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Abstract: This article aims to carry out experiments on water absorption by husked red rice, at constant
temperatures of 28, 40 and 50 °C. The description of the absorption kinetics, as well as the analyses of water
distribution and volumetric expansion of each grain, at a given instant, was done using a diffusion model. In
order for the model to be as close as possible to the real physical situation, the mesh necessary to numerically
solve the diffusion equation was generated from the photograph of a grain. Thus, the diffusion equation was
written in Boundary-Fitted Coordinates (BFC). The solution of the diffusion equation written in generalized
coordinates was then discretized in space and time, using the Finite Volume method, with a fully implicit
formulation, considering variable volume and also variable mass diffusivity as a function of local moisture
content. Optimizations based on Levenberg-Marquardt algorithm make it possible to determine the parameters
of an exponential function relating mass diffusivity and the local moisture content for each temperature.
Statistical indicators (chi-square, determination coefficient and Student’s t-test) allowed concluding that the
model proposed was very satisfactory for all temperatures, making it possible to simulate water absorption,
water distribution and volumetric expansion of the grain over time.

Keywords: generalized coordinates; real geometry; non-orthogonal structured mesh; water uptake; moisture
distribution

1. Introduction

Rice (Oryza sativa L.) is an important basic food in many countries, including Brazil. White rice,
in particular, is the main type of rice consumed in this country. However, other types of rice are
produced in Brazil, including, for example, black and brown rice. There are also other varieties of
pigmented rice, known for their rich nutritional content and bioactive pigments, the most common
colors being red and purple [1]. Red rice, also known as “Arroz da Terra”, has its cultivation restricted
to small areas of the semiarid region of the Northeast of Brazil. This region has a watershed suitable
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for growing the product, and has naturally fertile soils, which make the production of this type of
rice viable [2]. Aspects about the nutritional and bioactive quality of red rice were presented and
discussed by [3] and also by [4], among other researchers.

In general, rice grains are consumed on a large scale practically throughout the world due to
their high nutritional value. The chemical composition of this product is influenced by genotypic
variation, climate conditions, fertilizers, soil quality, processing, storage and cooking [3]. Considering
only the dry matter, rice contains, on average, 10.5% proteins, 2.5% lipids, 1.2% ash, 11.8% fiber and
74.0% carbohydrates [3].

After harvesting, paddy rice is normally subjected to a drying process, necessary for its safe
storage. To be consumed, the product is generally husked and subjected to a hydration process, by
immersing it in water for a certain time. This step guarantees softness and reduces subsequent
cooking time, enhancing the nutritional profile of the food product, as well as its digestibility.
Throughout the hydration process, water slowly penetrates the grains and, eventually, reaches a
constant level of moisture content. Water absorption rate depends on the permeability and
dimensions of the grains, composition, structure, initial moisture content and, mainly, temperature
and immersion time [5,6]. In the case of wet milling, the dry product is initially hydrated to facilitate
grinding and the acquisition of its compounds such as proteins, fibers, starch, among others [5].
Several studies have already been carried out on water absorption by grains such as rice [7], beans
[8], chickpeas [9], peas [10] and lentils [11], among others.

The description of water migration from inside of an agricultural product to the external
environment (air), or from the external environment (water) to inside of the product, is done through
various types of mathematical models. The type of mathematical model to be chosen depends on the
purpose of the study to be carried out. If the objective is only to describe the kinetics of water
migration, a simple empirical model is generally satisfactory, and there are numerous works in the
literature involving these models, both describing drying of products [8,12-14] and describing water
absorption by products [5,15-19]. In these cases, the average moisture content at each instant of the
transient regime is generally measured by the gravimetric method.

An alternative to the empirical model is the diffusion model, also used to describe water
migration in agricultural products. The advantage of diffusion models is that, in addition to
describing the water migration kinetics, such models also describe the distribution of this liquid
within the product at any time, during the transient regime referring to the process. A search in the
literature shows diffusion models used to describe heat transfer [20-23], drying [4,13,24-26] and
water absorption [15,27-29], among other processes.

To use simplified solutions of the diffusion equation, in many articles the mass diffusivity is
considered to be a constant value throughout the water migration process and the volumetric
variation is disregarded [21,28,30-32]. However, when water migrates to the external environment of
the product or into the product, the composition of this product changes over time [3,33], as well as
the solid/water ratio. In addition, the distribution of water within the product is not uniform during
the transient process. Thus, it is very intuitive to understand that the mass diffusivity and the volume
of the product must vary over time [29,34,35].

