTHqecKYIO 3aBHCHMOCTb F01(II) OT Bi ~JIH rrepBoro :cna-

rra CTa~HH 3aMOpa:ll<HBaHHH:

Fo(lI) = _1 +_l_(ln 1+e - .-!..Jx
] 24 6Bi2 e e

{ ~[. 3 ( 1+ e 1 J] }X .k- 1+--.~ In---- -1"
2Bl- e e

Ha pHC. 6 rrOKa3aHa 3aBHCHMOCTb F01(II) OT KpHTepHH

Bi. Ha BTOpOM :Harre 3aMOpa:ll<HBaHHH HeB03MYIQeHHaH

30Ha OTCyTcTByeT, rr03TOMY paCqeTHaH cxeMa H3MeHHeT-

CH (pHC. 7).
IIJIacTHHa rrpo~YKTa B 3TOH MO~eJIH pa3~eJIeHa Ha TpH

30HbI: 3aMep31IIaH I TOJIIQHHOH ~1' He3aMep31IIaH II H 3a-

Mep31IIaH III TOJIIQHHOH~z' TeMrreparypa B 30He 1- T1, B

30He II - Tz, B 30He III - T
3
•

MaTeMaTHqeCKaH MO~eJIb ~JIH 3Toro 3Tarra rrpe~cTaB-

JIHeT C060H cHcTeMy ypaBHeHHH <I>ypbe ~JIH Tpex 30H:

-L L
~ ,0 ~ X, ~ ~o::r

II: ~ I I: ~I
,:t: t:; , :t: t:; 0

a2 18. ~ I
8. § I at

SI: SI:
lJT i ~ fT' go T

Tc
I ~I

Tc, ,
I

PuC. 7, PaCltemHaR cxeMa 6mopozo 3mana cmaauu
3aMOpa:JICU6aHUJl:

I, III - 3aM0p0:JICeHHble30HbI npOaYKma;
II - He3aM0p0:JICeHHaR30Ha; L - onpeaeJlJlIO~uu pa3Mep

npoOyKma, M; l!J.J' l!J.1- mOJl~UHbI 603My~eHHbIX CIloe6
coom6emcm6eHHO 6epxHeu u HU:JICHeUn06epxHocmeu, M;

T - meMnepamypa Ha n06epXHocmu npoayKma, DC;
T.p - KpUOCKOnUlteCKaJlmeMnepamypa Ha rjJpOHmax

KpUCmQ/I/IU3a/{uu, DC; T" - meMnepamypa OXJla:JICaalO~eu
cpeabl, T; a.J, a.1- K03rjJrjJu/{ueHmbl menJlOomaaltU C

HU:JICHeUU 6epXHeu n06epXHocmeu npOaYKma, Bmj(M-K)

rpaHHqHble yCJIOBHHTpeTberO po~a:

dl<f](1,Fo) =Bi
l

[l-l'\(l,Fo)];t}I(YI,Fo) =0;
dX . ,

~JIH rrepBOH, BTOPOHH TpeTbeH 30H

dt}3(-1,Fo) . [_<1 ] .<1
-::'I =Blz U',(-l,Fo)-l ;U',(-Y"Fo) = 0;uX - - -

t}z(Yl'Fo) = 0;
l.<fz(-Yz,Fo) =0,

B' azL
1 =--"z A'

1

.x
X=-;

L
~t =_1.

1 L'
~~

c =_~"
""2 'L

Fo = (lz;.
1:

YCJIOBHHCTecPaHa Ha cPpoHTax KPHCTaJIJIH3aQHHrrpHBO-

,wiTCH K BH~Y:

dy] =Re[dt}z(Y[,FO) A dt}j(Yl'FO)].
dFo dX dX'

dyz = Re[A dt}3(-Y2,Fo) _ dt}z(-Y2,FO)].
dFo aX ax

IIocJIe rrpe06pa30BaHHH rrOJIyqaeM 3aBHCHMOCTb FOZ(lI)

OT Bi ~JIH BToporo :Harra CTa~HH 3aMOpa:ll<HBaHHH, 060-

3HaqHB BiI = Bi, Biz =Bilk:

FO~I=- . t[ - A In(l+ 2t}oBiE[ J.
~ 2ROO 4ROOz 2t} - A Bi 'o 0 0

F IJ __ c2 _ A 'I (1 2t}oBicz J (17)o~ - Z' II + . "
2Ret}o 4Re60 2t}ok - i\ Bl

ECJIH He yqHTbIBaTb rrepexo~a o6'beKTa BO BTOpyIO 30Hy

a30THOrO arrrrapaTa, TO rrpoQecc 3aMOpa:ll<HBaHHH 3aKaH-

qHBaeTCH, KOma cPPOHTbIKpHCTaJIJIH3aQHH BCTpeqaIOTCH,

T.e. eCJIH

t1+£2=2. (18)
Tor~a, pelliaH cHcTeMy ypaBHeHHH (17) H (18), HaXO~HM

F02(II) BToporo 3Tarra 3aMOpa:ll<HBaHHH.

