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Abstract: The choice of the drying process plays a key role in reducing the costs of electricity
consumption in the food industry. Thus, this study aimed to evaluate continuous and intermittent
drying of rough rice, using empirical and diffusion models to describe the drying kinetics, considering
only effective time of operation to compare and evaluate these processes. Experiments were carried
out during the month of April 2018, in Campina Grande, Paraiba Brazil, and were conducted
with continuous and intermittent drying of rough rice grains (about 20 g, each experiment) using a
fixed-bed dryer with constant power, at temperatures of 50 and 70 °C. For the intermittent experiments,
the intermittency ratio was « = 2/3 and the drying periods were 10 and 20 min, with intermittency
periods of 20 and 40 min, respectively. Comparison between continuous and intermittent drying
kinetics indicated reduction in the effective time of all intermittent drying experiments, reaching up
to 32.2%, hence promoting energy saving. It was also found that a one-dimensional diffusion model
with boundary condition of the first kind properly described all rough rice drying processes and that
the effective mass diffusivity is higher in intermittent drying, compared to continuous drying at the
same temperature.

Keywords: convective drying; intermittency ratio; energy saving; drying models

1. Introduction

Among the cereals produced in Brazil and in the world, rice (Oryza sativa L.) is considered a
crop of great economic and food importance, being considered as the main food of more than half
of the world population, occupying the second place in production and extension of cultivated area,
only behind wheat [1]. On the other hand, the waste of an agricultural product (such as fruits,
vegetables and grains) is influenced by its moisture content, which affects the quality of the product
during its storage [2]. In order to reduce post-harvest waste of agricultural products and increase
their shelf life, several techniques are used, such as pasteurization, cooling, osmotic dehydration,
among others. Among these techniques, drying is one of the oldest, most simple and most widely
used methods in food preservation [3-7]. These techniques aim to reduce the moisture content of the
product and, consequently, its water activity, hence avoiding the development of microorganisms and
undesirable chemical reactions that can cause deterioration of the product, enabling its safe storage for
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long periods of time. Thus, drying is considered to be a fundamental operation to maintain the quality
of products for long periods of time, which is not completely possible for a fresh product.

Intermittent drying has been considered by many authors a more efficient drying method, in terms
of energy consumption, improving the quality of the dried material, when compared to continuous
drying [8]. The essence of this method is to alternate continuous drying periods with rest periods,
allowing the diffusion of moisture from the central region to the surface of the material, as well as the
evaporation of surface moisture, to occur more intensely than in continuous drying [5,9]. Therefore,
the main reason for using intermittent drying is precisely to minimize the thermal and water gradients
inside the material and, consequently, reduce operational costs as well as the possible structural damage
to the product during the process, hence improving its final quality [6]. Thus, by using mathematical
models, it is possible to accurately describe the drying process of grains and other agricultural products,
making it possible to predict the influence of the temperature and moisture of the material, as well
as the temperature and humidity of the surrounding air, aiming at an improvement in the energy
efficiency of the drying process and quality of the products [7,10].

Intermittent drying of rough rice has been studied by some authors such as Cihan and Ece [11]
and Cihan et al. [2]. In reference [11], the authors described continuous and intermittent drying of
a thin layer of rough rice, with the elimination of the tempering period, using a two-dimensional
diffusion model, with boundary condition of the first kind, in cylindrical coordinates. The authors have
concluded that their diffusion model described the drying processes well. However, for the rough rice
geometry, it is possible that a one-dimensional model also describes the drying processes well. On the
other hand, Cihan et al. [2] described the same experiments as in reference [11], using empirical models.
These researchers concluded that Midilli model was the most suitable for the data sets. However,
this model involves four parameters and, possibly, a simpler empirical model may also be satisfactory.
In this sense, the objective of this article is defined below.

The aim of this study was to compare the continuous and intermittent drying (with intermittency
ratio « = 2/3) of rough rice at two different temperatures and to describe the processes using empirical
and diffusion models to evaluate the saving of effective processing time (and consequently of energy).