Still with regard to the use of diffusion models, in many articles available in the literature the
geometry of the product is approximated to a simple geometric shape such as an infinite wall [31,35],
cylinder [4,13,15,36] and sphere [9,37,38]. However, in these cases of geometric approximation, the
main information from the diffusion models cannot be considered: water distribution inside the
product over time. It is through information about water (and/or temperature) distribution in the
product over time that water (and/or thermal) stresses can be determined. It is through knowledge
of these stresses that it is possible to predict the formation of cracks in the product [39].

During moisture migration, although water distribution over time can be determined, for
example, by magnetic resonance imaging, or other methods involving imaging [8,40,41], this
distribution can be predicted by an appropriate diffusion model. In this case, product geometry must
be as close as possible to the real geometry [21,25,30,42,43]. In addition, the model must consider not
only the mass diffusivity with a variable value, as a function of the local value of the moisture content,
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but also the volumetric variation over time. In this context, the objectives of this article are defined
below.

This article proposes a two-dimensional diffusion model to describe water absorption by red
rice during soaking, considering variable mass diffusivity as a function of the local moisture content
and, also, variable volume over time. To use a mesh as close as possible to the real geometry of the
grain, the diffusion equation was written in generalized coordinates and solved numerically using
the Finite Volume method, with a fully implicit formulation. As this solution requires the creation of
a mesh, this mesh was obtained from a photograph of a grain of the product. The water absorption
experiments were carried out at constant temperatures, lower than the gelatinization temperature of
the product.

2. Materials and Methods
2.1. Assumptions

Initially, the assumptions for the experiments of water absorption by husked red rice and the
mathematical model proposed to describe the process are presented:

1) In the experiments, simple and inexpensive devices must be used in all measurements
performed;

2) Husked red rice grains were considered as a homogeneous and isotropic medium;

3) Moisture migration can be described by the phenomenon of mass diffusion;

4) In the analyses, the geometry to represent the rice grain must be as close as possible to the real
geometry, and axisymmetric conditions are assumed for a flat area of revolution rotating around its
axial axis;

5) In solving the diffusion equation, the increase in grain volume during water absorption must
be considered over time, and is assumed to be equal to the volume of water absorbed;

6) In solving the diffusion equation, variable mass diffusivity must be considered as a function
of the local moisture content.

2.2. Water Absorption Experiments
2.2.1. Description of the Experiments and Measurements

Husked red rice (Oryza sativa L.), with moisture content of 0.1356 (d.b.), was purchased at the
local market in the city of Pianco, Paraiba, Brazil. Broken and defective grains were removed from
the sample to be studied. In the product immersion experiments, carried out in Campina Grande,
Paraiba, Brazil (Federal University of Campina Grande), a water bath device with adjustable
temperature (Kacil brand, model BM02) was used. The experiments were carried out in triplicate at
constant temperatures of 28.0, 40.0 and 50.0 °C. Drinking water was placed in the water bath device
and, after the system had reached the previously stipulated temperature, three baskets with 10.000 g
of husked red rice each were immersed in the water. As the device holds 9.00 L of water, immersing
the three small baskets does not significantly alter the previously set temperature. The mass of each
of the three baskets with husked red rice was measured every 30.0 minutes, using a digital scale with
an accuracy of 0.001 g. The same digital scale was used to measure the mass of each of the three empty
baskets, identified by numbers 1, 2 and 3. For the water absorption kinetics, the mass measurements
at 28.0 °C were performed up to 450.0 min. For 40.0 and 50.0 °C, these measurements were performed
up to 390.0 and 300.0 min, respectively. After the measurements for a given temperature, the
immersion process continued for more 15.0 hours to ensure that the equilibrium moisture content
was reached and determined [7]. In these experiments, time was measured with a stopwatch available
on a common cell phone.

The average diameter of the husked red rice grains was determined using a digital caliper with
a resolution of 0.01 mm, measuring the largest and smallest diameters in the central position of 50
randomly chosen grains. After measurements, the average diameter of the grains was calculated [7].
A similar procedure was used to determine the longitudinal length of the grains.
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2.2.2. Moisture Content

The average moisture content absorbed by the husked red rice grains, M (t), at an instant ¢

(min), was calculated by the expression [44]
My,o (t)

Mo M)
where My, 4 (t) is the mass of water (g) absorbed by the rice grains at the instant t, and M, is

M(t) =

the initial mass of the product (g) in each basket. Once M(t) , given in g/g, was determined for each

of the baskets 1, 2 and 3, the average of the three values obtained was calculated at each instant .

