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Abstract. The objective of this research is to show the results of the investigation
carried out to determine the heat transfer convective coefficient value of different
spherical agricultural products, so as to establish and interpret other parameters
capable of generating information not only for the product cooling process, but also
for characterizing properties and parameters.

1. Introduction

Knowing the cooling time, as well as the parameters that characterize the cooling
process of the agricultural products, has become important in supporting the im-
plantation of technologies, which will guarantee the conservation of the same. This
experimental research area has shown improvements all over the world, as can be
found in specific literature for post-harvest technology.

Particularly at College of Agricultural Engineering at University of Campinas,
located in Brazil and known as FEAGRI/UNICAMP, pioneer-research work has
been carried out using also applied mathematics as an important tool by de Castro
and Amendola [5], Pirozzi [6], Amendola and Teruel [2], and Amendola [1], whose
results stimulate the use of the same tool, which establishes the objective of this
work. Notice that these researches were carried out in order to compare numer-
ical data with experimental data which were previously obtained as described in
these bibliographical references or given by experimental researchers that are still
recording them.

2. Material and Methods

For the established objective the mathematical model based on Fourier’s second
law, adapted from [4] according to the descriptions found in [5], was considered as
defined by the equation
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where

« is the thermal diffusivity of the product [« = Fp ;
pCp

kp is the thermal conductivity of the product [Wm™'K~1];
C, is the heat capacity of the product [Jkg 'K~'];

p is the density of the product [kgm~3];

r is the spherical radial coordinate [m];

R is the radius of the product [m];

T =T(r,t) is the temperature of the product [K];

t is the time [s],

and by the initial and boundary conditions, based on the experimental procedure:
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where hc is the convective heat transfer coefficient [Wm=2K~1].

For a resolution of this unidimensional, partial differential equation written in
spherical coordinates, a computer program based on the finite differences method
according to the implicit scheme of the finite differences method as in [9] was de-
veloped. According to the convention T = T(iA,nAt), for i = 1,..., N, and

for n = 1,..., N¢, where N, defines the spatial mesh and N; the time mesh, the
following approximations were considered:
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Approximations of the same order were considered to the initial and boundary
conditions.

The resulting program, implemented in the MATLAB 6.1 environment, was
evaluated for the case of numerical simulation of the orange cooling process, which
was carried out under determined experimental conditions, for specific values for
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the thermal properties and parameters as referred in [2]; used in the numeric simu-
lation of the lemon cooling process, the experiment of which was carried out under
analogue conditions (unpublished), for the same thermal properties and specific pa-
rameters as referred in [1]; and nowadays for pumpkin, for other parameter values,
the results of which appear only in this work.

In the case of the pumpkin, the geometry of which is different to the sphere, it
was considered that the same was composed of two spherical parts with different
radii, and in this work, as a simplified way to study them with the same method-
ology, only the part with the greater radius was used (unpublished). The thermal
constants, which in the cases of the lemon and the orange were taken as being
k = 0.5W/m°C and o = 1.0600 x 10~7"m?/s, in this case are k = 1.51125W /m °C
and o = 0.3866862 x 10~5m?/s.

For each product, the program was carried out for different heat transfer con-
vective coefficient values, as suggested in the literature, here called hc, until the
results, when compared with the respective experimental data curve, determined
the best adjusted hc value. This adjustment was carried out according to the small-
est residue obtained between the experimental and theoretical curves with the use
of the Least Squares Method.

Table 1 shows some parameters as well as the results of the hc value obtained so
far. In Table 1, the third and fourth columns show the initial and final temperature
of the product, as well as the necessary time to reach this last temperature, respec-
tively. In this same table, the last column shows the hc values for each product
where the first value is the one obtained by this method with error 2.9% [2]. The
second and third values between parenthesis are those obtained by the finite volume
method with 7.78% [8] and the finite elements method with 1% [7]. These differ-
ences probably are due to the mathematical model considered, one-dimensional only
in the first case, and also due to the spatial mesh size: 128, 20 x 20 and 2521 x 4861
respectively.

