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,Summary .. • 

The cooling process of fresh agricultural produce is 

complicated by their heat generation due to the respira-

tional activity. Especially large unit-loads can show the 

"heating" phenomenon, even during the cooling process. 

A mathematical approach to this problem is presented, based 

on known relations. 

Courses of center temperatures were calculated for different 

combinations of the characteristic numbers: Po, Bi, Po. The 

results are shown in figures and compared with experimental 

results. Special interest is paid to the increase in cooling 

time and the "heating peak" in the beginning of the cooling 
1 

process. Large values of gj- anc* Po result in heating rather 

than cooling even if the body is cooled at the surface. 

Practical limits are presented for the different parameters 

of the process, within which a certain cooling effect can be 

expected. 



HEAT TRANSFER DURING THE COOLING PROCESS OP HEAT 

GENERATING PRODUCE ' 

i* Introduction 

The cooling-down process of heat generating produce is 

not yet fully' described in a mathematical model. 

The work of Pflug and coworkers *) has explained a 

great deal of this process for the case of neglegible heat 

generation. The simple theory, however, does not cover the 

• phenomena occurring during the cooling-down of heat gener

ating produce, especially with great respirational activi

ty. 

2. Theory 

The solution of the differential equation for the con

duction of heat in an infinite slab with constant heat pro

duction: 

pc3? = X93^ + Q 

with the initial and boundary conditions 

t = t. 

at 
9x = o 

"XJx = a(t _ ta) 

is given by Luikov 2) as: 

-X < x < +X; T = 0 

x = 0 

x = +X 

t-t a p 
^o-^a r P><!>' l l ' 

Po + E (1-—)Ancos(un|)exp(-yn
2Fo) 

n=l un
2 

(1) 

with the dimensionless characteristic numbers 

Pomerantsev: 

Po QX2 

X(t0-ta) 
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giving the relation between generated heat and heat transfer 

by conduction, 

Biot: 

and Bi = x 
Fourier: 

Fo = cp x2 

An and un are tabellized functions of Bi, given in the 

literature, i.e. Luikov 2 ) : 
2 sin un 

An = ; = 
n un + sin un cos Un 

and contains yn as the characteristic roots of the equation 

pn sin un - Bi cos un = 0 

Equation 1 describes the development of the temperature field 

in time. The first term represents the steady state tempera

ture distribution to which the vanishing time depending term 

is added. 

The equation can be split into one describing external 

effects and one describing internal effects: 

©ext= E Ancos(yn-)exp(-yn
2Fo) 

n=l X (2) 

and 

uint 2 1 KXJ B Ï 

00 1 x - Po Z —-2-Ancos(ynY)exp(-yn
zFo) 

n=l pn 
(3) 

indicating that the temperature field can be found by 

superposition of external and internal effects. Eq. 2 gives 

the well-known solution of the cooling problem without heat 

sources. Eq. 3 multiplied by the term (t0-ta) gives the 

development of the temperature field in a heat producing 

medium in the case where t a 'O* 

The center temperature (x=o), which as a maximum, is the 

most interesting with respect to quality, is given by: 

"center = TT 1+EÏ + \ <l-0> V*-"»'*») CO 
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This equation was solved numerically for several values 

of Po, Bi and Fo. The results are given in fig. 1 to 4. 

The figures show the particular behaviour of the center 

temperature of heat generating produce: a heating peak and 

a general failure of the cooling process to reduce the tem

perature . 

These effects are much more pronounced at high values of 

the Pomerantsev-number (fig.'s 1 and 2). 

The effectiveness of the cooling-down process can be 

proved by a relation between Po and Bi. 

Cooling does not take place if: 0 ¥ <•!•£> > i 

which leads to: Po > 2 

or if Po < 2 than Bi <: 
2Po 
2-Po 

3- Experimental 

During the cooling-down of a carton 0.28 x 0.48 x 1.20 m3, 

filled with cut flowers, most of them roses, the centre tem

perature was recorded. 

The thermal properties of the package were determined 

from previous experiments: 

half width of the package 

thermal conductivity 

specific heat 

density in package 

heat generation 

heat transmission coefficient 

heat transfer coefficient a 

X 

9. 
P 

w 

0-1.1 m 

0.12 

4000 

200 

0.3 

m K 
J 

kg K 

kg 
™ 3 

m 
_W_ 
kg 

1 1 a , ± carton 

air carton 

8.7 
W 

m2K 

air 
11 W 
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carton thickness d , = 0.003 m 
carton 

. . W 
thermal conductivity A = 0 . 1 2 carton m^K 

temperature difference (t0
_ta^ = 15°C 

The characteristic numbers are 

Bi = kX 
X 

QX2 

X ( t 0 - t 

H 

a) 
Po = w : \ v = 0.66 

Pig. 5 shows the measured center temperature; the calcu

lated temperature according to eq. k; and the results of 

eq. 2 and 3 for the center temperature, Bi = 10, Po = 0.66. 

The cooling-down process can, within technical accuracy, 

in this case be treated as one-dimensional till a Fo-number 

of 0.5> corresponding to ca. 20 h. 

Theoretical and experimental temperature are in good agree

ment during the starting period of the process 

The heating-peak is very clearly developed in the range of 

Fo < 0.15. For 0.15 <• Po there is a growing positive 

deviation of the calculated temperature according to the 

theory of the slab,and the experimental temperature. This 

is caused by the condition of constant heat generation, 

which holds in practice only for small temperature ranges 

as the heat generation decreases with the temperature. 

Conclusions 

The theory of heat conduction with continuous heat sources 

in the analytical form as presented by Luikov 2) can be applied 

to the cooling-down process of heat generating produce. 

The one-dimensional approach holds for a certain period 

depending on the shape of the body. 
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The condition of constant heat generation restricts the 

application to small temperature ranges, but the heating 

peak is very clearly described. 

A relation between the characteristic numbers Po and Bi 

can be given for the effectiveness of a cooling-down process 

if 

Po ̂  2 

or 
2Po Po < 2 and Bi ̂  ^^~ 
2-Po 

cooling does not take place. 
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Symbols 

An function of Bi (page 2) 

a heat transfer coefficient 

c specific heat 

k heat transmission coefficient 

X thermal conductivity 

yn function of Bi (page 2) 

Q rate of heat generation 

kp-

p bulk density — 
nr 

t(xii) temperature at x at time T °C 

t0 uniform temperature of the body at the 

beginning of the process °C 

m2K 

J 
kg K 

W 
m2K 

W 
mK 

iL 
m3 

•ta ambient temperature °C 

0 dimensionless temperature difference 
t-ta 

to-ta 

T time sec. 

X half thickness of slab m 

x running coordinate m 

QXZ 

Po Pomerantsev number: yy-f—r—r 
AKZ0-za) 

Bi Biot number: ~~T~> ~j~ 

X T Fo Fourier number: — —? 
pc x2 
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Fig. 1. Cooling curves of a heat generating slab, 

0 vs* Fo; parameter: Bi; for Po = 2. 
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Pig. 2. Cooling curves of a heat generating slab, 

0 vs. Fo, parameter: Bi; for Po = 1. 
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Fig. 3. Cooling curves of a heat generating slab, 

0 vs. Fo, parameter: Bij for Po = 0.2. 
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