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INTRODUCTION 

PRECOOLING is a cooling process where the field temperature 
of fruit and vegetables is reduced to their storage temperature 
in sufhcient time after harvest in the field before storage or 
transportation [l-3]. Experimental and theoretical studies 
on the determination of temperature distributions, thermo- 
physical properties, and cooling times during precooling 
of fruit and vegetables are at the developmental stage. 
Especially in the forced-air cooling of the food products, 
heat and mass transfer exhibit a complicated nature because 
of respiration heat as internal heat generation and tran- 
spiration as a result of water loss [ 1,4]. 

A number of studies has been made in the past to relate 
heat and mass transfer analyses during cooling of food prod- 
ucts [4-l 11. The various methods developed for calculating 
heat and mass transfer in fruit and vegetables have been 
reviewed and discussed [B]. 

In order to obtain a mathematical model, we consider the 
fact that the convective heat transfer is more signi6cant in 
the first case and is thus taken as the overall heat transfer 
coefficient; in the second case the overall heat transfer co- 
efficient is the sum of the convection and radiation heat 
transfer coefficients ; in the third case the overall heat transfer 
coefficient is the sum of the convection and radiation heat 
transfer coefficients. We also consider the effect of moisture 
evaporation on the convective heat transfer coefficients. 

The objective of the present study is to obtain a method- 
ology for the analysis of transient heat transfer during the 
cooling process, to determine the experimental and theo- 
retical temperature distributions and the effective thermal 
properties of the product, and then to compare the 
computations with the experiments for four different air 
velocities. 

ANALYSIS 

The unique features of the mathematical model are stated 
in detail in ref. [I]. The assumptions made in the math- 
ematical model are as follows : 

1. Unsteady state conditions exist. 
2. The rate of heat transfer in the radial direction of the 
spherical product is much greater than the rate in all other 
directions. 

t To whom correspondence should be addressed. 

3. The spherical product is homogeneous and isotropic. 
4. Initial temperature and water content of the product are 
uniform. 
5. Temperature and thermal properties of the cooling 
medium are constant. 
6. The thermal properties of the product are constant. The 
thermal conductivity (/c) from the correlation of Sweat, ther- 
mal diffusivity (a) by the correlation of Riedel and the specific 
heat (Cr.) from the model of Fikiin are estimated as follows 
[12, 131: 

k = 0.148+0.493W (1) 

a = 0.088 x 10-6+(~-o.088 x lo-6)W (2) 
C, = 1.381+2.93OB’. (3) 

7. The convective and radiative heat transfer coefficients are 
constant. The convective heat transfer coefficient (h3 is cal- 
culated from the following relationship for the flow of gases 
past single spheres [14] : 

hc = wm 
*(2.0+0.552Re0~“Pro~‘“) for(1 < Re < 48000). (4) 

where 

Re = U-D/v. (5) 

The value of h, can be calculated from the following formula 
[15]: 

h, = UE(~.+T,).[(T,)~+(T,)*]. (6) 
8. The moisture rate transferred from the product during 
cooling is constant for diierent air flow velocities. The evap- 
oration of moisture on the surface of the product subjected 
to forced-air cooling has an irdluence on the heat transfer 
rates, and the temperature distributions that occur within 
the products. Further, this produces a cooling effect at the 
product surface due to evaporation. This effect (h.) can be 
formulated as follows [ 161: 

h = h hrg(%--WeI 
c ‘c,(T,-T,)x100 (7) 

9. The rate of respiration heat alfects the surface tempera- 
ture. The product has a uniform heat transfer rate generated 
per unit mass at any point in its interior; however, this 
amount is a function of temperature at each point in the 
interior of the product. 

A mathematical model in second order polynomial equa- 
tion form is regressed and developed depending on the pro- 
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NOMENCLATURE 

a thermal diffusivity [m’s-‘1 T temperature [“C or K] 
a, thermal diffusivity of water at product u 

temperature (=0.148x 10-6m2s-‘) 
average flow velocity [m s- ‘1 

u kinematic viscosity [m’s- ‘1 
Bi Biot number W 

specific heat [J kg- ‘“C- ‘1 
water content [decimal]. 

