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Abstract. The soy grain is composed by organic matter disposed in different ways at each point. Rinds, moisture matter, canals,
pores and water all form a complex with different thermal diffusivity. The mathematical modeling detailed of each point becomes
very difficult because of the geometrical complexity and the identification needed for each part. The objective of this work is to
develop a method to estimate the thermal diffusivity in soy grains as an uniformed way, for the different moisture content of the
grain. Heating grain experiments were done in a oven, with an air temperature between 60 e 130, with different moisture content of
the grain, between 0,10 e 0,27 b.u. To estimate the thermal diffusivity an analytical solution of the energy equation in the spherical
coordinates system was used, with boundary conditions of the first kind and solved the inverse problem with base on experimental
data of the heating of the grains. A mathematical diffusive model of heat transference was proposed with variable thermal diffusivity
in function of the moisture content.
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1. Introduction

The soy grain is a composition of organic matter disposed in different ways at each point. Rinds, humid matter,
canals, pores and water form a set that behaves thermally different during the drying grain process (Brooker, 1974). The
detailed mathematical modeling of each point becomes very difficult because of the geometrical complexity and the
identification needed of the thermal characteristics of each part. The determination of the thermal diffusivity of the
grain it is useful because this parameter is used in mathematical models of drying (Khatchatourian et al .,2001),
currently very used for monitoring and project the industrial dryiers.

The grains heat transfer coefficients found in literature refers to the product of other countries like in Loncin(1979),
Miketinac et a. (1992) e Oliveira e Haguigui (1998) or present data about band temperatures, under those used in
modern dryers. In Oliveira e Haguigui (1998) the heat and mass transfer coefficients were considered constant in a
drying multi- particle model. In Krokida et a (2002) were selected some data in literature about the heat and mass
transfer coefficients. In Borges et a (2004) was showed that using a thermal diffusivity variable it is possible to
describe the variations in temperature of the grain with better precision. The present work has as an objective to add to
the influenced of the moisture content of the grain in the thermal diffusivity. With base of experimental data of heating
grains in different moisture contents (0,10 e 0,27 w.b.- wet basis), the thermal diffusivity was estimated through the
inverse problem method, and expressed like a parameter that depends on the moisture content.

2. Experiment Description

Were carried through experiments of the heating of grains with different moisture content, for the estimation of the
thermal diffusivity. Samples of 10 grains were moistured with distilled water, until it reached a moisture content
superior to 0,24 w.b. . The samples were heated with oven temperature of 273 K with different time intervals, so that
each sample had a different moisture content, right after placed in repose (at least 24h) to homogenize the distribution
of the moisture. The moisture content was measured using a gravimetric method (Brooker, 1974). Half of each sample
was separated to calculate the initiad moisture content. The other half was reserved for the determination of the heating
curves. The heating of the grains was done in a oven, with constant temperature, of 10 in 10 K, at a interva of 333 to
403 K. The temperature was measured using small thermocouples introduced at the center of the grains and connected
to a data acquisition system as show the Figure 1. Each curve of heating was obtained by the average of the
measurements of the temperature, performed in five grains, these al placed together in the oven.
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Figure 1. Genera project of the experiments of heating of the grainsin the oven. T e T, indicates the positions of the
thermocoupl es, where the measurement of temperature of the interior of the grains and the air of the oven were done,
respectively.

The Figure 1 shows the experimental data of the grains heating curves for each temperature. The grains temperature
are not perfectly assimptotics to the horizontal lines of the respective temperature indicated, for two reasons: first, the
temperatures were obtained through measures and secondly because the correction of the reading of the thermocouples
(result of the calibration) was done posterior to the obtained of the experimental data.

3. Thedirect problem

To estimate the therma diffusivity (o)) using the numerical method was necessary to solve before the direct
problem of heat transference in the soy grain. These grains have an €elipsoid shape, however with different small
differences between the diameters, for that, in this work the shape of the grains will be considered spherical.

The heat transference problem in the spherical soy grain, with initial temperature T in al points, immersed in a
oven with constant temperature T, was modeled through the known equation of energy in spherical coordinates.
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where T isthe grain temperature (K),
k is the grain thermal conductivity (Wm*K™?),
g isthe heat source (Js%),
p isthe grain specific mass (kg s?),
C, is the grain specific heat in constant pressure (J kg 'K ™),
0, g er arethe spatial variablesin spherical coordinates (m),
t isthetime(s).

The derivatives JT/c0 and JTId¢ are null for a constant temperature, in relation the variables # and ¢. Because
there is no heat source the interior of the grain, g it is also null. So, considering constant o constant for small time
intervals, the equation (1) becomes

2
6—T: ga_T+a_T in0<r<R for t>0 2
ot ror g2
where a isthe thermal diffusivity (m?s?), defined as o :pCL . ()
p
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The boundary conditions for the heating with the air temperature Ta constant and without the air movement
(heating in oven) are thefirst kind can be written as

TRY=T, for t>0 4
Tr0)=T, iNn0<r<R ©)

where R isthegrain radius.

The solution of the equation (2) with boundary conditions (4) e (5) was obtained through the variables separation
method, in the form of a Fourier series.
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4. Theinverse problem

The diffusivity was calculated with basis on experimental data - considering the grain in its spherical shape and the
thermocouple placed at the center of the grain- through the resolution of the inverse problem, using the solution of the
direct problem given by the equation (2). A computational program was devel oped following the given steps:

1) Entrance of the experimental data: Teyg(t)

2) Definition of the error ¢ admitted at the T calculation.

3) Initial estimation of thermal diffusivity a.

