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TeIIJIOOT,II;aqa rrpM OpOCMTeJlbHOH ,II;e<ppOCTarurn:

rrMIIJ;eBbIX rrpO,II;yKTOB
J(-p meXH. HaYK, npo¢. C.B. <DPOJIOB, A.JI. PE:A:HECIiEPf

CaHKm-flemep6YPzcKuu zocyaapcm6eHHblu yHu6epcumem HU3KomeMnepamypHblx U nUl4e6b1X meXHOI/OZUU
C.H. fOPH:A:HOB

KOMnaHUJl «flapHac-XOl/aUHz»

It is considered irrigation thawing of foodstuffs. It consists in successive
irrigation of water at 20 ... 22 ·C (15 -25 g/sec per 1 m2) by means of
pneumatic sprayer with fine-dispersated dispersion. It is offered the analytic
solution of hydrodynamic and heat transfer problem for slow flowing pellicle
of water on a vertical surface under the action of power of gravity. It is
obtained correlation for heat irradiation coefficients and optimal expenditure
of water. The results are compared with the experimental data on thawing of
beef leg.

IlpH )l.e<PPOCTaI..\HH MRCHbIX T)'w H )l.pyrHx rrHII..\eBbIX rrpo-

)l.yKTOB cepbe3HOH rrp06JIeMOH RBJIReTCR Heo6xo)l.HMOCTb

60JIee 6bICTporo rro B03MO:>KHOCTH rrpOBe)l.eHHR rrp0I..\ecca

C O)l.HOBpeMeHHbIM o6eCrrelJeHHeM )l.OCTaTOlJHO BbICOKOro

Ka'IeCTBa OTTa5IBlllerO rrpO.ll.yKTa.

B rrp0I..\ecce )l.e<pPOCTaI..\HH peryJIHpyeMblMH rrapaMeTpa-

MH 5IBJI5IIOTC5I TOJIbKO K03<p<pHI..\HeHT TerrJIOOT)l.a'IH H TeM-

rrepaTypa TerrJIOrrO)l.BO)l.5IIl.\eH Cpe)l.bI. Ho H3MeHeHHe TeM-

rrepaTypbI TerrJIOrrO.ll.BO)l.RII..\eH Cpe)l.bI OrpaHH'IeHO TeXHO-

JIOrHlJeCKHMH Tpe6oBaHH5IMH, TaK KaK TeMrrepaTypa rro-

BepxHocTH TeJIa He .ll.0JI:>KHa rrO.ll.HHMaTbCR BbIllie orrpe)l.e-

JIeHHoro ypOBH5I. qTO KaCaeTC5I K03<p<pHI..\HeHTa TerrJIOOT-

)l.a'IH, TO ero rrOBblweHHe TeXHOJIOrH'IeCKH He OrpaHH'IeHO.

.L(e<PPOCTaI..\H5I BO)l.OH rr03BOJI5IeT yBeJIH'IHTb K03<p<pHI..\HeHT



TenJlOOT,Ual.J11B 3 pa3a, a TaK)J(e 1136e)J(aTh YCYWKI1 npo-

,UyKTa.

