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Orrpe,n;eJIeHMe rrpO,n;O.JDKMTeJIhHOCTM
CBlJ -,1J;e<PPOCTaU;MM rrMrn;eBhIX rrpO,n;YKTOB

J(-p mexH.HayIC C.B.<I>POJIOB
CaHKm-llemep6ypzcKuu zocyaapcmeeHHblu yHueepcumem HU3KomeMnepamypHbix U

nUll{eeblx mexHoAozuU
C.H.rOPHHHOB

KOMnaHuJI «llapHac-xoAauHz»

The problem of microwave defreezing time calculation for foodstuffs is considered.
The approximate formula for the process duration is suggested

TpY.L\HOCTbonpe.L\eJleHI151BpeMeHI1 P83MOproKI1BaHI151nl1-

ll.\eBbiX npO.L\yKToB npl1l1CnOJlb30BaHJ.iH CBq-HarpeBa 3a-

KJllOlfaeTC5I B TOM, lfTO Hap5l.L\y C OPbIlfHbIM TenJlOnpI1TO-

KOM K nOBepXHOCTI1 TeJla OT OKpy)l<aIOIl.(eW Cpe.L\bI I1Me-

IOTC5I06'beMHble I1CTOlfHI1KH TenJla B OTfa5lBWeW lfaCTI1,

KOTopbIe 3aBI1C5ITKaK OT BpeMeHH (113-3a 113MeHeHI151p83-

MepOB OTfa5lBWeH lfaCTH B XO.L\e npouecca), TaK H OT

KOOp.L\I1HaTbI(3a ClfeT 3aryxaHIDI CBQ-3Heprl1l1 [2]). Pac-

CMOTpHM BHalfaJJe CJIylfaw OTfaHBaHH5I 06'beKTOB MaJIbIX

p83MepoB, KOr.L\a3aryxaHHeM CBQ-3HeprHH MO)l(HO npe-

He6pelfb. MbI nOJIaraeM, lfTO BC5I 3HeprH5I, reHepHpye-

Ma51 HCTOlfHHKOM, BbI.L\eJI5IeTC5I B OTTa5lBWeW lfaCTH

TeJla, nOCKOJIbKY JIe.L\ nOrJIOIl.(aeT OlfeHb MaJlO CBq·

3Heprl1H. 3anHweM KBa311cTaUHoHapHoe KBa3HO.L\HO-

MepHoe ypaBHeHHe TenJlOnpOBO.L\HOCTH .L\Jl5I OTfa5lBWeH

lfaCTI1 TeJla:

{
d2t k dt}"--+-- +Q=od.x2 X d.x '

t(x,t) - pacnpe.L\eJIeHHe TeMneparypbI B OTfa5lBWeH

lfaCTH TeJIa, °C;

x - KOOp.L\HHaTanonepeK TeJla, M; x = 0 COOTBeT-

CTByeT UeHTpy TeJIa, x = R - nOBepxHocTH TeJIa;

R - xapaKTepHbIW p83Mep TeJla, T.e. MaKCHMaJJbHoe

paCCT05lHHe, KOTopoe .L\OJl)l(eHnpoHTH epPOHTTa5lHH5I

BJIarl1 B npouecce .L\eeppocTaUHI1, M;

A - K03epepHUHeHTTenJIOnpOBO.L\HOCTHOTfa5lBWeW lfa-

CTHTeJIa, BT/(Mz,0C);
Q - BbI.L\eJleHHe CBq-3Heprl1H B e.L\HHHue 06'beMa

Orra5lBWeH lfaCTI1 TeJIa 3a e.L\HHHUYBpeMeHI1, BT/M3;

k - HeKoTopbIH 6e3p83MepHbIH napaMeTp, KOTOpbIH

onpe.L\eJl5leTC5I KaK

k = 1/<1> - 1; <1>= V/(SR),

r.L\e<1> - 6e3p83MepHbIH K03epepI1Ul1eHTepOPMbI TeJla;

V - 06'beM TeJla, M3;

S- nJlOIl.(a.L\b nOBepxHocTH TeJla, MZ•

,L(Jl5ITeJl npocToH epOPMbI: k = 0 .L\JI5I 6ecKoHelfHoH nJla-

CTHHbI, k = 1 .L\Jl5I 6ecKoHelfHoro UHJlHH.L\pa H k = 2 .L\Jl5I

wapa.