2. Material and Methods

2.1. Material and Experimental Procedures

The study was carried out during the month of April 2018, in the Laboratory of Processing
and Storage of Agricultural Products (Laboratorio de Armazenamento e Processamento de Produtos
Agricolas, LAPPA) and in the Laboratory of Heat and Mass Transfer (Laboratorio de Transferéncia
de Calor e Massa, LTCM) of the Federal University of Campina Grande (Universidade Federal de
Campina Grande, UFCG), in the city of Campina Grande, State of Paraiba, Brazil. For the experiment,
grains of rough red rice (Oryza sativa L.) were acquired from producers in the municipality of Pianco,
Sertao region of Paraiba. The samples were dried in a convective dryer with vertical airflow, developed
at UFCG. As additional information, a layout of the dryer is presented in Figure 1a.

(b)

Figure 1. Continuous drying: (a) cross-section of the dryer showing the air flux, the grid and trays for
the samples; (b) the positions of the trays on the grid are changed cyclically during the interruptions of
the drying process to weigh the grains.
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For each grain, the average diameter was obtained from the mean value between the largest
and smallest diameters in the central position, using a digital caliper with resolution of 0.01 mm.
Fifty grains were randomly chosen and the measurements were performed. Finally, the average value
of diameter for the 50 grains was calculated.

Based on the literature [2,11], the continuous and intermittent drying processes were performed
in triplicate, for two temperatures (50 and 70 °C), and the average drying air speed was 1 m s71.
Rough rice grains weighing approximately 20 g were evenly spread in each one of the three baskets
with aluminum screen, forming thin layers, so that the air flowed through the samples. The baskets
were initially numbered (from 1 to 3) and weighed, and then each set (grains and basket) was also
weighed. During the experiments, the moisture content was measured by the gravimetric method
using a digital scale with accuracy of 0.001 g.

In the intermittent drying process, each of the three baskets, after weighing, was alternately placed
in the dryer, following the time stipulated for the intermittency. While sample number 1 was in the
dryer, the other two remained at rest in a desiccator, without silica, at room temperature. After 1/3 of
the time of one cycle, sample number 2 was placed in the dryer, at the same time as sample number 1,
after weighing, was placed in the desiccator for the tempering period. After another 1/3 of the cycle
time, sample number 3 was placed in the dryer, at the same time as sample number 2, after weighing,
was placed in the desiccator. At the end of one more 1/3 of the cycle time, sample number 3 was taken
from the dryer and, after weighing, was placed in the desiccator, while sample number 1 was placed
again in the dryer, hence starting a new cycle. As can be seen, in the case of intermittent drying studied
in this work, at each instant only one sample remains in the dryer, at the established temperature,
while two samples remain in the desiccator, at room temperature. On the other hand, for continuous
drying, the three baskets with rough rice grains were taken to the dryer simultaneously, as shown in
Figure 1.

In all experiments, mass measurements were performed at regular intervals of 5, 10, 15, 20, 25 and
30 min, and then at intervals of 40, 60 and 120 min until the end of the process, that is, until the grains
reached the hygroscopic equilibrium stage, characterized by constant mass. At each specified instant of
time, the samples were taken from the dryer, weighed and, in the case of continuous drying, returned
to the dryer. When there was no more mass variation in the samples, the equilibrium moisture content
was determined. For this, at the end of each drying, the samples were taken to the oven at temperature
of 105 °C and left there for 24 h, for the measurement of dry mass.

In total, six drying experiments were carried out (E; to Eg), four of intermittent drying,
with intermittency ratio of o« = 2/3, and two of continuous drying. This study was conducted
adopting the definition of intermittency ratio (x) given by reference [5], defined as the ratio between
the tempering period and the total time of one cycle: o = tout/(tin + tout), where ti, + tout corresponds
to the total time of one cycle, and the terms “tj;,” and “t,ut” represent the times of the samples in and
out of the dryer, respectively. Information about each of the experiments is presented in Table 1.

Table 1. Parameters for each experiment of rough rice drying.

Experiment Drying tin (min) tout (min) T (°O)
Ey Continuous - - 50
E; Intermittent 10 20 50
Ej Intermittent 20 40 50
E4 Continuous - - 70
Es Intermittent 10 20 70
E¢ Intermittent 20 40 70

tin and toy represent the times of the samples in and out of the dryer; T is temperature.
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Once the data of moisture content on a dry basis (d.b.) were obtained, the moisture ratio (7) at
each instant was determined using the following expression:

— X—Xeq

= — 1

where: X—Average moisture content of the product (d.b.); Xeq—Equilibrium moisture content of the
product (d.b.); X;—Initial moisture content of the product (d.b.).