TIPI1 m,Upoa3p030JIhHOM cnoco6e ,UeeppocTaQml npo,UyKT

opowaeTcjJ BO'uOH (npH MaKCHMaJIhHO pa3peweHHoH co-

rJIaCHO HOpMaTI1BHOH ,UoKyMeHTaQHH TeMnepaType

20 ... 22 °C) nyTeM a3p030JIhHOrO paCnhlJIeHHjJ C HCnOJlh-

30BaHI1eM nHeBMaTHl.JeCKHX epOPCYHOKC MeJIKo,UHcnepc-

HhIM paCnhlJIOM B KOJIHl.JeCTBe,,UOCTaTOqHOM,UJIjJB03HHK-

HOBeHHjJOl.JeHhroHKOH BOMHOH nJIeHKH Ha BePTHKaJIhHOH

nOBepXHocTH npo'uYKTa, KOTOpa}(CTeKaeTBHH3no,U,UeHCTBH-

eM CHJIhl TjJ)J(eCTH.EJIaro,UapjJ MeJIKO,UHcnepcHoMy pacnhI-

JIy pacxo,U nHTheBOH BO,UhIYMeHhWaeTCjJ ,Uo 15... 25 r/ C Ha

1 M2 nOBepxHocTH npo,UyKTa.

TIPH pacLfeTe npo,UOJI)J(HTeJIhHOCTH,UeeppoCTaQHHHe06-

XO,UHMOonpe,UeJIHTh K03epepHQHeHTTenJlOOT,UaqH OT BO,UjJ-

HOH nJIeHKH K nOBepxHocTH npo,UyKTa. 113BecTHajJ TeopHjJ

HycCeJlhTa [2] He COBceM npHeMJIeMa ,UJIjJHawero CJIy-

qajJ, nOCKOJIhKYB HeH epHrypHpyeT ycpe,UHeHHaH no TOJI-

IQHHe CJIOjJ)J(H,UKOCTHTeMneparypa, B TO BpeMjJ KaK H3Be-

CTHOHjJBJIjJeTCjJJIHWh HaLfaJIhHajJTeMneparypa )J(H,UKOCTH.

KpoMe TOro, He06xo,UHMhI COOTHoweHHjJ, n03BOJIjJIOmHe

onpe,UeJIjJTh pacxo,U BO,UhI,UJIH3epepeKTHBHOrOHarpeBa no-

BepXHOCTH npO,UyKTa.

,nJIjJ peweHHjJ 3THX 3a,UaLfHCXO,UHMH3 CJIe,UyIOIIIHx npe.u-

nOJIO)J(eHH:H:

• Tel.JeHHe nJIeHKH HOCHTJIaMHHapHhIH xapaKTep;

• CHJIaMH, ,UeHcTBylOmHMH B )J(H,UKOCTH,jJBJIjJlOTCjJCHJIa

TjJ)J(eCTHH CHJIaBHyTpeHHero TpeHHH (BjJ3KOCTH), HHepQH-

OHHhIMH CHJIaMH npeHe6peraeM;

• B3aHMo,UeHCTBHenJIeHKH COKpY)J(alOmHM B03,UyXOMKaK

rH,UpO,UHHaMHLfeCKoe,TaK H TenJIOBOe OTCyTcTByeT.

• CKOpOCTh)J(H,UKOCTHB JII060H TOqKe HMeeT TOJIhKOBep-

THKaJIhHYIO KOMnoHeHry;

• TOJImHHa nJIeHKH BOBcex TOqKaX nOBepXHOCTH O,UHHa-

KOBa;

• npoQecc jJBJIHeTCjJCTaQHOHapHhIM: HH CKOpOCTh, HH

TeMnepaTypa )J(H,UKOCTHOT BpeMeHH He 3aBHCjJT;

• TOJlmHHaTenJIOBOrOnorpaHHLfHoro CJlOjJpaBHa TOJImHHe

nJIeHKH (T.e. BCjJllJleHKa jJBJIHeTCjJnorpaHHl.JHhIM CJIOeM).

BBe,UeM cHcTeMy KOOp,UHHaT:OCh Ox HanpaBJIeHa BHH3;

OCh Oy - nepneH,UHKyJljJpHO nOBepXHOCTH OT Hee; HaLfaJIO

Koop,UHHaT pacnOJIO)J(eHO Ha nOBepXHOCTH, B TOqKe nepBO-

ro conpHKOCHOBeHHH)J(H,UKOCTHCnOBepXHOCThlO (T.e. B Bep-

XHeH TOLfKe BepTHKaJIhHOH nOBepXHOCTH). IIycTh v(x,y) -
CKOpOCTh )J(H,UKOCTH(M/C). Tor,Ua ypaBHeHHjJ ,UBH)J(eHHjJ

BhlrJIjJMT CJIe,UylOmHM 06pa30M:

d2v
g + V -Z = 0; v(x,O) = 0;

dy
dv = O.
dx '

dv
-(x,8) =0,
dy

r,Ue g = 9,8 M/C2 - yCKopeHHe cB060,UHoro na,UeHHH;

v - KHHeMaTHqeCKajJ BjJ3KOCTh)J(H,UKOCTH,M2/C;

5 - TOJImHHa nJIeHKH, M.