YpaBHeHl1e (1) HMeeT TOlfHoe peweHHe:

_ Qx2
I(x,'t)= C1('t)XH+c2('t)----,

2"-(k + 1)

r.L\e t - TeKyIl.(ee BpeM5I, C, B MOMeHT HalfaJIa .L\eeppOCTa-

UI1W'C= 0;
C\(t) H Cz(t) - KOHCTaHTbI HHTerpHpOBaHH5I.

ECJlH k = 1, TO B BblproKeHHH (3) Heo6xo.L\HMO 3aMeHHTb

Xl-k Ha In(x/R). B .L\aJJbHewweM MbI He 6Y.L\eM OT.L\eJlbHO

paCCMaTpHBaTb CJIylfaH k = 1, lfT06bI He 3arpOMO)j(,L\aTb

H3J10)l(eHl1e. Bce Heo6xo.L\HMble COOTHOWeHH.lI .L\JI.lI3Toro

CJJYlfa51MOryT 6bITb nOJl)"-leHhI npe.L\eJlhHbIM nepeXO.L\OMnpH

k ~ 1 H3 06ll.\HX epOpMyJl.

KOHcTaHTbI C1(t) H Cz(t) MoryT 6hITh nOJIYlfeHhI H3 rpa-

Hl1lfHbIX YCJlOBI1H.L\Jl5I ypaBHeHH.lI (1):

"-:LR =u(tlx=R -ta}; tlx=R_A =Icr,

r.L\e tu - TeMneparypa oKpy)l(aIOIl.(eW Cpe.L\hI, °C;

a - K03epepHUHeHTTenJIOOT.L\alfH C nOBepXHOCTH TeJla,

BT/( MZ'0C);
~(t) - TOJIIl.(HHa OTfa51BWeW lfaCTH, KOTOpa.ll .lIBJl5IeTC5I

epYHKUl1eH BpeMeHH, npH'IeM ~(O) = 0, M;

ter - KpHOCKOnH'IeCKa51 TeMneparypa, °c.

ITepBoe H3 CooTHoweHHH (4) - CTaH.L\apTHOe KpaeBoe

YCJloBl1e 3-ro p0.L\a, a BTopoe - YCJIOBHe, npH KOTOpOM Ha

eppoHTe .L\eeppocTaUHH TeMneparypa paBHa KpHOCKOnH'IeC-

KOH.

ITO.L\CTaBJl5I5I(3) B (4), nOJIy'lHM

C 't = 2(k + I),,-u(ta -Icr)+ Q(2A.R+ u[R2 - (R _11)2]
\() 2(k+I),,-{(l-k),,-RI-k +u[RI-k -(R-l1i-k]} - (5)

Bblpa>I<eHl1e .L\Jl5I onpe.L\eJleHH5I Cz(t) HaM He nOHa.L\o6HT-

C5I,n03TOMY Mbl ero He npI1BO.L\I1M.



Terrepb 3amUneM ypaBHeHMe TerrJIOBOrO 6aJIaHca:

qpdt> =A. dtl =A.C1('t)(R-t>rk Q(R-t» =
dt dx x:R-& k+ 1

_ 2(k+I)Aa(to -(,)+Q(2A.R+alR2 _(R-t»2]

2(k+l){(R-t»k[(l-k)A.+aR]Wk -a(R-t»} (6)
2(R - t>l+! R-kl(l- k)A.+ aR]