2.2. Description of Drying Kinetics: Empirical Models

For the mathematical fit of the drying curves, six empirical equations frequently used in the
literature to describe the drying kinetics of agricultural products were fitted to the experimental data
sets. These empirical equations are presented in Table 2.

Table 2. Empirical models used to predict drying kinetics.

Model Equation Equation
Henderson and Pabis X = aexp(—bt) )
Lewis R* = exp(—at) 3)
Page X = exp(—at b) 4)
Peleg X =1-t/(a+bt) ®)
Silva et alii X = exp(—at — bt/ 2) 6)
Wang and Singh X =1+at+bt @)

—

X : moisture ratio; t is time; a and b are fitting parameters.

To describe the intermittent drying kinetics, the data related to the tempering periods were
eliminated, and only the data referring to the time in which the samples remained inside the dryer
(effective time of operation) were analyzed [10]. With this strategy, intermittent drying could be
analyzed as “pseudo-continuous” drying [11]. The description of drying kinetics through empirical
models was performed using LAB Fit Curve Fitting Software (developed in Federal University of
Campina Grande, Paraiba, Brazil) [12].

2.3. Description of Drying Kinetics: Diffusion Model

In addition to empirical models, water migration inside rough rice grains was also described
by a diffusion model (characterized below), fitted to the experimental data. In this case, each rice
grain was considered to have the geometric shape of an infinite cylinder. To analytically solve the
diffusion equation by the separation of variables, it was assumed that the boundary condition could
be considered as that of the first kind. In addition, as the initial moisture content of the grains was
relatively low, when compared to fruits and vegetables, it was assumed that their volumetric shrinkage
during the process could be disregarded. It was also assumed that liquid diffusion was the only
mechanism of water transport inside the grains, and also that the initial distribution of moisture was
uniform. Finally, the effective mass diffusivity was considered constant throughout the process; and the
grains were considered as a homogeneous and isotropic medium.

Thus, for a homogeneous infinite cylinder with radius R, with uniformly distributed initial
moisture content, X;j, with equilibrium moisture content Xeq, the solution X (r, t) of the one-dimensional
diffusion equation in cylindrical coordinates is expressed as [4,13,14]:

X (1, 1) = Xeg + (X = Xeq) Y| An]o(%)exp(—p%%t), ®)
n=1
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where the parameter A, is given by:

2
Ap=————, )
BT (TS
where 1, are roots obtained through the following characteristic equation:
Jo(kn) =0 (10)

In Equations (8)—(10), Jo and J; are the first-kind Bessel functions of orders 0 and 1, respectively,
and py are the roots of the first-kind Bessel function of order 0. In Equation (8), X(z, t) is the moisture
content (d.b.) at a position r with respect to the central axis of the cylinder, at an instant t, Xeq is the
moisture content for t—oo; Xj is the moisture content for t = 0, and D is the effective mass diffusivity.

The average value of the moisture content, at an instant t, is defined as

X(t) = % f X (x,)dV, (1)

where V is the volume of the cylinder.

For the boundary condition of the first kind, the solution of the diffusion equation with average
value X(t) in a cylindrical solid at an instant t is obtained by substituting Equation (8) in Equation (11),
resulting in:

< " 4 D
X(t) = Xeq + (Xl - Xeq) Z ) exp(—uﬁ—zt). (12)
n=1 Hn R
Determination of effective mass diffusivity and simulation of drying kinetics through the diffusion
model presented above were performed using the program Prescribed Adsorption-Desorption [15],
which uses the first 200 terms of the infinite series given by Equation (12) and also by Equation (8).

3. Results and Discussion

3.1. Experimental Results

The mean value of the initial moisture content (X;) of rice grains was 0.275 (d.b.), and the mean
value of radius was 1.37 mm. The mean values of equilibrium moisture content, Xeq, obtained for each
experiment at 50 °C were 0.072, 0.084 and 0.066 (d.b.) for continuous drying, intermittent drying with
tin = 10 min and intermittent drying with t;, = 20 min, respectively; and 0.036, 0.043 and 0.031 (d.b.)
for the same drying processes at 70 °C. Thus, it can be noted that the equilibrium moisture content was
lower, on average, for the higher drying temperature, as expected, and also as already observed for
other seeds, such as those of crambe [16].