2.2.3. Growth in the Volume of Husked Red Rice Grains Over Time

Lima et al. [25], studying banana drying, considered that, at instant ¢, the shrinkage of the
product is equivalent to the volume of water lost at the same instant. A similar idea was proposed by
Lentzou et al. [35], studying isothermal water migration in fruits, and Xanthopoulos et al. [45],
studying water migration in tomato. In the present article, the equation below was proposed to
calculate the volume of each rice grain over time, during the water absorption process, as also done
by [35,45-47] and many other researchers:

VO 1000+ 1.441 x M(1)

Vo : @

where V(), given in m?, is the volume of each rice grain at time t and Vo (m?) is its initial volume.
This initial volume is determined by the sum of the volumes Voi of all control volumes i of a mesh
representing the product. Each volume Vi is calculated by the inverse of the Jacobian of this control
volume i, as will be seen in Sections 2.3.2 and 2.3.3.

2.3. Mathematical Model for Description of Water Absorption

Due to the established assumptions, a numerical solution of the two-dimensional diffusion
equation, including variable volume and mass diffusivity, will be necessary.

2.3.1. Diffusion Equation and System of Coordinates

As the kinetics of water absorption by rice grains must be described using the diffusion equation,
such equation is given in its generic form, below [27,29,48,49]:

M _v.(DVM)
ot .

®)
In Cartesian coordinates, Equation (3), used to describe dehydration of a product or water
absorption by a product, is given by the equation below [50]:
oM 0 0 0
_:_(Da'\/')+_ pM +_(D5M)
o x\ ol oy oy) e\ @ W

in which, in Equations (3) and (4), M (g/g) is water content on dry basis, ¢ (min) is time and D
(m? min) is the mass diffusivity. In Equation (4), x, y and z are the coordinates that define a position
in the Cartesian coordinate system.

The geometry of a husked red rice grain is close to the geometry of a solid obtained by the
revolution of an ellipse-shaped flat area rotating around its axial axis. However, in this article, a mesh
was created from the photograph of a grain of the product, as shown in Figure 1a,b.
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(b)

Figure 1. (a) Photograph of a grain of husked red rice highlighting a quarter of the flat area; (b)
Contours of the flat area to generate a mesh for half a grain.

The geometry shown in Figure 1 will be used to create a mesh to describe water migration in the
rice grains. Thus, Equation (4), written in Cartesian coordinates, is not appropriate. Due to that, the
diffusion equation must be written in a body-fitted coordinate system, also called generalized
coordinates (&, 77, 7 ), which is a curvilinear system. For this purpose, Figure 2 presents the two

coordinate systems and a point P that can be located through either of them.

y

Figure 2. Orthogonal axis system, X, Y, Z and the generalized coordinates, &, 7], ¥ highlighting
a point P that can be located through both axis systems.

Thus, a point P with coordinates ( X, Y,Z ) can also be located in generalized coordinates (&, 77, ¥
) through appropriate correspondences, generically given by [51]:

g=¢(xy,2). n=nxy.z) y=y(Xy2) 5)

Using the transformations presented in Equations (5), Equation (4) can be written in generalized
coordinates as follows [51,52]:

E(MJ i(allJD% + alZJD% + a13JD8Mj +

ol 3 ) ac o0& on oy
2 ozzlJDy+0¢22\]Dﬂ+0523JDﬂ +
on ¢ on oy

i 0531\]D%+0532JD%+0:33JD(9M ,

oy og on oy

(6)

where terms of the type &, contain partial derivatives relating Cartesian coordinates (x, y, z),

and (&, 17, ¥ ), that is, generalized coordinates.
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2.3.2. Solution of the Two-Dimensional Diffusion Equation in Generalized Coordinates

For a solid obtained by the revolution of a flat area (contained in a particular &7 or xy, that is,
contained in a vertical plane) rotating around its axial axis (y), as shown in Figure 3, the third term
on the right side of Equation (6) is zero. This statement is due to symmetry, that is, axisymmetric
conditions were assumed for the physical situation under study. For a solid of this type, the
derivatives of x and y with respect to Y as well as the derivatives of z with respectto & and 77 are

equal to zero, as the generating area is contained in a vertical plane &7 (or xy), while z and Y are
contained in a horizontal plane, as shown in Figure 3.

y

West (W)
North (N)
¢ — East (E)

— South (S)

= Chosen node

n

Figure 3. Non-orthogonal two-dimensional structured mesh (10x20) generating the solid of revolution

through its rotation around the y-axis. Control volume in blue (chosen node), which is the center of
the grain, was selected to study its transient regime.