CP 
D diameter [m] Greek symbols 
FO Fourier number I- dimensionless radial distance 

:c 
total heat transfer coefficient [w mm2 K- ‘1 & surface emissivity (= 0.9 [8]) 
convection heat transfer coefficient 8 
[Wm-‘K-i] 

dimensionless temperature 
P 

he increase in h due to evaporation [w mm2 K- ‘1 
root of transcendental equation 

u Stefan-Boltxmann constant 
h r8 latent heat of vaporization [J kg- ‘1 (= 5.669x 10-8Wm-2K-4) 

t 
radiation heat transfer coefficient [w m- * K- ‘1 4 
thermal conductivity [w m- ’ K- ‘1 

temperature difference, [“C or K]. 

P density of product [kgm-‘1 Subscripts 
PO Pomerantsev number a ambient condition 
Pr Prandtl number C center 
4 respiratory heat rate [wm-)] e tin al 

x 
radial coordinate exp experimental 
radius [m] i initial 

Re Reynolds number n refers to n th number 
RH medium relative humidity [%] S surface 
I time [s] W water. 

duct temperature using the values of respiration heat rate 
and temperature [I]. This model, developed for temperatures 
between 0 and 27”C, is given as 

q = 0.1262618 x IO-“T* 

+0.7061543x 10-2T-0.7815126x 10-2. (8) 

We consider that the product has a uniform rate of 
respiratory heat generation per unit volume throughout its 
interior. 

Consider the forced-air cooling of a spherical product of 
radius R, placed in an air medium of constant temperature, 
T,, with a constant heat transfer coefficient, h. Three cases 
ofh, h = h,, h = h,+h, and h = h,+h,+h,, are investigated. 
At any time, the temperature distribution at all points of the 
spherical product is T(R, t). 

The differential heat transfer equation with internal heat 
generation in spherical coordinates can be written as 

The formulation of the problem in terms of the excess tem- 
perature 4 = T-T. is 

The initial and boundary conditions are 

#(r,O) = di = T-T, (11) 

#(O, I) = tinite (12) 
-~[&#J(R, t)/ar] = h&R, I). (13) 

Consequently, the dimensionless temperature distribution 
at the center of the spherical product can be found as follows 
[17, 181: 

exp(-&Fo) (14) 

with 

pc.cotpn = (l-B& (15) 
Equation (15) is a transcendental equation, and the values 
of cc, are roots of this equation. The Biot, Fourier, and 
Pomerantsev numbers are 

Bi = hR/k (16) 
Fo = at/R ’ (17) 

PO = pqR2/k(Ti - T,). (18) 
The dimensionless radial distance is expressed as 

I- = r/R. (19) 

The dimensionless experimental temperature is obtained by 
means of experimental temperature measurements 

e up.c = (Taps - TMT - T.1. (20) 

EXPERIMENTAL 

Apparams 
The forced-air cooling system as experimental apparatus 

has been designed and built in the Pilot Plant of the Refiiger- 
ation Technology Department, and used for the experimental 
studies. The entire experimental system consists of two main 
portions, which are a precooling chamber as the test section 
and the combined cooling unit. A schematic diagram of the 
experimental facility used in this study is shown in Fig. 1. 

Precooling tests were carried out in the test chamber with 
outer dimensions of 1 x 1 x 2 m. The chamber was manu- 
factured from 0.04 m square profiles whose surface was 
plated with a stainless steel sheet of 0.0005 m thickness. The 
inside and outside sheets were 6lled with glass wool to ensure 
heat insulation. An observation window on the door of the 
chamber was provided to follow the experiments. A wiper 
was installed to remove the condensation on the window 
which took place during process applications. Two separate 
heat exchangers that were installed on the chamber were used 
for providing either cooling or heating effects. In the tirst 
exchanger, IO-15°C cooling water was circulated by a pump 
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I. Precooling chamber 

2. Products 

3. Thermostat (double) 
4. Entrance for low pressure steam f LPS) 

5. Cold water heat exchanger 

6. Steam heat exchanger 
7. Radial fan 

8. Fan speed controller 

9. Water pump 

IO. Water tank 

II. Evaporator 

La. Transmitter 

24. Printer 

FIG. 1. Schematic diagram of the forced-air precooling system. 
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Microprocessor device 

with power of 750 W, while 1.1-I .3 bar steam condensed in 
the second exchanger. A cooling effect was achieved with 
ethylene glycol that cooled a cooling tank of 10 tonnes 
capacity. In the system, a compressor of 9280 W capacity 
(TECUMSEH CK-99301-2 Model) was used. Two fans of 
370 W capacity were used in the condensation unit. An 
expansion valve (RlZ-FLICA TMC 4.5 Model) and a 
RANCO combined pressostat were used for controlling the 
pressure. 