TIepBoe H3 ypaBHeHHH (1) - 3TO ypaBHeHHe Hepa3phlBHo-

CTH, H3 KOToporo CJIe,UyeT, qTO CKOpOCTh 3aBHCHT TOJIhKO

OT KOOP,UHHaThIy. BTopoe - 3TO ypaBHeHHe HaBhe - CTO-

Kca, B KOTOpOM OCTaBJIeHhI TOJIhKOCJlaraeMhle, OTBel.JalO-

mHe CHJIe TjJ)J(eCTH H CHJIe BHyTpeHHero TpeHHjJ. ,naJIee

H,UyT rpaHHqHhle YCJIOBHjJ:yCJIOBHe «npHJIHnaHHjJ» Ha no-

BepxHocTH H yCJIOBHe OTCyTCTBHjJ TpeHHjJ nJIeHKH 0 B03-

,Uyx.

PeweHHe ypaBHeHHH (1) BhlrJIH,UHTCJIe.uylOmHM 06pa30M:

g( lJv(y) = v 8Y-2 .

TIPH 3TOM pacxo,U )J(H,UKOCTHHa e,UHHHQy OMhIBaeMoro

nepHMeTpa Q (M2/C) paBeH:

Ii 8
3 f!Q = f v(y)dy =L; 8 = 3 vQ.

o 3v g

CooTHoweHHe (3) yCTaHaBJIHBaeT He06xo,UHMylO CBjJ3h

Me)J(.n;ypacxo,UoM )J(H,UKOCTHQ H TOJImHHOH nJIeHKH 5.
Teneph paCCMOTpHM TenJIOBhle ypaBHeHHjJ. 3anHweM

ypaBHeHHe TenJIOnpOBO,UHOCTH.LI:JIHnorpaHHqHOrO CJIOjJ[2]:

dZt dt g ( yZ J dta-=v(y)-=- 8y-- -'
dyz dx v 2 dx'

dt
t(O,y) = tHaq; t(x,O) = tnoB; - (x, 8)= 0,

dx
r.n;e t(x,y) - pacnpe,UeJIeHHe TeMnepaTyphI B CJIoe;

a - K03epepHQHeHTTeMneparyponpOBo.n;HOCTH )J(H.n;KO-

CTH, M2/C;

tHaq - HaqaJIhHaH TeMneparypa )J(H.n;KOCTH,°C;

tnoB - TeMneparypa nOBepXHOCTH, 0c.
IIpH6JIH)J(eHHe nOrpaHHqHOrO CJIOjJ3aKJllOLfaeTCjJ B TOM,

'I TO B JIeBOH qaCTH ypaBHeHHjJ (4) onymeHa BTopajJ npoH3-

Bo.n;HajJno x. K ypaBHeHHIO tenJIOnpoBo.n;HOCTH HMelOTCjJ

HaLfaJIhHOe YCJlOBHe H ,UBarpaHHqHhlX. Bropoe rpaHHLfHoe

yCJIOBHecJIe.uyeT H3 npe.n:nOJIo)J(eHHH,'ITO TellJlo06MeH Me)J(-

.uy )J(H,UKOCThlOH oKp~aIOIQHM B03,UyXOMOTCyTCTByeT.

3a,Uaqy (4) pewaeM MeTO,UOMpa3,UeJIeHHjJ nepeMeHHhlx.

BHaqaJIe BBe,UeM 6e3pa3MepHhle nepeMeHHhle:

r,Ue Pe - qHCnO IIeKJIe, cJI~amee MepoH OTHOllIeHHH KOH-

BeKTHBHOrO H MOJIeKyJIjJpHoro nepeHoca TenJIa B nneHKe.