In Equation (6), ] is the Jacobian of the transformation of Cartesian coordinates (physical domain)
into generalized coordinates (transformed or computational domain). It is interesting to observe that,
in the solution of Equation (6), | must be calculated in the nodal point (centroid) of each control
volume of the discretized domain. For a revolution solid as that presented in Figure 3, Jacobian of a

control volume is given by [53]:

X £ X, 0
3 = yé‘ yr] 0
0 O z,

4

?)

where terms of the type k» should be interpreted as 0K / OW. It is interesting to note that, in a
mesh (Figure 3, for example), the inverse of the Jacobian, J, calculated at a given nodal point (central

point of each area element) corresponds to the volume of the solid generated by the rotation of that
area element, according to Pappus-Guldin Theorem [34,54]. On the other hand, due to the symmetry,
the only terms of the type @, that are non-zero in Equation (6) are presented below:
2 20,2 2
gy = 25 (x$ N yg); p =0y =2, (XX, +Y:Yy) ; Uy =17, (X:+Y;)

)
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The expressions for Xey Xpo Yeo Yy and Z, are presented by Silva et al. [53]. It is
interesting to observe that the terms containing ¢;; that appear in the Equations (6) and (8), in which

I # ] (suchas 04, and @,,), are terms that appear in the equations due to the non-orthogonality

of the mesh.

The solution to Equation (6) was numerically presented by Silva et al. [53] , using the Finite
Volume method with a fully implicit formulation, with time and domain discretization (see also [21]
and [51]. Silva et al. [53] developed a software called Diffusion RE (Revolution and Extrusion), using
their numerical solution. The software is available at www.labfit.net/Diffusion.htm (only for
Windows XP), and the bases for the software development are also available in Da Silva et al. [52]
and Maliska [51]. Such software was used in the present article to describe water absorption by
husked red rice. The numerical solution requires the creation of a flat mesh like the one in Figure 3,
which when rotated around its axial axis generates a solid in the shape close to half a grain of rice
(used due to symmetry), as shown in [52].

The appropriate boundary conditions for the flat area shown in Figure 3, whose rotation

represents half a grain of red rice, are: zero water flux, ¢ =0, to the west and south boundaries

(boundary condition of the second kind) due to the symmetry; and zero resistance to water flux for
the north and east boundaries (boundary condition of the first kind). It is interesting to note that,
although the third kind boundary condition has already been used to describe water transfer in rice
[36], the boundary condition of the first kind for grains immersed in an aqueous medium (or in dry
air) is the most frequently found in the literature [7,30,32,42,48]. It is important to highlight that,
based on the results obtained by Balbinoti et al. [36], the Biot number for water transfer is greater than
100, meaning, in practical terms, first-kind boundary condition (not third-kind boundary condition).

In this numerical solution contained in Diffusion RE software, the system of equations in each
time step was solved using Gauss-Seidel method [55], with a tolerance of 10® to reach the
convergence.

2.3.3. Grid Generation, Grid and Time Refinement, Average Moisture Content, and Optimizations

For husked red rice, due to symmetry, the flat mesh is a non-orthogonal two-dimensional
structured mesh, and was obtained using 2D Grid Generation Software, developed using Finite
Difference method, available at www.labfit.net/gg.htm (only for Windows XP). To use the Grid
Generation Software, the program requires a photograph (or drawing) of the product, and this photo
was taken with a common cell phone camera. Figure 1(a) makes it possible to define the half-grain

contours in two dimensions, shown in Figure 1(b). The identification of the contours of a domain to
create a mesh is done, in 2D Grid Generation Software, through a sequence of mouse clicks on the
photo (or drawing) in a system of axes, with information on the respective coordinates x and y, to
define the scales for the axes; and a sequence of clicks on points established by the user at south, west,
east and north boundaries. These steps are shown in the animated gif available at
www.labfit.net/Steps.gif for a flat area. It is worth noting that, once the scales for x and y have been
defined, each click on a point on the contours is converted into coordinates (x,y) of that point. Through
the coordinates of the points established for the contours (south, west, east and north), the coordinates
of the internal intersections of the north-south lines with the east-west lines are determined. As
mentioned, the mesh was generated only for half a grain, as can be seen in Figures 1(b) and 3, which
also presents a control volume in blue (chosen node) that corresponds to the center of the whole grain.

Thus, it is possible to describe not only the unsteady state of the average moisture content, M (t),

but also the transient regime of the central region of the grain Mi(t), in which the subscript “1”
represents the control volume at the central point of the grain (chosen node). Rigorously, with the
solution available in Diffusion RE Software, the transient state of all control volumes is known over
time. However, only the information on control volume in blue (central point of the grain) was
selected in this research to study its transient state, Mi(t). Consequently, the developed software
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generates information on the transient state of this control volume, in addition to the information on

the average value of the absorbed moisture content over time, M (t) .

A mesh refinement study has indicated that the 10x20 mesh is enough for a relative tolerance of
105 on the results. The time step was stipulated as 0.25 min (15.0 s) for all optimizations and
simulations.