3.2. Results Obtained by Empirical Models

Using LAB Fit software, it was possible to summarize the results obtained for continuous drying
using empirical models as presented in Table 3, which shows all proposed models and their respective
parameters. The quality of fit of the mathematical models to the experimental data was evaluated
using the statistical indicators coefficient of determination (R?) and chi-square (x?), also presented in
Table 3.
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Table 3. Parameters of the different mathematical models for continuous drying at temperatures of 50

and 70 °C.
Parameters
Models T (°O) R? X2
a b
50 0.8580 0.8584 x 1072 0.976366 0.4412 x 107!
Henderson and Pabis

70 0.8351 0.1587 x 1071 0.960002 0.7726 x 1071

Lewi 50 0.1106 x 1071 - 0.988969 0.1287

ewis 70 0.2100 x 1071 - 0.981073 0.1440
Page 50 0.4736 x 107! 0.6704 0.998382 0.2720 x 1072
70 0.9616 x 107! 0.6050 0.997275 0.4174 x 1072
Pele 50 0.5405 x 102 0.9692 0.993470 0.1352 x 10!
& 70 0.2588 x 102 0.9947 0.996409 0.5991 x 1072
Silva et alii 50 0.3873 x 1072 0.6339 x 1071 0.998172 0.3063 x 1072
tvaetaim 70 0.3911 x 1072 0.1155 0995077  0.7497 x 1072

, 50 -0.7967 x 1072 0.1679 x 104 0.948383 0.2788

Wang and Singh 1 4
70 -0.1002 x 10 0.2260 x 10 0.847930 0.8101

T: temperature; a and b are fitting parameters; R? is determination coefficient; x? is chi-square.

According to the statistical indications of Table 3, Page, Silva et alii and Peleg were the models
that best fitted to the experimental data. Thus, these models can be used to predict the drying kinetics
of rough rice grains, especially the Page model, which had the higher coefficient of determination
(>0.997) and lower chi-square (<0.005) at both temperatures.

For continuous drying, the graphs in Figure 2 were obtained using the Page model. After the
analysis of drying kinetics, the time limit of effective operation was established as 360 min in
all experiments.

1.01 1.0 4
0,84 0,84
(.64 0.6
& :
[P [
0,41 0,44
.24 0,24
0.0 : . . | 0.0 . . , |
0 90 180 270 360 0 90 180 270 360
(a) t (min) (b) t (min)
Figure 2. Continuous drying kinetics described by the Page model at temperatures of: (a) 50 °C;
(b) 70 °C.

As supplementary information, for continuous drying the parameters of Page model, including
the uncertainties can be written as follows: (1) at 50 °C, a = 0.0474 + 0.0017, b = 0.670 + 0.008; (2) at
70 °C, a=0.0962 + 0.0042, b = 0.605 + 0.011.

To describe the intermittent drying processes, the tempering periods were eliminated. Thus,
only the effective time, i.e., the time the product remained inside the dryer, was considered, as if each
intermittent drying period were a “pseudo-continuous” drying process. The main results obtained are
given in Table 4 for the models of Page, Silva et alii and Peleg.
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Table 4. Parameters of the different mathematical models for intermittent drying at temperatures of 50

and 70 °C.
Parameters
Models T (O R? X2
a b

Page 50 0.5338 x 1071 0.7000 0.997644 0.1383 x 107!
& 70 0.1009 0.6404 0.998749 0.5948 x 1072
Intermittent Peleg 50 0.3997 x 102 0.9361 0.997334 0.1685 x 1071
ti, = 10 min 70 0.2114 x 102 0.9558 0.997417 0.1407 x 1071
Silva et alii 50 0.5938 x 1072 0.0722 0.995575 0.2670 x 1071
tvaetai 70 0.6753 x 1072 01236 0997059  0.1454 x 10~
Page 50 0.4002 x 107! 0.7358 0.997988 0.1267 x 1071
& 70 0.8696 x 1071 0.6691 0.997248 0.1393 x 107!
Intermittent Pele 50 0.5095 x 102 0.9140 0.997187 0.1934 x 1071
tin = 20 min & 70 0.2301 x 102 0.9494 0.995698 0.2158 x 107!
Silva et alii 50 0.5995 x 102 0.0566 0.996481 0.2278 x 1071
tivaetall 70 0.8142 x 102 01079 0995543  0.2396 x 10~

Figure 3 presents the simulations of the intermittent (pseudo-continuous) drying kinetics,
with cycles involving the time of 10 min inside the dryer (tj, = 10 min) and 20 min outside the
drying (tout = 20 min), in the desiccator. These kinetic processes were also obtained using the Page
model for temperatures of 50 and 70 °C.