A radial fan, having power of 1500 W and running at 2830 
r.p.m., provided air flow velocities between 1.1 and 2.5 m 
s-i in the cooling chamber. Various air velocities were 
achieved by the fan motor having a variable speed controller 
unit (SAM-EL Co. Inc., Ankara). Air was circulated through 
a PVC channel of 0.28 m diameter. A bellow was installed to 
absorb fan vibrations. The inside temperature of the chamber 
was controlled by a 4111 thermostat with pair contactors 
(ELIMKO Inc., Ankara). Two contactors were used in con- 
trolling both the solenoid valves in the cold water and steam 
lines. A digital temperature measurement instrument 
(ELIMKO Inc., Ankara) was also used to monitor the 
temperatures inside the chamber in the -50 to + 150°C 
temperature range with PtlOO thermocouples. 

The temperatures of the products and the air medium at 
various points were measured by a CMC 821 microprocessor 
device (ELLAB Instruments, Copenhagen). This device is 
capable of measuring to an accuracy of &O. 1°C and has 15 
channels. The response time was found to be 0.8 s. To minim- 
ize the conduction losses in these experimental investigations, 
the shortest temperature probes, which are DCK 8 copper- 
constantan thermocouples having 0.05 m length and 0.0012 
m diameter, were used to measure the temperatures. The 
temperatures were read, displayed and printed every 30 min. 

The change of relative humidity inside the test chamber 
was measured by a Squirrel Meter/Data Logger (Grant In- 
struments Ltd, Cambridge) having capacitive vaisala probes. 
To process the digital signals in the desired fashion, the 
data logger was connected to an Epson Microcomputer. The 
flow velocity of air over the products inside the test chamber 
was measured by a digital flow meter (HONTZSCH GmbH, 
Germany). A compression load cell connected to a digital 
weight indicator (a BRAN-LUEBBE Prozesse-elektronik 
GmbH, Germany) was used and the load was monitored. 
The Revere SHB-O.l-Cl model load cell and instrumentation 
were calibrated providing an accuracy of &O.OOl kg at the 
temperature between - 10 and + 40°C. 

The initial and final water contents of the products (figs) 
were found to be 78 and 77%, measured by drying the sample 
in a vacuum oven at 100°C for 24 h. Product density was 
determined by measuring the volume and the mass of the 
product. 

Procedure 
The experimental study was conducted to determine the 

temperature distributions of the spherically shaped fruits 
exposed to forced-air cooling at various air flow velocities. 
Figs of 0.047 m average diameter were used as test specimens. 
For each test, a sample of 5 kg from similar figs was selected 
and placed into a polyethylene case. The eight temperature 
probes were embedded at the centers of the eight products 
for a set of 5 kg. The other probes were used to measure the 
temperatures at the bottom, middle, and top of the chamber, 
and inlet and outlet temperatures of the cooling air. The 
relative humidity probes were positioned inside the chamber. 
After the desired temperature and relative humidity level in 
the chamber were reached, the case containing the products 
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Table 1. Test conditions and the thermophysical parameters of the product 

Shape Sphere 

D 

P 
V 

T 
T, 
T. 
RH 
W, and IV, 
h 
k ” 
0 

CP 
Q 
PO 

0.047 +0.002 m 
1076 kg m-’ 
5.436 x 10m5m” 
22.2*0.2.C 
7°C 
4&O.l”C 
75&S% 
78 and 77% 
334000 J kg-’ [l3] 
0.5325 W m- ’ K- ’ (equation (1)) 
0.135 x 10e6 m2 s- ’ (equation (2)) 
3666.4 J kg- ’ “C- ’ (equation (3)) 
0.08612 W kg- ’ (equation (8)) 
2.87 x IO-’ (equation (18)) 

Case 1 Case 2 Case 3 
lJ h = h, h = h,+h, h = h,+h,+h, 

(m s-‘) Re (W me2 K-‘)/Bi (W m-* K-l)/& (W m-* K-‘)/Bi 

1.10 3666.6 21.1/0.93 256611.132 26.92/1.188 
1.50 5000.0 24.711.09 29.26/1.291 30.73/1.356 
1.75 5833.3 26.711.18 31.26/1.380 32.8611.450 
2.50 8333.3 32.111.42 36.6611.617 38.5811.702 

was hung on the hook of the load cell and the test facility 
was turned on. 