In the optimizations and simulations of water absorption by husked red rice, the average

moisture content M(t) at each time t was calculated by the following expression [34,50,53]:

— 1 T
M(t) = ZMiVi or  M(t)=- 1 ZMiJ—, 9
= i

;Vi i=1 Z ‘T i

i=1 Yj

in which Mi and Vi are the moisture content and volume of the control volume i (given by Vi =
1/J;, referring to control volume i), with N being the number of control volumes of the mesh

As it is known, during water migration in an agricultural product, the variable mass diffusivity,
D, increases with increasing local moisture content, M [34,50]. In this study, for water absorption by
husked red rice, a relationship was proposed between the mass diffusivity and the local moisture
content given by the expression [29,34,56,57]

D(M) =be™ 10)

and this expression was used in Equation (6) to determine the local mass diffusivity, that is, to
determine the parameters a and b that minimize the differences between each experimental value

M (t)*™ and the correspondent simulated value M (t)Sim , for each temperature T, through the
inverse method. This determination, for each temperature, was performed using LS Optimizer
Software, which uses Levenberg-Marquardt algorithm [58,59]. This software, developed by the first
author of this article, is freely available at wwwe.labfit.net/LS.htm. After determining the parameters
a and b by optimization, Equation (10) (with the values of a and b) is also replaced in Equation (6), to
perform simulation of the kinetics of water absorption by husked red rice, at each previously
stipulated temperature.

The statistical indicators used to evaluate each optimization process were the chi-square ( ¥ 2 )

and the determination coefficient ( R? ), both calculated and made available by LS Optimizer
Software. Additionally, Student's t-test was used to determine the statistical significance of each
parameter obtained in the optimizations.

3. Results and Discussion

Using the diffusion model proposed in this article, all results to be obtained depend only on the
average moisture content over time, the equilibrium moisture content (both obtained by the
gravimetric method), and also the shape and dimensions of the husked red rice grain (Figure 1).

3.1. Results and Comments

The equilibrium moisture contents for husked red rice were 0.2453, 0.3110 and 0.3361 at
temperatures of 28, 40 and 50 °C, respectively. The average diameter and length of husked red rice
grains were 2.40 (radius R of 1.20) and 6.10 (half a length L of 3.05) mm, respectively. These results
obtained for the dimensions are close to those obtained by Wahengbam et al. [60], when studying
brown rice, and those obtained by Balbinoti et al. [36], when studying paddy rice cultivar BR-IRGA
409. The values of the average moisture content of the grains over time, for each temperature, will be
presented in the water absorption kinetics graphs. The shape of the grain was obtained through its
photograph, which was presented in Figure 1. This photograph was used to define the non-
orthogonal two-dimensional structured mesh (Figure 3).
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3.1.1. Optimizations

The application of the inverse method to the experimental data sets, also known as optimization,
makes it possible to obtain the parameters a2 and b from Equation (10) and, consequently, the mass
diffusivity for husked red rice at temperatures of 28, 40 and 50 °C. In the present research, the
optimizer called LS Optimizer Software was used, as mentioned in the Methodology Section. The
results for each temperature, as well as the statistical indicators (determination coefficient, R?, and
chi-square, x?), are presented in Table 1.

Table 1. Parameters of Equation (10) and statistical indicators.

T (°C) a(-) bx10% (m2 min-?) R? x2x10°
28.0 7.95+0.22 1.206 +0.029 0.99979 1.2388
40.0 722 +0.17 2.363 +0.039 0.99957 3.8311
50.0 6.65+0.12 3.874+ 0.038 0.99991 0.8942

As can be seen in Table 1, the statistical indicators obtained in the optimizations can be
considered excellent. Furthermore, the t-test indicates zero probability of each parameter being zero,
despite the value obtained, that is, the values obtained for the parameters in Table 1 are statistically
significant. These statistical indicators suggest that the proposed model for the water diffusivity as a
function of the local moisture content, given by Equation (10), should be considered satisfactory in
describing the process.

The three mass diffusivities as a function of the local moisture content are given, now, by
Equation (10), with the values of 2 and b provided in Table 1. Thus, for each temperature, the water
diffusivity as a function of the local moisture content can be visualized in Figure 4.
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Figure 4. Water diffusivity D as a function of the local moisture content M, for each temperature.

0

With the results obtained in Table 1 for the parameters a and b, Table 2 can be obtained to relate
a temperature T and a value previously established for the local moisture content M to the respective
value of the mass diffusivity D, calculated through Equation (10).

Table 2. Diffusivities, D(M T ) , for husked red rice immersed in water during the absorption

process.