2(k + 1){(R - t»k[(l-k)A.+ aR]Wk - a(R -t»}'

r,lJ.eq - TerrJIOTa KPMCTaJIJIM3aQMMBO)l,bI Ha e)l,MHMQy Mac-

CbI rrpO,lJ.YKTa,):VK/Kr;

p - IIJIOTHOCTbnpO,lJ.YKTa,Kr/M3•

I1omOIl(aeMaR Ha <ppOHTe )l,e<pPOCTaQMMTerrJIOTa <pa-

30BOrO rrepeXO,lJ.acomaCHO ypaBHeHMIO (6) )l,OmIma no)l,-

BO,lJ.MTbCR4epe3 OTTaRBIIIMH: CJIOH:. IlpoMHTerpMpoBaB

ypaBHeHMe (6) rro ~ B npe)l,eJIax OT 0 )l,O R, orrpe,lJ.eJIMM

BpeMR ,lJ.e<ppoCTaQMM.IlpM 3TOM He06xo)l,MMO Y4MTbI-

BaTh, 4TO TerrJIOBbI,lJ.eJIeHMe Q B e)l,MHMQe 06'beMa OT-

TaRBillero CJIORBeJIM4MHa HenocTORHHaR. ,ll;eJIO B TOM,

'-ITO, XOTR MOrn.HOCTb CBq-ycTaHoBKM nOCTORHHa,

06'beM OTTaRBillero CJIORB XO)l,e rrpoQecca yBeJIM4MBa-

eTCJl. 06'beM OTTa5IBIIJerO CJI05I V(~) MO)KHO npe,lJ.CTa-

BMTb KaK

SR [ (t>Jk+!]V(t»= k+l 1- Ii. .

BBe,lJ.eM BeJIM4MHY U (BT/M2), rrpe,lJ.CTaBJI5IIOrn.ylO CO-

60H MOIl(HOCTb CBq Ha e,lJ.MHMQYnJIorn.a)l,M nOBepXHOC-

TM rrpO,lJ.yKTa. Tor,lJ.a BeJIM4MHY Q MO)KHO rrpe)l,CTaBMTb B

BM,lJ.e

U(k+l)Rk
Q = Rk+1 _ (R _ t»k+1 . (7)

I10,lJ.CTaBJIHH(7) B (6) M npoMHTerpMpOBaB, rrOJIy4MM

<poPMYJIY,lJ.JIHonpe,lJ.eJIeHMRBpeMeHM )l,e<ppoCTaQMM:

t= ~F(k,Bi,u);
J..(t. -I,,)

F(k,Bi,u)= f . 2(I-zk+I)[(1-k+Bi)zk~Biz]dz .(8)
,,(I-k)[2BI + u(B. + 2)]+ uBI(k + I)Z2- 2[BI(I-k)+ u(Bi + l-k)]zk+1

3,lJ.eCbMbl BBeJIM6e3pa3MepHbIe KOMrrJIeKCbI:

UR R-t>. aR
U=--- Z=--' Bl=-

A(to -Ie,)' R' A.

I1HTerpaJI B (8) B 06rn.eM CJIy4ae He BbIpa,)f<aeTC5IQepe3

3JIeMeHTapHbIe <PYHKQMM,O,lJ.HaKOHeKOTopbIe 4aCTHbIe CJIy-

4aM MO)KHO BbIpa3HTb. HanpHMep, eCJIM k = 0 (rrJIaCTM-

Ha), TO HMeeM

F(O,Bi'U)=3.{I-(3.+~)ln[l+ uBi ]}. (9)
u u BI 2(Bl+U)

B CJIy4ae k = 2 (IIIap) <popMyJIa nOJIy4aeTcH 04eHb rpo-

M03,lJ.KOH:.IlpM Bi = 0 MMeeM

F(k 0 u) = _I -' 't = <I>qpR . (10)
, , u(k+l)' U

BbIpa)KeHHe (10) MO)KHO nOJIY4HTb H 6e3 BbI4HCJIeHMH,

rrOCKOJIbKY B CJIy4ae Bi = 0 nOBepxHocTb rrpo,n;yKTa 5IB-

JIReTCR TerrJIOH30JIHpOBaHHOH: H BCJIe,n;CTBHe3Toro Ten-

JIOTa <pa30Boro nepexo,n;a paBHa BbI,n;eJIHBIIIeH:CH B OTTa-

RBilleM CJIoe CBq-TenJIOTe. Hy H, HaKOHeQ, rrpH U = 0
rrOJIy4aeM, KaK M CJIe,n;OBaJIOO)KM,n;aTb, KJIaCCH4ecKYlO