Table 1: Conditions and parameters considered and obtained in the experiments
and theoretical results for the hc values for different products.

Product Radiusr (m) Ti (°C) Tf (°C);tf (min) hc (W/m?C)

Orange 0.038 26.57 1.3; 150 73 (56.48; 64)
Lemon 0.0125 27.23 2.8; 50 12.25
Pumpkin 0.045 26.90 3.21; 170 13.52

Analyzing the theory associated to the product cooling process, one can under-
stand, for instance, that the hc reflects the intensity of the process, and thus, at
a first view, the hc value for the lemon should be higher when compared to the
value obtained for the orange, as the experiments were carried out under the same
conditions and the process of the former took 1/3 of the time of the latter. This
observation induces mathematical analyses, such as the ones that follow.
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Figure 1: Experimental data of lemon cooling, collected every 5 minutes, and those
simulated with the hc adjusted values = 12.25W /m °C.

3. Results and Discussions

Above all, it should be emphasized that the fact that different hc values were found
for each one of the distinct numeric methods used in the case of the orange (last
column of Table 1), reveals the necessity of continuing investigations and mathe-
matical analyses for an effective hc value. Apart from this, the results shown below
are taken from the use of the finite differences method.

A first approach was the analysis of the experimental data of the lemon, as all
the calculations carried out up to the point, for all products, were based on the
experimental data collected every 5 minutes. However, only the lemon had data
collected every minute as well.

These values as well as the adjustments carried out and the respective adjusted
hc values, in which fortunately the same values were obtained, are presented in
Figures 1 and 2.

However, as certain instability can be noticed, due to the data not following the
theoretically smooth behavior expected, new simulations were carried out, modify-
ing the group of data according to a visual criteria, from which different hc values
were obtained, as presented in Figures 3 and 4.

These results confirm the obvious and high sensitivity of the hc value as a
function of a subgroup of the experimental data, pointing out the experimental
process as being responsible for the accuracy of the theoretical results obtained.
Apart from that, it reinforces the importance of the consideration of the initial and
final times of the experiment.



Numerical Simulation of Heat Transfer in Agricultural Products 5

30

Temperature (°C)

0 I I I I I I I I I
0 5 10 15 20 25 30 35 40 45 50

Time (min)

Figure 2: Experimental data of the lemon cooling, collected every minute, and those
simulated with the he adjusted values = 12.25W /m °C.
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Figure 3: Experimental data of the lemon cooling, collected every minute, starting
8 minutes after the beginning of the experiment until 40 minutes after, and those
simulated with the hc adjusted values = 15W/m? °C.
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Figure 4: Experimental data of the lemon cooling, collected every minute, starting

15 minutes after the beginning of the experiment until 40 minutes after, and those
simulated with the hc adjusted values = 18.5W /m? °C.
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Figure 5: Fictitious adjusted hc values for the lemon, as a function of the deviation
of the real radius of the same.
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Figure 6: A) Time after which each product reaches a temperature of 3°C due to
the radius of the product. B) hec value due to the vr value for each product.

In addition to this, simulations of the cooling process, considering distinct de-
viations of the radius’ real value, denoted by rl, were carried out for the lemon.
The r2 = rl1 + 0.001; r3 = rl + 0.01 and r3 = rl + 0.02 values were specifically
arbitrarily considered and the same kind of adjustment for the determination of the
hc value was carried out, as shown in Figure 5. In this Figure, the line is presented
continuous only to facilitate the interpretation of the data.

These fictitious values, thus called, due to not being considered real experiments,
show a strong influence of the radius value of the product in the hc value, as well
as the consequent hc variation, due to the localization of the thermopairs. This
induces another type of mathematical analysis, simple though real, carried out in
an attempt to investigate the relation between the hc value and the ratio value,
called vr, established between the product’s radius value and its final cooling time.