Ha pHC. 8 rrOKa3aHa 3aBHCHMOCTb F02(II) OT KpHTepHH

Bi.
06IQaH rrpO~OJI:lI<HTeJIbHOCTbCTa~HH 3aMOpa:ll<HBaHHH,

eCJIH He yqHTblBaTb rrepexo~a BO BTOpyIO 30Hy MHor030H-
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Puc. 8. 3a6UCUMocmb F02 (II) om KpUmepUJl Bi npu

PG3J/U'lHbIX 3Ha'leHUJIX K03rjJrjJuu,ueHma aCUMMempuu k
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Horo 1130THOrOarrrrapaTa, paBHa

Fo(IIb FO\(II) +Fo2(11). (19)

,ll;arree paCCMOTpHM :narr rrepexo~a rrpo~YKTa H3 rrep-

BOHBO BTOpyIO 30Hy 1130THOrOarrrrapaTa,

KaK 6bInO CKa3aHO BbIllIe, C TOq]<H 3peHHj{ TeXHOJIOrHH

K MOMeHry rrepexo~a rrpO~YKTa H3 rrepBoH 30HbI MHoro-

30HHoro. a30THoro arrrrapaTa BO BTOpyIO cpe~Heo6'beM-

Haj{ TeMrrepaTypa rrpO~YKTa ~OJI)KHa 6bITb paBHa KpHOC-

KOrrHqeCKOH, OqeBH~HO, qTO 3TO yCJIOBHe MO:>KeT6bITb

BbIIlOJIHeHO TOJIbKOHa BTOpOM3Tarre CTa~HH 3aMOpa:>KH-

BaHHj{. ,ll;JIj{ orrpe~eJIeHHj{ MOMeHTa rrepexo~a Heo6xo~H-

MO paCCqHTaTb cpe~Heo6'beMHYIO TeMrrepaTypy rrpO~YK-

Ta Ha BTOpOM :narre CTa~HH 3aMOpa:>KHBaHHj{, <l>opMyJIa

~JIj{ cpe~Heo6'beMHOH 6e3pa3MepHoH TeMrrepaTypbI

-'12 YI I

('6) = f t}3 (X)dX + f i}2 (X)dX + f t}1 (X)dX =
-I -Y2 YI

=_Bi [_E_~_+_E_·;_]+_t}o (2-E -E t (20)
4 BiE] + 1 BiE

2
+k 6 I 2 '

r~e c1 H c2 - TOJIInHHbI 3aMep311IHX CJIOeBrrpO~YKTa Y

~BYX ero rroBepxHocTeH, 3aBHCHMOCTbKOTOpbIX OT qHCJIa

<l>ypbe orrHCbIBaeTCK ypaBHeHHj{MH (17).

