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A s imple  analyt ic  express ion  is obtained for  de te rmina t ion  of the cooling t ime of solid 
bodies,  in par t i cu la r ,  foodstuffs of var ious  geomet r i c  shapes.  

Employing the r e su l t s  presented in [4], [1, 2] have explained the change in the t e m p e r a t u r e  field oc-  
cur r ing  in the cooling of foodstuffs.  The goal of the present  study is the formula t ion  of an analyt ic  e x p r e s -  
sion of the functional dependence between the c r i t e r i a  Bi and Fo and the p a r a m e t e r s  of the t empe ra tu r e  
field 0 upon cooling of solid objects (foodstuffs), and finally, the determinat ion of a s imple  mathemat ica l  
fo rmula  for  calculat ing the durat ion of the p rocess .  

In [3] such a fo rmula  was presented for  the cooling of objects of l aminar  form.  The r e su l t s  of studies 
on objects of cyl indr ical  and spher ica l  shapes a r e  presented below, and the analyt ic  express ion  is gene ra l -  
ized for  objects  of var ious  shapes.  

In solution of these p rob lems ,  
[1-4] were  employed: 

for  cyl indr ica t  objects 

the well-known solutions in the fo rm of convergent  infinite s e r i e s ,  

0 = 2 ~i [ Ig (9~) § 1~ (~)] exp (-- , 
i = I  

(1) 

for  spher ica l  objects  

r 

0 ~ 2 Z sin t~i~ ~_i cos ixi exp ( - -  ~ Fo) 
V~ - -  s in~ cos 9~ X 

(2) 

In the technological  p rocess ,  
is controlled.  Hence,  

fo r  cyl inders  

it is the t e m p e r a t u r e  a t  the center  of the product, i .e. ,  at  X = 0, which 
Eqs. (1, 2) take on the fo rms :  

Z 11 (,a~) exp (-- ~ Fo), (3) 0 = 2 ~, [ IS (~ )  + i~ (~)] 

for  spheres  

" ~ ,  sin ~i - -  bh cos ~t i exp (--  u~ Fo), (4) 

i = 1  

where  ~i a r e  the roots  of the c h a r a c t e r i s t i c  equation pit(p) = Blip(u); Iv, I1 a r e  Besse l  functions of the f i r s t  
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type, of zeroth  and f i r s t  o rder .  The values of Pi (for i = 1-6) for  var ious  Bi (from 0 to ~) a r e  given in 
tabular  f o r m  in [4]. 

Thus it  follows that for  Eqs. (3, 4) one may wri te  a genera l ized dependence of the fo rm 

0 = f(Bi, Fo). (5) 

After calculations of series (3) and (4) and analysis of the parameter values in Eq. (5), it was estab- 
lished that the functional dependence between Bi, Fo, and 0 has the form 

Fo = hlg0 + n ,  (6) 

where  k = f(Bi). 

Values were  de te rmined  for  Bi f r o m  (0.01 to ~r Fo f r o m  (0 to 400), and 0 (from 0.001 to 1). The 
tensioned f i lament  method [1, 2] was used. The following values for  n were  obtained: for a cylinder,  0.06; 
for  a sphere ,  0.04. 

Regarding k as  a function of Bi, we obtain the following analyt ic  relat ionship:  

C 

k=B~+d. 
The coefficients  c and d were  de termined by the method of mean deviations [1, 2], using the s y s t e m  

m m 

i=I l~l 

i = r n  :~: 1 i~ m .4 - 1  

where  m indicates the number  of observa t ions  in the f i r s t  group, which was chosen such that  it be equal to 
n, if n is even, and to n ~: 1, if n is odd. Values obtained for  a cyl inder  were  c = 1.15, d = 0.4; for  a 
sphere ,  c = 0.767, d = 0.27. 

Substituting the k values  obtained in Eq. (6), we obtain the following express ion  for  the functional 
re la t ionship  between Fo, Bi, and 0: 

for  a cyl inder  

for  a s p h e r e  

F o = - - ( ~ i 5  +0 ,4)1g0+0.06 ,  (7) 

F o = - - (  0"76----~7-~-0"27Bi ) l g 0 + 0 . 0 4 .  (8) 

As is evident, there  a r e  s imi l a r i t i e s  between Eqs. (7) and (8). One might add to them Eq. (4), for  
l amina r  objects ,  obtained in [3]. As a resu l t ,  one can wri te  a genera l  mathemat ica l  equation for  d e t e r m i -  
nation of the duration of cooling t i m e  of foodstuffs of var ious  geomet r i c  shapes:  

where  

(9) 

1 for a lamina; 
A =  1/2 for a cylinder; 

1/3. for a sphere. 

Compar ing data obtained with the aid of Eq. (9) with those f r o m  Eqs. (2) and (3) and Eq. (2) f r o m  [3], 
v e r y  good ag reemen t  was noted. Moreover ,  the r e su l t s  ag ree  quite well with data obtained by actual  cooling 
of products having the cor responding  geomet r i c  fo rms .  

Discrepanc ies  were  noted only at  high values  of Bi and Fo. 
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o = (t T - t o ) / ( t H  - to) 

t~ 
t H 
to 
R 

a = 2~ / c ' y ;  

m = ( ~ / ; ~ ) R  

F o  = a ~ - / R  2 

N O T A T I O N  

is the temperature field; 
is the temperature at center of product at end of process (after time T); 
is the initial product temperature; 
is the coolant medium temperature; 
is the distance from product surface to center, i.e., cylinder or sphere radius; 
is the thermal conductivity; 

is the Biot number; 
is the Fourier number. 

LITERATURE CITED 

i. A. Fikiin, Nauchin Trudove na NIIKP, T. [in Bulgarian], Vol. IV, Tekhnika, Sofia (1966). 
2. A. Fikiin, D~termination de [a dur6e de refrig6ration des produits alimentaires. XII Congr~s 

international du froid. Comptes Rendues de travaux I. I. F. (1967). 
3. A. Fikiin and Iv. Fikiina, Inzh.-Fiz. Zh., 18, No. 1 (1970). 
4. A.V. Lykov, The Theory of Thermal Conductivity [in Russian], Moscow 1952 (1967). 
5. D.G. Ryutov,"Calculation of foodstuff cooling times," Dokl. ot SSSR Nauchn. Konf. NIKh, Moscow 

(1958). 
6. A. Gac, D~termination du refroidessement des denrees par refroidissement, La Revue Generale du 

Froid, 9, Paris (1964). 
7. H.D., Die Berechning der E[ihldauer bei ein- und mehrdimensiona[en. W~rmefluss K~Itetechnik, 9, 

Karlsruhe (i 963). 
8. H. Gr~ber and S. Erk, Die Grundsatze der W~rmefibertragung, 3, Aufl. bearb, yon U. Grigu[[, 3, 

Neudruck, Springer-Verlag, Berlin (G~ttingen), Heidelberg (1964). 
9. U. Grigul[, Temperaturausgleich in einfachen K~rpern, Springer-Verlag, Berlin (G~ttingen),Heidel- 

berg (i 964). 
i0. G. Ivantsov, Heating of Metal [in Russian], Moscow (1964). 
Ii. R.S. Guter and B. V. Ovchinski, Elements of Numerical Analysis and Mathematica[ Processing of 

Experimental Data [in Bulgarian], Tekhnika, Sofia (1968). 
12. Ya. B. Ze['dovich and A. D. Mashkis, Elements of Apptied Mathematics [in Russian], Nauka, Moscow 

(1967). 

529 