<pOpMyJIy IlJIaHKa (noCKOJIbKy B 3TOM CJIy4ae CBq-Terr-

JIOTa paBHa 0):
F(k.Bi,u)=_I_(.!.+...!-); t= qpR (~+.!.).

(k+l) 2 Bi I.-I., n a

Terrepb paCCMOTpHM CJIY4aH:, KOr,n;anpO,n;yKT MMeeT 3Ha-

4HTeJIbHble pa3Mepbl H 3aryxaHHeM CBq-3HeprHH rrpeHe6-

pe4b HeJIb35I.3,n;eCbMbI OrpaHH4HMCR paCCMOTpeHHeM TOJIb-

KO CJIy4aR k = 0, T.e. 6eCKOHe4HOH: nJIaCTHHbI. 3TO CBR3a-

HO C TeM, 4TO rrpH k "# 0 ypaBHeHHe TenJIOnpOBO,n;HOCTH

(1) He peIIJaeTC5I B KBa.rr;parypax (He roBOpR y)Ke 0 TOM,

4TO 3KCrrOHeHlJ,HaJIbHbIH:3aKOH y6bIBaHHH CBq-TeIIJIOTbI,

KOTOpbIH:MbI HCnOJIb3yeM ,n;aJIee, cnpaBe,n;JIHB TOJIbKO)l,JIR

rrJIaCTMHbI, a B CJIy4ae o6rn.ero KBa3Ho,n;HoMepHoro TeJIa

OH rrpeBparn.aeTCH B 04eHb CJIO)KHOe BbIpa)KeHHe, co,n;ep-

)Karn.ee KOMrrJIeKCHble <PYHKQHHBeCCeJIR). I1TaK, )l,JIR6ec-

KOHe4HOH rrJIaCTHHbl rrpH k = 0 ypaBHeHMe (1) rrpHo6pe-

TaeT BH,n;

d2t
A. dx2 +Qexpl-~(R-x)]=O. (11)

B Bblpa)KeHHH (11) Mbl HCnOJIb30BaJIH H3BeCTHbIH 3aKOH

3KCrrOHeHlJ,HaJIbHOroy6bIBaHHR CBq-TerrJIOTbI B rJIY6b Tena

[1], ~ = 1Ih - K03<P<PHlJ,HeHT3aryxaHHR, 11M; h - xapaK-

TepHa5I my6HHa rrpOHHKHOBeHHR CBq-rrOJIR B npo,n;yKT

(,n;JI5IIIIHpOKoro KJIaCca rrpo,n;yKTOB COCTaBJIReT1,5 - 2 CM).

YpaBHeHHe (11) JIerKO HHTerpHpyeTC5I:

Qx2

t(x,'t) = C1('t)x +c2('t)- ~2 exp[-~(R-x)l· (12)

,ll;aJIee rrO)l,CTaBJIReM (12) B rpaHH4HbIe ycnoBHH (4) H

HaXO)l,HM KOHcTaHry Clt) (CzC't)Hac He HHTepecyeT):

C ('t) - a~2(to -U+aQ[I-exp(-~)l+~Q (13)
I ~2(A.+af»

B ypaBHeHMe TennOBoro 6aJIaHCa rro,n;CTaBJIHeM(13):

qp dt> =A.dtl =A.c!('t)-Q.exp(-~) =
d't dx =/1-& ~

aA.~2(to - te,) + aQ[I- (I + ~)exp(-~)l= +
~2(A.+af». (14)

+ A~Qll-exp(-~)]
1;2(A.+af»

Terrepb HaM CHOBa Heo6xo,n;HMO BbIRCHHTb xapaKTep 3a-

BHCMMOCTH Q OT ~. 3,n;eCb nORBJIReTCR o,n;Ha TOHKOCTb:

CBQ-3HeprHR Bbl,n;eJIReTCHB OTTaRBilleM cnoe HepaBHO-

MepHO, rr03TOMY BbIpa)KeHHe (7) HCnOJIb30BaTb HeJIb3H.