1,01 1 1.0
(0,51 (0,51
0,64 0,64
& %
|24 I#
0,41 01,41
0.24 00,2
(0.0 v v 0.0 . - v
0 a0 180 270 360 0 o0 180 270 360
(a) t (min) (b) t (min)

Figure 3. Intermittent drying kinetics with tj, = 10 min, described by the Page model at temperatures
of: (a) 50 °C; (b) 70 °C.

For intermittent drying, with t;; = 10 min, the parameters of the Page model, including the
uncertainties, can be written as follows: (1) at 50 °C, a = 0.0534 + 0.0014, b = 0.700 + 0.006; (2) at 70 °C,
a =0.1009 + 0.0017, b = 0.6404 + 0.0041.

Figure 4 presents the simulations of the intermittent (pseudo-continuous) drying kinetics with
cycles involving the time of 20 min (tj, = 20 min) in the dryer and 40 min (tout = 40 min) outside the
dryer, in the desiccator. As in the previous cases, these kinetic processes, at temperatures of 50 and
70 °C, were obtained using the Page model.
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0,8 0,51
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Figure 4. Intermittent drying kinetics with t;, = 20 min, described by the Page model at temperatures
of: (a) 50 °C; (b) 70 °C.

Once the Page model has been chosen to represent the intermittent drying kinetics, with tj, =
20 min, the parameters of this equation, including the uncertainties, can be written as follows: (1) at
50 °C, a = 0.0400 + 0.0009, b = 0.736 + 0.005; (2) at 70 °C, a = 0.0870 + 0.0023, b = 0.669 + 0.007.

As observed for the continuous drying, the results obtained with the three empirical models
mentioned showed good fits to the experimental data of intermittent drying with both t;, = 10 and t;,
=20 min. Again, the Page model had the best results in the description of the process at both 50 and
70 °C, as can be seen in Table 4. The Page model is generally used with success in describing the drying
kinetics of various agricultural products. Morais et al. [17], Santos and Oliveira [18] and Benseddik el
al. [19] have also used this model to describe the continuous drying of beans, rice and pumpkin grains,
respectively. These authors also, obtained coefficients of determination higher than 0.99.

A very interesting aspect regarding Figures 3 and 4 are the rehydration processes that can be
visualized in these figures, especially in Figure 4. A possible cause for this effect that is so noticeable,
particularly in the final part of each intermittent drying, was the absence of silica in the desiccator,
meaning that the saving of effective time (and consequently of energy) might have been even greater
than the saving obtained in the present study. On the other hand, in order to make a comparison with
the drying methods, Figure 5 presents the three kinetic processes (continuous, intermittent with t;, =
10 min and intermittent with t;, = 20 min) for each temperature, using the Page model.

) — —
Le — Contimuous 1.0 — Continuous

— Intermittent (i = 10 min) — Intermittent (tis = 10 min)
— Intermittent (tm = 20 min) 0.8 — Intermittent (tiy = 20 min)

(0.4
ELZ. K
0.0 et . . 0.0 B — : |
90 180 270 360 0 90 180 270 360
(a) 1 {min) (b) 1 (min)

Figure 5. Superposition of rice drying kinetics described by the Page model for drying air temperatures
of: (a) 50 °C; (b) 70 °C.
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Figure 5 shows that the intermittent drying kinetic processes are significantly different from the
continuous drying kinetics for the two temperatures studied. In the intermittent drying processes,
rice grains lost more moisture when compared to the corresponding continuous drying, for the same
instant. As an example, in Figure 5a, at 50 °C, it can be observed that the time required for the rice
to reach the moisture ratio of approximately 0.22 was 180 min for continuous drying and only about
122 min for intermittent drying with t;, = 10 min. This means an effective time saving of about 58 min,
which corresponds to a reduction of 32.2% in the effective drying time and, consequently, in energy
consumption, since the dryer operates at constant power. Also, in relation to Figure 5a, it can be noted
that for intermittent drying with tj, = 20 min, the reduction of effective time was about 20%, compared
to continuous drying. These reductions in effective time with the use of intermittency are possible
because, during the tempering period, there is diffusion of moisture from the central part to the surface
of the product, favoring the homogenization of its moisture content and temperature. Consequently,
the thermal and water gradients generated during the drying period tend to decrease during the
tempering period, avoiding cracks and fissures on the grains [6,20-22]. This effect is responsible for
accelerating the drying process and, consequently, reducing energy consumption. On the other hand,
Yang et al. [23] dried Chinese cabbage seeds with different intermittency ratios, with temperature of
40 °C and drying air speed of 1 m s™!. According to the results of these authors, the energy saving
obtained was 48.1% compared to continuous drying.