4) Solving the direct problem whit estimated « . To obtain T(t,a) .
5) Calculation of J= T(t, &) - Teg(t).

6) If |J| < ¢ thangoto 9° step.

7If J<0 than o= at+a/m.
IfJ>0 than c=a-a/m.
8) Returnsto step 4.
9) The estimate value of diffusivity is a.

where Jisthe difference between the cal culated and experimental temperatures and
misthe fraction of & convenient to add or diminish at each interaction.

5. Relationship between grain thermal diffusivity and moistur e content

The analyze of the values distribution of the diffusivity in function of the moisture content showed that this would
not have significantly for different air temperatures of the oven (Ta) and showed a distribution with linear tendency in
relation to the moisture content. The results of the inverse problem are showed in Figure 2. Making curves adjustment
about theses data considering the linear function,

a(M)=dM +b (7)

were obtained d=-1.049810" e b= 9.0019° as parameters of adjustment.
6. Result Discussion

The results obtained using the inverse problem might contain imprecision because of the hypothesis adopted. For
example, the spherical shape of the grain, the exact position of the thermocouples and the precision of the temperature
measurements:. the soy grains, when moistened have an ellipsoid shape, having a spherical shape, asthey dry; it is very
difficult to make sure if the thermocouple sensor is exactly at the center of the grain, or a little dislocated, and the
temperature measurement might contain minor systematic errors or calibration errors, even with al the effort made to
minimize them. This considerations justify the use of the term estimation™, rather than ““determination”™ of the
diffusivity. Eventhough, the results obtained are at the same superior order as the verified data in the literature, for
example, in Brooker et al., 1974,



On the grain heating curves, showed in Figure 4, it is observed that the time for the grain temperature (T) reaches
the oven temperature (Ta) is inferior to 450 s. Calculating the thermal diffusivity in function of time was observed that
it tends to zero as time tends to the infinitive. This make impossible the direct calculus of the thermal diffusivity in
function of time or even of the grain temperature. Through Fourier’s law, the heat flow is proportiona to the gradient
temperature. Where the proportional constantly is the thermal conductivity. As time increases, the heat tends to zero,
not because the conductivity (or diffusivity) tends to zero, but because the gradient tends to zero, because T tends to Ta.
So, the grain diffusivity doesn’t become null when Tg = Ta as the results of the inverse problem suggest. What does
become null, in this case, is the heat flow. For this motive, in this work, the inverse problem was applied only in the
first 10 minutes of the grains samples heating with different moisture contents, to calculate the diffusivity. This
procedure was done to obtain the diffusivity value that represents the grain initial state moisture, since at his time
interval the moisture variation is very small, as showed in Figure 3.
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Figure 2 - Thermal diffusivity variation with moisture content —results of the inverse problem.

The diffusivity isagrain thermal property that depends only of internal factors of the grain: chemical constitution,
physical arrangement of the canals, layers, specific mass... and temperature. The heat amount in the grain interferers
the size of the cana and with this, on the water movement. On the other side, the loss of water generates modifications
on the grain structure, atering the specific mass, the thermal conductivity and, as a consequence, the thermal
diffusivity.

Figure 2 represents the variation of the thermal diffusivity () in relation to he moisture content (M). In the heating
process (drying) the grains mass changes, decreasing the thermal effects of water and becomes prevalent the hest
transference through conduction by the mass of the grain. The data in Figure 2 show that the thermal diffusivity
decreases as the moisture content increases. So then, as the grain dries, the diffusivity increases in the grains. This fact
is comprehensible considering that the mass diffusivity is larger than the water diffusivity (Brooker et al. , 1974). The
influence of the moisture content on the thermal diffusivity is of the order of 20%.
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Figure 3— Variation of the moisture content of the grain on the drying dimensional process.
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Figure 4 — Comparison between the experimental data and cal cul ations through the model with variable diffusivity,
for different drying temperatures.



To consider the constant thermal diffusivity for small periods of drying don’t constitute of big error on the
calculation of the grain temperature, because the variation of the moisture content (see Figure 3), is the consequent
variation of diffusivity (see Figure2), are not significant. However, for the calculation of the grain temperature in drying
models, is important to consider the initial moisture content with it define the diffusivity. The diffusivity influence on
the calculus of the grain temperature can be observed in Figure 5, which shows the temperature curves calculated with
different values of diffusivity, obtained in the moisture content interval, studied in this work.
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Figure 5 — Influences of the thermal diffusivity variation on the grain temperature, with the moisture content
varying between 0,10 and 0,27.

7. Conclusions

Heating experiments of soy grain were realized with different moisture contents and established a linear
relationship between the thermal diffusivity and the moisture content. This relationship showed itself to be inversely
proportional (as the moisture content increases the diffusivity decreases.) and varies 20% at the moisture content
interval between 0,1 to 0,27 w.b..

It was showed that the influence variation of the moisture content, and the consequent modification of the thermal
difusivity on the calculus of the grain temperature, is not significant for the time intervals in which the grains are
capable of drying in industrial dryers (less than 20 minutes). In this case, the diffusivity can be considered constant.
However, for the calculus of the grain temperature in drying models, which modeled general situations (drying grains
with high moisture content), it is necessary to define thermal diffusivity considering the variation of the moisture
content of the grains.

Considering the knowledge importance of the parameters of heat exchange for the mathematical modeling of the
drying process and the diversity of the grains produced in Brazil, this work has sequences on the development of
technique to the research of thermal diffusivity of other grains (barley, oat, corn, ...) in which its base is the current
work.
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