T (°C) M (g/g) Dx10'° (m?min')
28.0 0.0 1.206
28.0 0.1150 3.009

28.0 0.1585 4.252
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28.0 0.1850 5.249
40.0 0.0 2.363
40.0 0.1745 8.330
40.0 0.2395 13.318
40.0 0.2609 15.543
40.0 0.2845 18.431
50.0 0.0 3.874
50.0 0.1921 13.898
50.0 0.2723 23.691
50.0 0.2994 28.369
50.0 0.3194 32.405

The data set available in Table 2 was analyzed by LAB Fit Curve Fitting Software
(www.labfit.net). LAB Fit offers a feature, called Finder, which consists in fitting all functions with
two independent variables available in its library to the data set provided to the software. The best
function is chosen based on the criterion of the lowest chi-square. For the data set in Table 2, LAB Fit
suggests the following function, in which the three parameters have already been calculated:

- 65T'°4 +6.785M)
D(M,T)=13.63¢ , an

with the following statistical indicators: x? = 8.9094x10-2 and R? = 0.9993.

Visually, the fitting result can be seen in Figure 5, in which the experimental points are
represented by small circles. Filled circles are on or slightly above the surface, while empty circles are
slightly below the surface.

~ 40- - -0.4
[= 1 .
g 30 03
& 20- 0.2 M(g/2)
2 101 0.1
b
A : 0
50 45 40 35 30 25

T (°C)-

Figure 5. Mass diffusivity D for water absorption by husked red rice as a function of the temperature
T and the local moisture content M.

It is interesting to note that Equation (11) makes it possible to estimate an expression for mass
diffusivity as a function of the local moisture content at temperatures different from those stipulated
in the experiments, and reasonably to predict new simulations.

Once the expression for the mass diffusivity has been determined by optimization (Equation (10)
and Table 1) or estimated by Equation (11), simulations can be carried out, with useful information
about various characteristics of the studied process, as will be presented below.
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3.1.2. Simulations

According to the proposed model, the kinetics of water absorption by husked red rice can now
be presented for each of the temperatures studied, as well as their superposition, and all this
information is shown in Figure 6.

0.20 3 3 — 0.35
0.15] 0.281
C: 50.211
88 0.10 Lo
= = 0.141
0-059 0.074
0
t (min) @
0.40 1 1 : 0.40
0.32
% 0.24]
)
= 0.16

0.081,

07 80 160 240 320 00100 200 300 400 500
t (min) © t (min) )

Figure 6. Kinetics of water absorption by husked red rice at temperatures T (a) 28.0 °C (magenta); (b)
40.0 °C (red); (c) 50.0 °C (blue); (d) Superposition of the three kinetics.

It is worth mentioning that, in both optimizations and simulations, the expression used for mass
diffusivity as a function of local moisture content was that given by Equation (10). In the case of
simulations of water absorption kinetics at temperatures of 28, 40 and 50 °C, the values of the
parameters a and b available in Table 1 were used.

The moisture absorption kinetics at the central point of the husked red rice grain (chosen node,
that is, control volume in blue shown in Figure 3) can be obtained with the proposed model, and it is
shown up to a moisture content of 0.167 g/g for all temperatures, in Figure 7.
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Figure 7. Transient regime of the central point of the grain (chosen node) until reaching M = 0.167 g/g,
at temperatures T of 28.0 °C, 40.0 °C and 50.0 °C.

Regarding moisture content, an observation in Figure 7 shows a seemingly obvious
phenomenon, but which can be predicted by the proposed model: the lag factor at the central point
of the grain increases as the temperature decreases.

According to the proposed model, water distributions within the rice grain can be determined
at any instant, for instance, at t = 100 min, for all temperatures studied in this research. Figure 8
presents these distributions. These moisture distributions are important because they make it
possible to determine water stresses during the process.

W 0.34]
|
|
|
[
[
[
|
|
[0.0
(a) (b) (©
Figure 8. Distribution of water absorbed at time ¢ = 100.0 min for temperatures T of:. (a) 28.0 °C; (b)

40.0 °C; (c) 5.00 °C.

When observing Figure 8, the effect of the temperature of the liquid medium on the distribution
of water inside the grain can be clearly seen: the higher the temperature, the greater the amount of
water absorbed at a given time and the faster the uptake.

At the end of each water absorption process studied, the moisture distribution predicted by the
proposed model is shown in Figure 9.
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Figure 9. Distribution of water absorbed at final time ¢ for temperatures T of: (a) t =450.0 min, T =28.0
°C; (b) t = 390.0 min, T = 40.0 °C; (c) t = 300.0 min, T = 50.0 °C.

Figure 9 makes it possible to see that, for a temperature of 50 °C, the distribution of water inside
the grain is already reasonably close to uniformity, while for temperatures of 28 °C and 40 °C there
are significant moisture gradients.