IIepexo~ rrpo~YKTa BO BTOpyIO 30Hy arrrrapaTa ~OJI:>KeH

HacryrrHTb B MOMeHT, Kor~a ( i1 ) = 0, H rro ypaBHeHHj{M

(20) H (17)orrpe~eJIj{eTcK Fo/I) MOMeHTa rrepexo~a,

IIocJIe rrepexo~a rrpo~YKTa BO BTOpyIO 30Hy MHOro30H-

Horo 1130THOrOarrrrapaTa CT~Hj{ 3aMOpa:>KHBaHHKrrpo~oJI-

:>KaeTCj{,HO y:>KeC ~pyrHMH 3HaqeHHj{MH KpHTepHj{ Bi H

K03<p<pHUHeHTaHecHMMeTpHH k, qTO o6yCJIOBJIeHO<pH3H-

qeCKHMH yCJIOBHKMHBOBTOPOH30He, TaK, BOBTOPOH30He

arrrrapaTa TeMrrepaTypa cpe~bI Te2 CYIneCTBeHHO OTJIHqa-

eTCj{ OT TeMTIepaTypbI cpe~bI Te rrepBoH 30HbI H T
e2

rrpaK-

~eCKH paBHa TeMIleparype KHlIeHHK :>K~KOro 1130Ta,T.e,

Te2 = -196°C. IIPH 3TOM cpe~Heo6'beMH~ TeMIleparypa

rrpo~yKTa IIpo~OJI:>KaeTIIOHH:>KaTbCj{~o Tex IIOP, IIOKa He

BCTpeTKTCj{ <pPOHTbI KpHCTaJIJIH3aUHH. B 3TOT MOMeHT

3aKaHqHBaeTCK CTa~Hj{ 3aMOpa:>KHBaHHK H HaqHHaeTCK

CTa~Hj{ ~OMOpa:>KHBaHHK,

QTo6hI HaHrn rrpOMe:>KYTOKBpeMeHH Fo} (10, Heo6xo,ll;HMhIH

~AA 3aBeprneHHK 3aMOpa:>KHBaHHK,CJIe~YeT OlIpe~eJIHTb

TeMlIeparypy B TepMWIecKoM ueHTpe IIJIaCTHHbI rrpo~yKTa

B MOMeHT IIepexo~a rrpo~YKTa BO BTOpyro 30HY alIlIapaTa, a

TaK:>KeTOJIll(HHhI 3aMOp0:>KeHHhIXCJIOeB c1(II) H c
2
(II). .oe3-

pll3MepH~ TeMlIepaTypa B TepMWIecKoM ueHTpe IIJIaCTH-

RbI B MOMeHT IIepexo~a orrpe~eAAeTCK H3 ypaBHeHHK

'60'6'1=t}mid =2(2-E1 -E2),

pll3MepHM TeMlIeparypa:

TU2 = To - (To - Tc )i1u' (22)

,[VuI OlIpe~eJIeHHK Fo} (II) Heo6xo~HMo pernHTh .lUi<l><l>e-

peHI(HaJIhHbIe ypaBHeHHK (13) rrpH HaqaJIhHhIX yCJIOBHKX

E = E (II) E =E (II) IIpH Fo = 0 (23)
I I' 2 2 '

T
KP
-Tu2

IIp~eM B 3THX ypaBHeHHKx tJo = -"'----.
T

KP
-Tc

~ pe3YJIhTaTe IIOJIyqHM ypaBHeHHK pacqeTa Fo} (II):

PellIeHHe CHC'teMhI ypaBHeHHH (24) II03BOAAeT olIpe~e-

JIHTh rrpoMe:>KYT0K BpeMeHH Fo} (II), Heo6xo~HMbIH MJI 3a-

BepllIeHHK CT~HH 3aMOpa:>KHBaHHKBO BTOPOH30He MHO-

r030HHoro 1130THOrOannapaTa,

CTa,ZJ;HH ,ZJ;oMOpa)KHBaHHH.

MaTeMaTHqeCKaj{ MO,ZJ;eJIbCTa~HH ~OMOpa:>KHBaHHj{

IIpaKTHqeCKH He OTJIHqaeTCj{ OT MO,ZJ;eJIHOXJIa:>K~eHHj{.

OTJIHqHe COCTOHTB TOM, qTO 6e3pll3MepHyIO TeMrrepary-

py CJIe~yeT orrpe~eJIKTb KaK

TKP - TK (25)11
K
=----

TKP -Tc

KpoMe TOro, IIpH paCqeTe KpHTepHj{ Bi Heo6xo,ZJ;HMOHC-

rrOJIb30BaTb 3HaqeHHe TeIIJIOrrpOBO~HOCTH 3aMOpO:>KeHHO-

ro IIpO~YKTa,

IIpouecc ~OMOpa:>KHBaHHj{3aKaHqHBaeTCj{, Kor,ZJ;a3a~aH-

Hoe 3HaqeHHe t}K IIpHo6peTaeT JIH60 cpe~Heo6'beMHaj{

6e3pa3MepHaj{ TeMrrepaTypa, JIH60 6e3pa3MepHaj{ TeMlIe-



parypa B TepMHqeCKOM QeHTpe nJlaCTHHbI. B nepBOM CJlY-

qae npO,ZJ;omKHTeJlbHOCTb nana ,ZJ;OMOpa:>KHBaHHSIonpe,ZJ;e-

JlSleTCSITaK:

.F' (lJl) 2 Bi
2

+ 2Bik + 2Bi + 3k
.0' =-----------x

3Bi k +2Bi +1

xln [(k + 2B. i + 1)(Hi
2

+ 2Bik + 2Bi + 3k) Top - ~ ].
3CBi+l)(k+Bi+l)(k+Bi) TK-Tc

BO BTOpOM cnyqae:

Fo (Ill) = _~ Bi
2
+2!Jik_ + 2Bi +3~ In [Top ~ 7~].