This procedure was repeated a total of four times for 
four air velocities (1.1, 1.5, 1.75 and 2.5 m s-l). A detailed 
description of the experimental apparatus, instrumentation, 
procedure, data reduction techniques, and experimental 
results for various air velocities are given in ref. [l]. 

RESULTS AND DISCUSSION 

In this section, the measured data are shown and compared 
with the predictions for three cases, namely h = h,, h = h, + h, 
and h = h,+h,+h,. 
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The air properties used in these formulations were taken 
as k = 0.0239 W m-’ K-‘, Pr = 0.71, and u = 1.41 x lob5 
m2 s-’ at a tilm temperature of 13.1”C, as in Holman [15]. 
Some experimental results of the tests performed, and theor- 
etical results used in the model, are given in Table 1. 

The respiratory heat rate (internal heat generation rate) 
was obtained as 0.08612 W kg- ’ using the product initial 
temperature in equation (8) found by regression analysis. 
This heat rate for each product volume of 5.436 x 10e5 m3 
was found to be 5.037 x lo-’ W. Some simplifications could 
be made in equation (14) due to a negligible value of the 
Pomerantsev number of 2.87 x 10-l. These are (1 -PO/& 
x 1 and (PO/~) * (1+2/B) z 0 for values of K = 2-l 1 and 

I h=k 

2 h=hc*h, 

3 h=k. h, .h, 
Q measured 

U= 1.1 m/s 

0 a1 0.2 0.3 a4 a5 a6 0.7 0.8 
FO 

FIG. 2. Comparison of the dimensionless experimental and theoretical center temperature distributions for 
U= 1.10 m s-‘. 
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lJ=l.S m/s 
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FO 

FIG. 3. Comparison of the dimensionless experimental and theoretical center temperature distributions for 
U= l.SOms-‘. 

Ei = 0.93-1.702 for the three cases. Then, equation (14) can 
be written as 

The complete solution is easily obtained from equation 
(23). In order to validate the model employed, the present 
results are compared with the experimental findings 
described earlier. 

In Figs. 2-5, the experimental and theoretical results for 
three cases at different air velocities are presented, and a 
representative set of such comparisons is shown. These fig- 
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ures are typical Fourier number-dimensionless temperature 
profiles showing the experimental and predicted product 
center temperature distributions. It is clear from Figs. 2-5 
that all the measured and computed profiles decrease mono- 
tonically with increasing Fourier number. The results 
obtained indicate that the cooling rate of the product 
increases with increasing air velocity. At this point, a higher 
cooling rate is provided at a higher air velocity. 

As illustrated in Figs. 2-5 for four air velocities (1.1, 1.5, 
1.75 and 2.5 m s-r), the maximum error between the mea- 
sured and analytical results is found to be around + 20% for 
the first case (h = hJ. However, a large majority of the results 
are within f  8% for the second case (h = /r, + h,), and within 

lJ= 1.75 m/r 
I 1 I I I 1 

0 0.1 0.2 0.3 0.4 0.5 0.6 a 

FIG. 4. Comparison of the dimensionless experimental and theoretical center temperature distributions for 
U = 1.75 m s-‘. 
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FIG. 5. Comparison of the dimensionless experimental and theoretical center temperature distributions for 
U = 2.50 m s- ‘. 

+5% for the thirdcase (h = h,+h,+/r,). This shows that the 
third case is the most realistic case and this remarkably good 
agreement between the measured and computed results for 
the third case indicates that the approach developed is a 
feasible and accurate method for the solution of this type of 
problem. 

In order to minimize the system transients due to tem- 
perature measurements, an average value from eight readings 
was used for all cases. 
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