Also with regard to Figure 5a, it can be noted that there was a significant difference between the
curves of the two intermittent drying processes and that drying with t;, = 10 min showed greater saving
of effective time than drying with t;, = 20 min. At this point, it is interesting to note that, although
the intermittency ratio (x = 23) was the same for the intermittent drying processes, the tempering
period influenced the reduction in the effective drying time. Recently, Silva et al. [7] conducted
experiments with continuous and intermittent drying of apple slices with intermittency ratio & = 2/3.
These researchers also found that, considering only the effective time of operation, the intermittent
drying kinetics with tj;, = 15 min had better results when compared to the longer drying periods,
given by tj, = 30 min and tj, = 60 min, although all drying processes had the same intermittency ratio.

Figure 5b shows that, for 70 °C, considering only the effective time of operation, the intermittent
drying kinetics with t;, = 10 min is similar to that with t;, = 20 min and, therefore, intermittent drying
processes produced similar effects to one another, but considerably better than those of continuous
drying. As an example, for a moisture ratio of about 0.11, there are times of about 126 min for
intermittent drying and 180 min for continuous drying, indicating a reduction of 30.0%. Obviously, it is
also possible to observe that, for a given drying air speed, the moisture ratio decreased faster with the
temperature increase from 50 to 70 °C, as expected: the higher the temperature, the faster the drying
process [24,25].

3.3. Results Obtained by the Diffusion Model

In this study, a diffusion model with boundary condition of the first kind was also used to describe
the continuous and intermittent drying of rough rice grains. For this model, a single parameter must
be determined in the process description: effective mass diffusivity, D.

The results obtained using the Prescribed Adsorption-Desorption software (Federal University of
Campina Grande, Paraiba, Brazil) [15], which uses the analytical solution of the diffusion equation with
a boundary condition of the first kind, are summarized in Table 5, which also presents the statistical
indicators related to this model.
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Table 5. Results obtained for the simulations of drying using the diffusion model with a boundary
condition of the first kind.

Drying T (°C) D (m? min—1) R? x>
Continuous 2.0949 x 1072 0.996184 6.5744 x 1072
Intermittent (t;, = 10 min) 50 2.9817 x 107° 0.991756 49611 x 1072
Intermittent (t;, = 20 min) 2.5149 x 107° 0.992354 5.9541 x 1072
Continuous 4.0694 x 1072 0.991151 2.2129 x 1072
Intermittent (t;, = 10 min) 70 5.3609 x 10~ 0.994840 44117 x 1072
Intermittent (t;,, = 20 min) 5.1088 x 10~° 0.993616 43745 x 1072

D: effective mass diffusivity.

By comparing the statistical indicators of the fits of empirical models (Tables 3 and 4) and diffusion
model (Table 5) to the experimental data, it can be observed that they are equivalent, in practical
terms. Nevertheless, it should be emphasized that, in the diffusion model, only one fitting parameter
is determined, while in the empirical models analyzed, two parameters are determined. Thus, it is
unnecessary to present the graphs of the fits obtained using the diffusion model, because they are
similar to the corresponding figures already presented using the empirical models (Figures 2-5).
On the other hand, an inspection of Table 5 makes it possible to restate that the diffusion model with a
boundary condition of the first kind actually had good statistical indicators, as already mentioned.
Thus, the diffusion model can be considered adequate to describe the continuous and intermittent
drying of rough rice. Physically, this model indicates that the external surface of the grain comes into
equilibrium with the drying air early in the process, so there is no resistance to water flow on that
surface. Results available in the literature indicate that the boundary condition of the first kind is
actually widely used to describe moisture transport in most grains [3,17,26]. Also, the values obtained
for the effective diffusivity of rough rice are compatible with values obtained for biological products,
between 1071% and 1078 m2 min~!, available in the literature [3,27].