B nepeMeHHblx (5) 3a.uaqa (4) BblrJIjJ.n;HT cJIe,UyIOIQHM

06pa30M:



d
2
e { S2 JdedS2 = 3P s - 2 d~; e(O,~) = 1; t(~,O) = 0;

:~ (~,l) = O. (6)

~emlM B (6) nepeMeHHbIe [2]:

e(~,S)= tA;Y;(S) exp(- K;~);Y;(0)=Y;'(1)=0;
;=1 3Pe

.. ( S2 JY +K r __ Y=O;
I ,':> 2 '

K CO)f(aJIeHHIO,ypaBHeHHe ,nJIJIYi(~)He pemaeTCJI B KBa,n-

paTypax, HOJIerKO pemaeTCJI qHCJIeHHO.

BbIqHCJIHM JIOKaJIbHbIl1K03<p<pH~HeHTTeIIJIOOT,naqHa(x),
BT/(M2•0C):

a(x) = A)f( dt(x,o)=A)f(de(~,o)=
t"aq -tnoB dy 8 d s 8

A ~ , (K.X )=-2.LJA;Y;(O)exp __ '_ ,
8 ;=( 3Pe8

r,ne A)f( - K03<p<pH~HeHT TenJIOnpOBo,nHOCTH )f(H,nKOCTH,

BT/(M·°C).

fJI06aJIbHbIH K03<p<pH~HeHTTenJIOOT,naqHnOJIY'IHM ycpe,n-

HeHHeM JIOKaJIbHoro no npOMe)f(yTKY x E [0, H], r,ne H -
BbICOTaBepTHKaJIbHOH CTeHKH, M:

1 H
a=- f a(x) dx=

Ho

= 3PeA", t 1\ Y;'(O)[l_exp(_ K; HJ]=
H ;=1 K; 3Pe8

= Pel.",[3 IAiY,'(O\O)_3I AiY,'(O) exp(-~)].(9)
H ,=1 Ki i=1 Ki 3 Pe 8

I10CKOJIbKy c06cTBeHHbIe qHCJIa K; pacTyT C yBeJIH-

qeHHeM HOMepa i, TO Ka)f(,naJl nOCJIeJJ.YlOmaJl3KcnOHeH-

Ta y6bIBaeT 6b1C1pee npe,nbIJJ.ymeH. TI03TOMY MO)f(HO

BOCnOJIb30BaTbCJI npl16JII1)f(eHl1eM nepBoro qJIeHa pJl,na

(3TOaHaJIOmqHO Wl1pOKOI1CnOJIb3yeMoMy npH6JII1)f(eHI1IO

peryJIJlpHoro TCnJIOBOrO pe)f(I1Ma [2]). Tor.na nOJIyql1M:

<X = p~)+t. t\~;(O) 3t\~:(0) exp ( - ;~:S)1 (l0)

~JIJI HaXO)f(,neHI1J1CYMMbI B COOTHOmeHI1H (10) MO)f(HO

BOCnOJIb30BaTbCJI COOTHomeHHeM TenJIOBOrO 6aJIaHca.

,l];eHcTBHTeJIbHO, B npeJJ.eJIeOqeHb 60JIbml1X 3HaqeHHH BbI-

COTbICTeHKHH 3KcnOHeHTa B (10) CTaHeT npeHe6pe)f(I1MO

MaJIa. <l>H3HqeCKH3TO 03HaqaeT, qTO )f(H,nKOCTbOXJIa)f(,na-

eTCJI npaKTHqeCKH ,no TeMneparypbI CTeHKH. Tor,na

aH(t"aq - tnoB) = QC(t"aq - tnoB)' (11)

me C - y,neJIbHaJi TenJIOeMKOCTb )f(H,nKOCTH,,l];)f(/(Kr' DC).

113 (11) CJIeJJ.yeT, qTO cyMMa B (10) paBHa e,nHHH~e.