. 3Bi k +2Bi + 1 1~- T c (27)

06maSl np0,ZJ;OJl:>KHTeJlbHOCTb3aMOpa:>KHBaHHSI B TPex-

30HHOM a30THOM annapaTe paBHa:

Fo = Fo! + FOil + FoIII• (28)

O,ZJ;HHMH3 maBHblX napaMeTj>oB, Heo6xo,ZJ;HMbIX ,ZJ;JlSI

BbIllOJlHeHHSI paCqeTOB MaTeMaTHqeCKOH MO,ZJ;eJlH,SlBJlSI-

eTCSIK03<P<PHQHeHTTenJlOOT,ZJ;aqH'a.
~JlJI YCJlOBHH TenJloo6MeHa Me:>K,ZJ;)'npO,ZJ;yKTOM H ra30-

06Pa3HbIM a30TOM B nepBOH 30He (npe,ZJ;BapHTeJlbHOrO OX-

Jla:>K,ZJ;eHHJI)060CHOBaHO HCnOJlb30BaHHe cJle,ZJ;YlOmeH 3a-

BHCHMOCTH:

Nu = 0,0296 ReO,8·PrO,43; Re = coB/v; aj = NU'A/B, (29)

me Nu, Re, Pr - KpHTepHH HycCeJlbTa, PeHHOJlb,ZJ;ca,IlpaH-

,ZJ;TJlJI;

co - CKOpOCTb ,ZJ;BH:>KeHHJIcpe,ZJ;bIB nepBoH 30He, wc;

B - TOJlmHHa npo,ZJ;yKTa, M;

v - KHHeMaTHqeCKaJI BJl3KOCTb ra3006pa3HOrO a30-

Ta M2/c', ,
A - K03<P<PHQHeHTTenJlOnpoBo,ZJ;HOCTH ra3006pa3HOrO

a30Ta, BT/(M·K).
Bo BTOPOH 30He annapaTa :>KH,ZJ;KHHKpHoareHT paCnbIJIJl-

eTCJIqepe3 <pOPCYHKHHa nOBepXHOCTb npO,ZJ;yKTa,npH 3TOM

BCJle,ZJ;CTBHeBbICOKoro nepena,ZJ;a TeMneparyp <pa30Boe

COCTOJlHHe KHnJlmerO KpHoareHTa H3MeHJleTCSI TaKHM 06-

pa30M, qTO TenJlOTa OT npo,ZJ;yKTa K oKpy:>KalOmeH ero

:>KH,ZJ;KOCTHnepe,ZJ;aeTCJIqepe3 pa3,ZJ;eJlJllOmylO HX napoBylO

nJleHKY. 3Ta napOBaJI nJleHKa, KaK nOKa3aJIH 3KcnepHMeH-

TbI, 06pa3yeT CnJlOnIHOH O,ZJ;HOpO,ZJ;HbIHCJlOH Ha nOBepXHO-

CTH npO,ZJ;YKTa,KOTOpbIH OCTaeTCJI YCTOHqHBbIM, B pe3yJlb-

TaTe qero :>KH,ZJ;KOCTbHe MO:>KeTKOHTaKTHpOBaTb C nOBep-

XHOCTblO npO,ZJ;yKTa. Ilo3ToMy ,ZJ;JlSI30HbI opOrneHHJI npe,ZJ;-

JlO:>KeHaaHaJIHTHqeCKaSl MO,ZJ;eJlbonpe,ZJ;eJleHHJIK03<P<PHQH-

eHTa TenJlOOT,ZJ;aqHa2 C HCnOJlb30BaHHeM TeopHH yCTOH-

qHBOCTH TeHJlopa H EPOMJIH ,ZJ;JIJIYCJlOBHH nJleHOqHOrO KH-

neHHJI[3]:

Nu = 0,62 (Ra 8)°,25;