Table 5 shows that the values of effective mass diffusivity at 50 °C are equal to 2.0949 x 10~ m?
min~! (continuous drying), 2.9817 x 107 m? min~! (intermittent drying with t;, = 10 min) and 2.5149
X 107 m? min~! (intermittent drying with t;;, = 20 min). Therefore, it is possible to observe through
the obtained values that, indeed, the intermittency significantly increases the diffusivity of the process,
compared to continuous drying. Among the intermittent drying processes at 50 °C, the one with t;, =
10 min has the highest effective mass diffusivity, which results in saving of effective time, as can be
observed in Figure 5a. Regarding the temperature of 70 °C, Table 5 presents similar values of mass
diffusivity for the two intermittent drying processes, but significantly higher than the diffusivity of
continuous drying, which can also be noted through Figure 5b.

As the diffusion model had statistical indicators equivalent to those of empirical models, it should
be, only for this reason, the one recommended to describe the drying because this model involves
the determination of only one parameter (effective mass diffusivity), while the best empirical models
presented in this article involve two. However, there is still a much stronger reason for recommending
the diffusion model. With this model, one can predict the spatial distribution of moisture at any instant,
both for continuous drying and for intermittent drying in which only the effective time is considered.
As an example, for the temperature of 50 °C, Figure 6 presents the distribution of moisture in a circular
section of the infinite cylinder for the instant t = 66 min, both for continuous drying and for intermittent
drying (ti, = 10 min).
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Figure 6. Distribution of moisture in the circular sections of rice grains, predicted by the diffusion

0.0

model at t = 66 min, at 50 °C: (a) Continuous drying; (b) Intermittent drying (t;, = 10 min).

For the instant of 66 min, at 50 °C, the average moisture ratios for continuous drying and
intermittent drying (t;, = 10 min) were estimated by the diffusion model, resulting in 0.466 and 0.389
(d.b.), respectively. On the other hand, Figure 6 was obtained using Equation (8), after determining
the values of effective mass diffusivity (by optimization), using Equation (12). Through Figure 6 it is
possible to observe that, for continuous drying, the moisture ratio ranges from 0.0 (surface) to 0.934
(center), while for intermittent drying the variation is from 0.0 (surface) to 0.837 (center). This means
that the moisture gradients inside the grain for the case of continuous drying are greater than the
corresponding gradients for intermittent drying. These water gradients (and also thermal gradients)
are those that generate tensions which can damage the product, and these gradients can, as observed,
be determined through the diffusion model presented in this article [3].

As a result of this study, intermittent drying has significant advantages over continuous drying.
However, there is a possibility that a large mass of grains may behave differently than a small,
thin-layered sample, such as those used in the experiments of this article. In this sense, more research
may be needed to study the drying of large masses of rough rice. It is interesting to observe that,
in the case of a large mass of grains, intermittent drying can lead to a greater occupation of the drying
facilities. Thus, although energy saving is very important, the occupation of drying facilities can be a
limiting factor because, in this case, not all production could be dried in a timely manner.

4. Conclusions

Six drying experiments were carried out at two temperatures (50 °C and 70 °C), involving samples
of about 20 g of rough rice. For each temperature, a continuous drying experiment and two intermittent
ones were performed, with intermittency ratio equal to 2/3. The two experiments of intermittent drying
at each temperature involved drying periods (tj,) of 10 and 20 min. The analysis of the results allowed
us to conclude the following.

(1) Among the empirical models tested, Page, and also the models of Peleg and Silva et alii fit
well to the experimental data, especially Page’s, which was chosen to describe the continuous and
intermittent drying kinetics of rough rice.

(2) Considering all drying processes, the greatest saving of effective time was obtained for the
intermittent drying experiment with t;;, = 10 min, at 50 °C, which resulted in a 32.2% reduction of
effective drying time compared to the continuous drying.

(3) It was found that not only is the intermittency ratio important for the reduction of the effective
drying time, but also the tempering period, which considerably affected the drying kinetics of rice
grains at the temperature of 50 °C. For the temperature of 70 °C, the tempering periods practically
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did not influence the intermittent drying kinetics, and both reduced the effective time of operation by
about 30.0% in comparison to the continuous drying.

(4) The one-dimensional diffusion model with boundary condition of the first kind adequately
described the continuous and intermittent drying of rough rice. It was observed that the diffusion
coefficient increases with the application of intermittency during drying. This effect, of increase
in effective mass diffusivity, was responsible for accelerating the drying process and, consequently,
reducing the energy consumption.
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