TIepBoe co6CTBeHHoe qHCJIO 3a,naqH (7) Kj Z 5,6 H KOH-

3A Y,'(O)
CTaHTa 1 1 :::::0,92 onpe,neJIeHbI qHCJIeHHbIM HH-

K1

TerpHpOBaHHeM CHCnOJIb30BaHHeM naKeTa MathCad 2001.
TaKHM 06pa30M, OKOHqaTeJIbHO HMeeM:

a=QCP{l-O 92 ex [_K1Ha(g/V)I/3]} (12)
H ' P (3Q)4/3 '

r,ne p - nJIOTHOCTb )f(H,nKOCTH,Kr/M3.

TeMneparypa )f(HJJ.KOCTHHa BbIXOJJ.etBLlX (DC) COCTaBHT,

OqeBH,nHO:

t = + 2 _ [_K;aH(g/v)I/3]
BblX tnoB 0,9 (t"aq tnoB) exp (3Q)4/3 .

Ha pHC. 1 H306pa)f(eH rpa<pHK 3aBHCHMOCTH(12) B BHJJ.e

3aBHCHMOCTH Me)f(,ny 6e3pa3MepHbIMH KOMnJIeKCaMH

AHB:

a(vH)1I4 Qvll4
A = Ca3/4g1/4; B = (Ha)3/4 g1/4'

K03<p<pH~eHT TeIIJIOOT,naqHJJ.OCTaTOqHO6bICrpO YBeJIHqH-

BaeTCJIC pOCTOMpacxoJJ.a BO,nbIQ npHMepHo ,no 3HaqeHHJI

(Ha)3/4 gl/4
Q::::: 114

V

(COOTBeTcTByeT 3HaqeHHlO B Z 1), a ,naJIee ero pOCT cy-

meCTBeHHO 3aMe,nJIJleTCJI. TaKHM 06pa30M, nOBbIUlaTb

pacxo,n BO,nbI60JIbme [CM. ypaBHeHHe (13)] He HMeeT CMbIC-

JIa, TaK KaK 3TO BeCbMa He3HaqHTeJIbHO YBeJIHQHTTenJIO-

OT,naQy.

,l];JIJI BbI60pa TeMnepaTypbI BO,nbI H onpe,neJIeHHJI npo-

JJ.OJI)f(HTeJIbHOCTHnpouecca BOCnOJIb3yeMcJI 113BeCTHbIMH

COOTHOIIleHHJlMI1 [3]. TeMneparypa nOBepXHOCTI1 B xo,ne

npo~ecca OTTaHBaHHJI tnoB (DC) paBHa:



(-(
( =(- Kp •

nOB .[1- (l-d)2-1/<t>]'
I+Bl 2-1/<1>

Bi = aRIAnp; <J) = VI(SR); d = MR,

r~e !!. - TOJIIlUfHa OTTaJlBlIlerO CJIOHTylIlll, M;

t - TeMnepaTypa HarpeBalOIllero areHTa, °c;

tKJl - Kp"OCKOn"qeCKaJI TeMnepaTYPa rrpo~YKTa, °c

R - onpe~eJIHIOIUllH pa3Mep TeJIa (paccToHHlle OT no-

BepXHOCTll ~o HaH60JIee YJl,aJIeHHOHOT Hee TO'IKll BHYT-

pll TeJIa), M;

Bi - 6e3pa3MepHOe qllCJIO .0110;

a - K03<}l<!mQlleHT TeIIJIOOT~aqll, BT/(M2•
0C);

A - K03<}l<}lIlQlleHTTeIIJIOnpoBO~HOCTll OTTaJlBlIleH qa-
np

cm TeJIa, BT/(M'°C);
<J)- 6e3pa3MepHbIH K03<}l<}lHQlleHT<}lOPMbI;

V - 06beM rylIlll, M3;

S - IIJIOIlla~b nOBepXHOCTll rylIlll, M2.