According to the proposed model, the growth of the flat area that generates the solid that
represents half a grain of husked red rice can be observed in Figure 10.
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Figure 10. Evolution of the growth in the generating area for each temperature T at the specified times
t: (a) T=28.0 °C at t=0.0, 75.0, 150.0, 225.0, 300.0, 375.0, 450.0 min; (b) T=40.0 °C at t = 0.0, 65.0, 130.0,
195.0, 260.0, 325.0, 390.0 min; (c) T=50.0 °C at t = 0.0, 50.0, 100.0, 150.0, 200.0, 250.0, 300.0 min.

Figure 10, also generated by the Diffusion RE software, shows the boundaries of the mesh at
seven instants, from the beginning to the end of each water absorption process. From Figure 10 it is
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evident, in the three cases, that the highest dE; /dt rates of the expansion ratio ( Ey) occur at the

initial instants. Although this is an intuitive information, it can also be predicted by the proposed
model.

Numerical information on the volume of half a grain of husked red rice is available in Table 3,
at various times ¢ for each water absorption temperature.

Table 3. Volume of half a grain of rice at the times previously established for each absorption

temperature.
28.0 °C 40.0 °C 50.0 °C
t (min) V%102 (m3) t (min) Vx10° (m3) t (min) Vx109 (m3)
0.0 9.247 0.0 9.247 0.0 9.247
75.0 10.30 65.0 11.17 50.0 11.54
150.0 10.79 130.0 11.91 100.0 12.36
225.0 11.11 195.0 12.36 150.0 12.85
300.0 11.35 260.0 12.67 200.0 13.17
375.0 11.54 325.0 12.89 250.0 13.38
450.0 11.70 390.0 13.06 300.0 13.53

With the obtained results given in Table 3, the expansion ratio ( E; = AV (t)/V,) over time

predicted by the proposed model for the three absorption temperatures can be visualized in Figure

11.
50 1
; s0°C
S 40y
S 7 a0C
e ‘ : : :
S 30 /7
- : . . .
[} / ! ! :
g - _——"28°C
g 204 [/
g 3333
R e

0 i i i i
0 100 200 300 400 500
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Figure 11. Expansion ratio over time for the three absorption temperatures.

From Figure 11 it can be observed, again, that the highest 0E; /dt rates of the expansion ratio

(Eg) occur at the initial instants, decreasing over time.

3.2. Additional Discussion

Table 1 shows that parameter 4 in Equation (10) decreases with increasing temperature T, while
parameter b increases with increasing temperature. The global effect of such variations is more
noticeable by observing Figure 4: for a given local value of moisture content, M, mass diffusivity
increases with increasing temperature. Similar results are found in the literature for D(T), both in the

case of water removal from a product and in the case of water absorption by a product
[6,7,9,25,27,32,50,61,62].
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A comparison between mass diffusivity as a function of local moisture content given by Equation
(10), obtained by optimization and Equation (11), obtained by the LAB Fit Finder, can be observed in

Figure 12.
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Figure 12. Comparison between the mass diffusivity graphs given by Equation (10), obtained by
optimization, and by Equation (11), obtained by the LAB Fit Finder:. (a) 28 °C; (b) 40 °C; (c) 50 °C.

As can be seen in Figure 12, there is a good agreement between Equations (10) and (11),
particularly for temperatures in the vicinity of the region between 40 and 50 °C. In this context,
Equation (11) seems to be valid in obtaining D(M) in the region close to 40-50 °C.

The experimental data on water absorption by rice, analyzed in this article, were also studied by
[7], through a diffusion model, considering each grain as an infinite cylinder with constant diffusivity.
Although the results obtained in that study can be considered reasonable to describe water
absorption kinetics, the possibility of obtaining data of the moisture distribution that could be used
for a subsequent calculation of water stress does not exist, due to the geometry used, which is very
different from the real geometry of the grains. As expected, the closer the geometry proposed by the
model is to the real geometry of the studied product, the better and more accurate the results obtained
will be [27,30]. The geometric simplification strategy in the description of a diffusion phenomenon,
although undesirable, occurs in different processes such as heat transfer [22,38], water absorption
[6,9,28,29,36,37,46,47,57,63] and water removal [26,32,64], among other processes. The model
proposed in this article to describe the kinetics of water absorption by husked red rice grains at low
temperatures is as close as possible to the real physical situation, especially taking into account the
choice of simple devices to obtain the experimental data. The geometry of each grain of rice was taken
into account, which required a model in which the diffusion equation must be written in generalized
coordinates [21,25,30,42,43,48,62]. Furthermore, the model considers a variable value for the mass
diffusivity as a function of local moisture content [34,50,65], and also the volumetric variation of the
product throughout the water migration process [35,65,66].
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As already noted in the Introduction Section, it is very common to find studies using diffusion
models to describe water migration in an agricultural product, in which the mass diffusivity is
considered constant [9,25,30,43,46,48]. On the other hand, Bakalis et al. [48] proposed a model with
variable mass diffusivity as a function of the average moisture content at each time instant. However,
when these authors presented the moisture distribution inside a grain, during the transient process,
it became clear that, for a given instant, the water distribution within the grain is completely
heterogeneous before the equilibrium. Therefore, considering the “average” moisture content does
not seem to be the best choice for the model, but rather the local moisture content. In the present
article, Figures 8 and 9 show clearly, during the transient state, for a given time, a low concentration
of water in the central region of the grain, which increases up to the surface of the product. This
behavior indicates that mass diffusivity really must be a function of the local moisture content, as
proposed in this article for rice, and already proposed by some researchers for other products
[35,45,66].