06rn.ylO MOrn.HOCTb CBq-3HeprHH Ha e,n;HHHQYnOBepx-

HOCTH npo,n;yKTa U MO)KHO nOJIY4HTb HHTerpHpoBaHHeM



--- a=10Bm(w"C)
---a=O

3a6UCUMocmb npOOOJlJICUmeJlbHOCmU oec/JpocmalJUU om
MOU/Hocmu CBlf-:mepzuu, npUXOORU/eucR Ha '1em6epmuHy
mymu

3KcnOHeHl.J.HaJIbHOM 3aBHCHMOCTH (11) no OTTa~lBllleMY

CJIOIO:

u = 1Qexp[-~(R-x)}:ix = Q[1-exp(-~)l;
R-6 ~

Q= ~
l-exp(-~)

TIo.nCTaBJI5HInOJlY1.JeHHYIO3aBHCHMOCTb (15) B (14) H

HHTerpHpy5l, onpe.neJI5IeM BpeM5I OTTaHBaHH5I:

qpR' "
T=--Fo(v,BI,U),

,-(t, -I,,)

, I' v[1- exp( -1-6)](1 + Bio)do (16)
F,(v,BI,u)= "

oBi, v[1- exp( -1-6)) + u{v[I- exp( -vol) + BI[I- (I + l-6)exp( -1-6))}

3.necb MbI BBeJIH 6e3pa3MepHble KOMnJIeKCbI 8 = f!JR H

V = Efi. I1HTerpan (16) TaIOKe B 06llleM CJIy1.JaeHe BbIpa-

)l(aeTCjJ1.Jepe33JIeMeHTapHble <pyHKUHH, HO B HeKOTopbIX

npe.neJIbHbIX CJIY1.JajJx ero Bblpa3HTb MO)l(HO. Bo-nep-

BbIX, npH V = 0 (T.e. B oTcyTcTBHe 3aryxaHH5I) H3 (16) no-

JlY1.JHMBbIp~eHHe (9). ,Z:(aneenpH Bi = 0 nOJIy1.JHMBbIpa-

)l(eHHe (10) He3aBHCHMO OT 3Ha1.JeHH5Iv. HaH60Jlee HHTe-

peceH cny1.JaM.nOCTaT01.JHO60JIblllHX v. HanpHMep, npH

.ne<ppocTaUHH CTaH.napTHbIX rOB5I)I(bHX nOJIyrylll R = 0,1 M

(nOJlOBHHaTOJll.lJ;HHbI6e.npa) nOJlY1.JaeMV= 5...7. ITPH 3TOM

B HHTerpane (16) 3KcnOHeHTaMH MO)l(HO npeHe6pe1.Jb, no-

CKOJlbKYexp(-v) = 1...5,10-3, a BOT 1.JJIeHaMHC l/v npe-

He6peraTb HeJIb351.Tor.na H3 (16) nOJIy1.JaeM:

qPR(~+!)
F. ( B') v(Bi+2) n ex

o v, I,U '" 2[B', ( B')]; 1'''' (h I)'
I V+U V+ I t -t +U _+_

a a A ex

BbIp~eHHe (17) OTJIH1.JaeTCjJOT <pOpMyJIbI ITnaHKa

JlHlllb HanH1.JHeM.nonOJIHHTeJIbHOrO CJlaraeMOro B 3HaMe-

HaTeJIe. ITOCKOJIbKY <popMa rOBjJ)I(bHX nOJIyrylll CHJIbHO

OTJlHqaeTC5I OT nJIaCTHHbI (K03<p<pHUHeHT <pOPMbI

<1> = 0,56 [4], qTO COOTBeTCTByeT 3HaqeHHlO k= 0,79), TO

B nepBOM npH6JIH)I(eHHH MO)l(HO npOCTO YMHO)l(HTb (17)

Ha K03<P<PHUHeHT<pOpMbI, KaK B KJIaCCHqeCKOM <popMyJle

TIJlaHKa.