I1po~OJDKllTeJIbHOCTb npoQecca 1: KaK <}lYJIKIUUIOT 8 (8-
6e3pa3MepHaH TOJIIUllHa OTTaHBlIlero CJIOH IIpo~)'KTa):

_1 +~ [1_(I_d)I/<I>J_1-(I-d)2]
Bi 2<J) -1 2(2<1> -1)

A {I 2-1/<1> }
np (t - tKJl) + Bi[l- (1-d)2-l/<I>J

me q - y~eJIbHaJI TeIIJIOTa IIJIaBJIeHllH JIb~a B TeJIe, ~Kr;

p - nJIOTHOCTb TeJIa, Kr/M3•

,nJIH nO~TBep)l():{eHllH B03MO)KHOCTll np"MeHeHllH llCXO~-

HbIX COOTHOlIleHllH npOBeJIll 3Kcnep"MeHT no ~e<}lpoCTaQllll

rOBH)KbeH qeTBepnlHbI (6e~peHHaJI qaCTb) 0polIleHlleM BO-

~OH. qeTBepTlfHy nO~BelIleHHoH rylIlll 0POlIlaJIH BO~OH C

TeMneparypoH t = 20 °c B~OJIb BceH MHHbI. BbIcoTa Bep-

o 1 2 ] 4A
Puc. 1. 3a6ucuMocmb Me:J/CiJy

6e3pa3MepHbiMu KOMnlleKcaMU A u B
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Puc. 2. 3a6ucuMocmb meMnepamypbl n06epXHocmu om
6peMeHU pa3MOpaJICU6aHUR ltem6epmUHbI Z06RiJUHbI

(HaltallbHaR meMnepamypa fHa, = - 18 'C) 60iJOU
meMnepamypou 20 'C:

I - U3MeHeHue meMnepamypbl n06epXHocmu
(meopemUlteCKaR KpU6aR); 2 - U3MeHeHue meMnepamypbl

n06epXHocmu (3KcnepUMeHmallbHble 3HalteHUR);
3- U3MeHeHue meMnepamypbl zpelOU{eu cpeiJbI;

4 ~ U3MeHeHue meMnepamypbl ~eHmpa meAa

TllKaJIbHOH CTeHKll H COCTaBJIHJIa 1,2 M. I1apaMeTpbI BO~bI

npH ~aHHoH TeMnepaType: Q = 1,427.10-7 M2/c;

V = I,006·1~ M2/c; C = 4183 ,n)K/(Kr'°C); p = 1000 Kr/M3•

ECJIll pacxo~ BO~bI paBeH 18 r/c (KaK B 3KcnepllMeHTe), TO

113COOTHOlIleHllH (12) nO~IlM a = 63 BT/(M3•
0C). I1pIl3TOM

paCqeTHaJI npO~OJI)KllTeJIbHOCTb npoQecca COCTaBllJIa 23,5

q, npO~OJDKllTeJIbHOCTb 3Kcnep"MeHTa - 22,9 q. He60JIb-

1Il0e yCKopeHlle 3KcnepHMeHTa o6bHcHHeTcH HeKOTopbIM

HeK08Tp0JIllpyeMbIM npeBbIlIleHHeM TeMneparypbI rpelOIUeH

cpe~bI OT 3a~aHHoro B paCqeTaX 3HaqeHHH (t = 20°C).

Ha pllC. 2 npe~CTaBJIeHbI 3Kcnep"MeHTaJIbHbIe H Teope-

TllqeCKlle 3HaqeHllH TeMneparypbI nOBepxHocTll qeTBep-

TllHbI rylIlll roBH~HHbI (6e~peHHaJI qaCTb), KOTopbIe xopo-

1Il0 comacyIOTcH Me)K~y C060H. 3KcnepllMeHT TaK)Ke no-

Ka3aJI, HaCKOJIbKO 60JIee llHTeHCHBHO npoxo~IlT ~e<}lpocTa-

QllH npo~YKTa npH llCnOJIb30BaHllH B KaqeCTBe rpelOmeH

cpe~bI BO~bI BMeCTO B03~yxa. I1pH npoBe~eHHH aHaJIO-

rHqHbIX 3KcnepHMeHToB, r~e B KaqeCTBe rpelOmeH cpe~bI

npHMeHHJIH TOJIbKO B03~YX TOH )Ke TeMneparypbI, npoQecc

~JIllJICH 38,7 q.
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