Regarding the kinetics of volumetric expansion, during immersion, several studies are available
in the literature on the subject, such as the works of Hu et al. [18] and [44]. In these articles written by
Hu et al. it is possible to observe that the expansion ratio of each rice grain varies, for different rice
genotypes, from initial volume up to equilibrium volume, reaching maximum values close to 50%. In
the present research, the expansion ratio varied from 26.5% (28.0 °C) up to 46.3% (50.0 °C), and such
results agree with those from the literature [18,44].

Zhu et al. [41], and also other researchers, used magnetic resonance imaging to determine the
moisture distribution in rice, during water absorption, analyzing such images generated in their
study. However, the method proposed in this article determines the moisture content values for all
nodal points of the mesh, at each time step. For that, a solution of the diffusion equation in
generalized coordinates was used, requiring simple devices to carry out the experiments. Thus, in the
present article, the images are generated from these values previously calculated (Figures 8 and 9).
In this context, the method proposed here can produce better results, for instance, to calculate water
stresses within the grains. Obviously, the determination of these water (and also thermal) stresses is
important to predict crack formation within the product [39]. On the other hand, to illustrate the
power of the proposed model, an animated gif (in infinite loop) of water distribution during
absorption (from t = 0 min to t = 300 min), at a temperature of 50 °C, is available in the following link:
www.labfit.net/Uptake50C.gif. As can be seen, the numerical solution available in the Diffusion RE
program offers detailed information about the water absorption process by husked red rice.

If the interest in studying water absorption is in the parboiling process, it is interesting to know
whether the model proposed in this article describes the process well for red rice with husk. Thus,
the absorption kinetics of this product (central radius of 1.38 mm and axial length of 6.46 mm)
immersed in water at 50 °C, with equilibrium moisture content of 0.2466 g/g, was analyzed. For such,
a new mesh was created and the optimization process resulted in the following expression for mass
diffusivity, as a function of the local moisture content:

D(M) =5.147 x10 71 g*81°M , (12)

(given in m? min-'), with chi-square and determination coefficient given by x? = 5.5841x10-* and R? =
0.99885, respectively.
The water absorption kinetics for red rice with husk can be observed in Figure 13.
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Figure 13. Kinetics of water absorption by red rice with husk at temperature of 50 °C.

For this case, the volume of half a grain of red rice with husk at instants ¢ =0 and ¢ = 390 min are
12.97x10 and 16.98x10 m3, respectively. Thus, the expansion ratio for the present case is 30.9%.

The results obtained for husked red rice and also for red rice with husk suggest that the model
proposed in this article can be useful not only for the temperatures studied here, but also for
temperatures above 50 °C, up to close to those related to the gelatinization of the product with husk.

5. Conclusions

The diffusion model proposed in this article to describe water absorption by husked red rice
showed very satisfactory results, both to describe the kinetics of the process (x2between 8.942x10-6
and 3.8311x105; R? between 0.99957 and 0.99991) and to describe the expansion ratio of the grains
(between 26.5% and 46.3%). Three characteristics of the model give robustness to the results: 1)
Variable mass diffusivity as a function of the local moisture content; 2) Consideration of variable
volume over time; 3) Geometry generated by a mesh defined from the red rice grain photograph,
making it possible to use Boundary-Fitted Coordinates.

A test carried out with absorption of red rice with husk showed good statistical indicators (x? =
5.5841x10% and R? = 0.99885) for the optimization process. This fact suggests that the model can also
be useful for describing water absorption with the purpose of reaching temperatures close to the
gelatinization temperature of the product.

The model also makes it possible to predict the distribution of water inside the grain during the
transient process, which can be useful for a subsequent determination of the water stresses.
Obviously, these water (and also thermal) stresses are important because they make it possible to
simulate and to predict crack formation within the product.
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