B KaqeCTBe npHMepa paCCMOTpHM .ne<PPOCTaUHIOqeT-

BepTHH rOBjJ)I(bHX Tylll (6e.npeHHa51 qaCTb), ITapaMeTpbI

npo.nYKTaCJle.nYlOlllHe (CM. [1,4]): Macca 50 Kr; K03<P<PH-

UHeHT <pOPMbl <1> = 0,56; xapaKTepHbIM pa3Mep (nOJIOBHHa

TOJll.lJ;HHbI6e.npeHHoM qaCTH) R = 0,1 M; nJlOTHOCTb P =
= 1030 Kr/M3; TenJIOnpOBO,JJ,HOCTbOTTa5lBllleM yaCTH A =
= 0,465 BT/(M'°C); BJI~HOCTb w= 0,74 %; KpHOCKonH-

qeCKa51 TeMneparypa fer = - 2°C. K03<P<PHUHeHTTenJIO-

OT,JJ,aYHC nOBepXHOCTH npO,JJ,yKTa npHMeM paBHhIM

a = 10 BT/(M2• °C) (3TO OTBeyaeT 06,JJ,yBaHHIOB03,JJ,yxOM

co CKOpOCTblO 1 M/C H ,JJ,OCTaTOYHOyaCTO npHMeH51eTC5I

npH CBq-HarpeBe C ueJIblO npe,JJ,OTBpallleHHjJ neperpeBa

HapY)l(HhIX CJIOeB), my6HH)' npOHHKHOBeHH5I CBq-3Hep-

rHH B npo,JJ,yKTh = 0,015 M; TeMneparypy OKpY)l(alOlllero

B03,JJ,yxafa = 20°C. rpa<pHK 3aBHCHMOCTH BpeMeHH OTTa-

HBaHH5IOT MOlllHOCTH CBQ-3HeprHH P, npHXO,JJ,51llleMC5IHa

o6'beKT, nOKa3aH Ha pHcyHKe ,JJ,JI5I paCCMOTpeHHoro BhIllle

cJIyqa5l, a TaIOKe npH a = O.
TIPH He60JIhlllHX 3HaqeHHjJX MOlllHOCTH (,JJ,o 0,5 KBT) npo-

,JJ,OJI)I<HTeJlbHOCTh,JJ,e<ppocTaUHHnpH a = 0 60JIhllle (CM.

pHCyHOK), 1.JeMnpH a = 10 BT/(M2, °C), nOCKOJlbKY B noc-

Jle,JJ,HeMcJlyqae HMeeTC5I ,JJ,onOJIHHTeJlbHhIMnpHToK TenJla

K nOBepxHocTH. ITPH 60JIee BhICOKHX MOlllHOCT5IX, Ha-

060pOT, np0,JJ,OJI)I(HTeJIhHOCTb ,JJ,e<ppocTaUHH npH a =

= 0 MeHbwe, nOCKOJIbKYB 3TOM CJlyyae CBQ-TenJIOTa, BbI-

.neJl5lIOllla5lC5IB nOBepxHocTHOM CJIoe, HaCTOJlbKOBbICOKa,

'-ITOnpH a = 10 BT/( M2• °C) TenJIOnOTOK H,JJ,eTHe K nOBep-

XHOCTH, a OT nOBepXHOCTH, KOTOpa51HarpeBaeTC5I Bblllle

TeMnepaTyphI cpe,JJ,bI.
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