As this investigation was carried out for all the products, the referred final
time (tfr) was considered as the time after which the products reached a same
temperature of approximately 3 °C. The value of the adjusted hc and the vr = r/tfr
ratio for each product are presented in Table 2.

Table 2: he values (W/m? °C) and vr = r/tf(m/min) ratio for the different products.

Product hc(W/m?°C)  vr(m/min)= r/tfr
Orange 73 3.4545 x 10~
Lemon 12.25 2.5000 x 10~*

Pumpkin 13.52 2.6471 x 1074
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In Table 2, it can be seen that the obtained vr values for each product, reveal a
new factor for the interpretation of the cooling process, as hc is directly proportional
to vr, being therefore, considered a parameter that translates the speed of the
process, validating the obtained hc values, and interpreted in this way. For a better
comprehension of these results, graphs, which appear in Figure 6, were elaborated.

These results reveal that the vr parameter characterizes the speed of the cooling
process of each product, and therefore can be used not only to characterize the
product but also to support the decision to implant post-harvest technology.

4. Conclusions

Similarly to what was concluded in previous research, it is reinforced that numerical
simulation and mathematical analysis are adequate tools for the completion of this
investigation, the results of which can only be conclusive after precise considerations
on the origin and representativity of the experimental data, and that, therefore,
there is still the need for the continuation of this kind of research, looking for to be
able to join the experimental and theoretical tools used.

Acknowledgements

To Dr. Bérbara Teruel, a temporarily certified professor at FEAGRI/UNICAMP
for providing experimental data, and to the International Center for Numerical
Methods in Engineering - CIMNE, for providing the International Workshop on
Information Technologies and Computing Techniques for the Agro-Food Sector -
Afot 2003, where the main results of this research were published, as appear in [3].

References

[1] M. Amendola, Simula¢do numérica do processo de resfriamento rdpido por
ar forcado de limao, in “Congresso Nacional de Matematica Aplicada e
Computacional- CNMAC, XXV”, Sao José do Rio Preto, SP, 2003.

[2] M. Amendola and B. Teruel, Uso de um esquema implicito e de splines para
a simulacdo numérica do processo de resfriamento de frutas esféricas, Revista
Brasileira de Engenharia Agricola e Ambiental, 9, No. 1 (2005).

[3] M. Amendola, Analysis of the parameters associated to the numerical simula-
tion of the heat transfer process in agricultural products, 4p, in “International
Workshop on Information Technologies and Computing Techniques for the Agro-
Food Sector - Afot 2003”, Barcelona, Spain, 2003.

[4] 1.C. Trelea, G. Alvarez and G. Trystram, Nonlinear predictive optimal control
of a batch refrigeration process, Journal of Food Process Engineering, 21 (1998),
1-32.



Numerical Simulation of Heat Transfer in Agricultural Products 9

[5]

L.R. Castro and M. Amendola, Simulacio Numérica do Processo de Trans-
feréncia de Calor em Vegetais Esféricos, in “XX Congresso Ibero-Latino-
Americano em Métodos Computacionais e Engenharia-CILAMCE”, CD-ROM,
Sao Paulo, 1999.

D.C.Z. Pirozzi, “Simulacao Numérica do resfriamento rapido por ar forcado
de morangos”, Dissertagao de Mestrado, Faculdade de Engenharia Agricola,
UNICAMP, Campinas, 2000.

B. Teruel, T.G. Kieckbusch, P. Pulino, L.A. Cortez and A.G.B. Lima, Numerical
Simulation of fruits cooling using Finite-Element Method, in “Proceedings of
the 3rd International Conference on Computational Heat and Mass Transfer”,
Banff-Canada, 2003.

B. Teruel, Estudo tedérico experimental do resfriamento de laranja e banana
com ar forcado, Tese de Doutorado em Engenharia Mecéanica, Faculdade de
Engenharia Mecanica - FEM, UNICAMP, Campinas, 2000.

R.D. Richtmyer and K.W. Morton, “Difference methods for initial-value prob-
lems”, Interscience, New York, 1967.



10



