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HEAT TRANSFER DUR I NG FREE ZING OF FOODS AND 

PREDI CTI O N  OF FREEZING TD!ES 

ABSTRACT 

A study o f  m e thod s for pre d i c ting the fre e zing t im e  

o f  f ood s was m ade.  F our shap e s  - fin i t e  s l ab s , cyl i n d er s , 

s ph e r e s  and rec tangul ar bri cks we re c on s id ere d . 

For e ach shap� experim ental m easurement s o f  the fre e z

i n g  t i m e  were m ade over a wi d e  range o f  c ond i ti on s  u s in g  

Karl sruhe t e st sub s t an c e , a d e f i n e d  analogue mat e ri al .  

Exp erim e nt s  vri th slabs o f  m in c e d  l ean beef and mash e d  

p o t a t o  we re al s o  c onduc t e d .  

Pract i c al food fre e z ing pro bl em s , wh ere t h e  mat eri al 

i s  i n i t ial ly sup erh e a t ed ab ove i t s  fre e zing point and the 

t h i rd kind of bound ary c ond i t i on ( c onve ct ive c o o l in g ) i s  

appl i ed , have not be en s olved an al y t i c ally be c au s e  o f  t h e  

n on - l in ear b ound ary c on d i t i o n s .  Fo od materials when fre e z 

i ng r e l e as e  l atent h e at over a range o f  temperature whi ch 

further c om p l i cate s any at tempt at s o luti o n. 

The accuracy o f  the var i ou s  s olut i on s  t o  the fre e z i n g  

p r o b l em pro p o s ed in t h e  l i t erature was evaluate d  b y  c om 

p ari son o f  the various c al culat e d  fre e z ing t im e s  wi th t h e  

e x p erim ent al ly d e t erm in e d  value s over a to tal o f  1 87 
fre e z ine exp erimen t s . 

Fo r tho s e s olut i on s  requiring nume ri c al evaluat i on , 

t h e  b e st was found t o  b e  a thre e -l e vel fin i t e  d i fferen c e  

s c h e m e  whi ch g enerally gave a pre d i c t i on o f  the fre e z in g  

t im e  t o  wi thin 29% o f  the exper i mental value s wi th 9 5% 
c on fi d e n c e .  With the regular g e ometri c shap e s  inv e s t i gat e d  

f i n i t e  e l em e n t s  have n o  advan tag e  over fin i t e  d i fferen c e s  

a n d  w ere not c on s i d e r e d .  

For the exi s t ing exact and approxim ate analyt i c al 

s olut i on s , i t  i s  shown that th e s e  d o  not give ac cura t e  

p r e d i c t i o n  o f  th e fre e z ing t im e  for any of t h e  four shape s ,  



mai n ly b e c aus e all but t wo of the s e solut i on s  d o  not take 

ac c ount of ini t i al superh e at in the mat eri al to be fro z en, 

and the s e  two solution s  are for i n i t i al supe rheat in a 

s e m i -i n fin i te slab, n o t  a fin i t e  slab . 

For the exi sting empiri c ally m o dified solution s  and 

em p i r i c al relat i on ships,  i t  i s  shown that t h e y  do not give 

ac curate pre d i c t i o n  of fre e zi n g  t im e ; at b e s t  the 9 5% 

c on f i d e n c e  limit s of the p e r c e n t age d i ffe r e n c e  b etwe en the 

c alculated and experim en t al fre e zi n g  tim e s  are O% t o  +20% 

for s lab s ,  cylinders ·and sphere s .  

All solu t i ons for fre e zing of r e c t angular bri ck s wi th 

the third k i nd of bound ary c ond i t i on use the ge o m e tri c 

fac t or s  d e rived by Plank . Th e s e  fac t ors are shown to be 

s ubje c t  to e rror, the e rror i n c r e a s ing as the rat i o s  of the 

t wo l arger d im en s i ons to the sm alle s t  increase . 

A group o f  formulae i s  propos ed whi ch ar e s imple to 

u s e  and give ac curat e pre d i c t i on of fre ez ing tim e . They 

m o d i fy the g e om etric fac t or s  in Pl ank ' s  e q�ation ,  tak i n g  

i n i t i al sup erheat i n t o  ac c oun t ,  and i n  the case  o f  r e c t 

angular bri c k s  c orre c t  the e rr o r s  inhe rent i n  the s e  ge o 

m e t r i c  fac t ors . Thi s group o f  s im ple form ulae are shown t o  

pre d i c t  the fre e z ing t im e  wi th 9 5% c onfi d e n c e  t o  wi thin 5% 

o f  t h e  experimental val u e s  for s labs, to wi thin 7% fo r 

c yli n d er s  and spheres,  and to wi thin 1 0% for r e c t angul ar 

bri ck s . 

The pr e d i c tion ac c uracy of the s imple formulae and the 

t hree level fin ite d i ffer e n c e  s cheme are s i m i lar but the 

s im ple formulae can b e  c alculat e d  qui ckly wi thout the us e 

of a com pu t e r  whi ch i s  a b i g  advantage . I n  add i t i on t o  

s im pli ci ty and ac curacy t h e  s i m p l e  formulae are als o vers

a t i l e ,  and by use o f  s u i t able approximat i on s  c an handle 

s om e  prac t i c al problem s in whi ch c ondition s  change wi th 

t im e . 
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freezing tim e s . 

A6 . 1  C ondi ti o n s  used for the inve stigat ion o f  the 
e ffect o f  changing ambi en t t emperature on 
fre ezi.::1g time . 

A6 . 2  Resul t s  o f  the fini t e  d i fferen c e  simulation 
o f  fre e z ing of a s l ab sub j e c t  t o  a cycl ing 
ambi ent t emperature . 

A6 . 3  Resul t s  o f  the fin i t e  di fferen c e  simul ation 
of fre e zing o f  a slab sub j e c t  to  an exponential 
fall L'1 runbi ent temperature . 

A7 . 1  R e sul t s  from the finite  d i fferen ce simulat i on 
of fre e z ing of a slab o f  K arlsruhe t e s t  
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substan c e  wi th n on -uni form ini tial t em perature .  2 3 2  