Ra = L3 g Pn(PlK - Pn) C/(~n An); (30)
8 = (r + 0,5 Cp flT)l( Cp flT); flT = Tw - THac;

a2 = NU'A/B,

r,ZJ;eRa - KpHTepHH PaJleSl;

8- 6e3pa3MepHbIH TenJlOBOH napaMeTp TeHJlopa;

PlK H Pn - nJlOTHOCTb :>KH,ZJ;KoroH ra3006pa3HOrO a30-

Ta, Kr/M3;

~n - ,ZJ;HHaMH<JeCKaJIBJl3KOCTb nap006pa3HOro a30Ta,

Ila'c;

L - onpe,ZJ;eJlJllOmHH pa3Mep npO,ZJ;YKTa, M;

Cp - y,ZJ;eJlbHaSlTenJlOeMKOCTb a30Ta, K~:>K!(Kr·K);

r - CKpbITaJI rellJlOTa nap006pa30BaHHJI a3OTa, ~Kr;

An - K03<P<PHQHeHT TenJlOnpOBO,ZJ;HOCTHnapOB a30Ta,

BT/(M·K);
Tw H THac - TeMIIepaTypbI COOTBeTCTBeHHO HaCblmeH-

HbIX napOB a30Ta H 06pa3yeMoH napaMH a30Ta llJIe-

HOqHOH: CTeHKH, K.

ITPH nO,ZJ;CTaHOBKeB ypaBHeHHJI (30) Bcex nOCTOJIHHbIX

BeJlH'lHH nonyqaeM pacqeTHylO <P0PMYJlY,ZJ;JIJIonpe,ZJ;eJleHIDI

K03<P<PHWieHTa TellJlOOT,ZJ;a<JHBO BTOPOH 30He annapaTa:

(
376,4+~T )0,25

a, =13 -----
. ~T8

MeKBaTHOCTb npe,ZJ;JIO:>KeHHbIXMeTO,ZJ;OBaHa.JIHTH<IeCKO-

ro paCqeTa a 3KCnepHMeHTaJIbHbIM ,ZJ;aHHbIMY:>Ke,ZJ;OKa3a-

Ha [3]. 3,ZJ;eCb:>KenpHBe,ZJ;eHbI3HaqeHIDI K03<P<PHl~eHTa Ten-

JlOOT.n;a<JHno 30HaM al H a2 Ha npHMepe 3aMOpa:>KHBaHHJI

nHmeBbIX npo.n;yKTOB KJlaCCOB ITs - OBOmH H Il7 - KOM6H-

HHpoBaHHble "TecTo+HaqHHKa".

Pe3YJlbTaTbI 3KcnepHMeHTaJIbHbIX HCCJle,ZJ;oBaHHH,KOTO-

pbIe nOJlyqeHbI Ha ,ZJ;eHcTBylOmeM a30THOM annapaTe

ACTA-30 (CM. pHC. 2), nO,ZJ;TBep,ZJ;HJlHa,ZJ;eKBaTHOCTbnpe,IJ;-

JlO:>KeHHOHMareMaTHqeCKOH MO,ZJ;eJIH(Ha ypoBHe 10 ... 17 %),
a TaK:>Ken03BOJlHJlH onpe,ZJ;eJlHTb 3HaqeHHJI K03<P<PHQHeHTa

aCHMMeTpHH (k = 1,4... 1,6) B 3aBHCHMOCTH OT YCJlOBHH

pa60TbI a30THOrO ryHHeJlbHOrO annapaTa [1].
TaKHM o6pa30M, C HCnOJlb30BaHHeM pa3pa60TaHHoH

MaTeMaTHqeCKOH Mo.n;eJlH MO:>KHOpaCCqHTaTb npo.n;OJl:>KH-

TeJlbHOCTb Bcex npoQeccoB, npoHCXOMmHX B TpeX30HHOM

a30THOM annapaTe, HaqHHaJl C MOMeHTa BXO,ZJ;anpo.n;yKTa

B annapar H ,ZJ;O,ZJ;OCTH:>KeHHJITpe6yeMoro COCTOJlHHJI 3a-

MOpO:>KeHHoro npo,ZJ;yKTa Ha BbIXO,ZJ;eH3 annapaTa. TaKHe

.n;aHHble He06xo,llHMbI rrpH onpe.n;eJleHHH rrpoQeccHblx H KOH-

CTPYKTHBHbIX napaMeTPoB KpHoreHHoro CKOpOMOp03HJlb-

Horo annapaTa.
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