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Abstract

In this study, mass transfer simulations were performed during the process of osmotic
dehydration of green beans in NaCl solutions of 20 and 26.5% at 50 <C. Additionally, the effect
of solute concentration on boundary conditions was investigated. For such, a diffusion model —
assuming constant diffusivity — and the geometry of an infinite cylinder was considered. A
numerical solution was also developed and coupled with an optimizer in order to obtain the
process parameters using experimental data. The results were consistent with those mentioned
in the literature, for which analytical tools were utilized to describe the process.
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1. Introduction

Osmotic dehydration is a process through which water is removed from fruits and vegetables
by dipping them in a hypertonic solution. During this process, occurs water migration from the
product to the solution and solid migration from the solution to the product. These migrations
have been studied in various fruits and vegetables (Fathi et al., 2011; Mercali et al, 2011; Sutar
et al., 2012; Porciuncula et al., 2013; Silva et al., 2014). However, with respect to the green
bean, few works on osmotic dehydration and convective drying are found in the literature,
despite its importance as a product consumed in most countries worldwide. Souraki et al. (2012)
studied the process of osmotic dehydration of green beans in solutions of NaCl, and used the
standard model suggested by Azuara et al. (1992) in order to describe the kinetics of the
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osmotic process. In another study in which green bean was used, Souraki et al. (2013)
employed an interpolating polynomial in order to obtain an approximate solution to the
diffusion equation, and then simulated the mass transfers of the osmotic dehydration process. It
has also been observed that the model obtained by the interpolating polynomial, when
compared with the exact solution, overestimates the results in some stages of the process and
underestimates the results at other stages. This observation points towards the need for further
studies. In another study, Doymaz (2005) conducted experiments on convective drying of
green beans in order to study the effect of temperature on the kinetics of the drying process. To
describe this process, empirical equations were used. Other authors have used similar
approaches to describe convective drying of fruits and vegetables (Kaleta and G&nicki, 2010;
Doymaz and Ismail, 2011; Fante et al., 2011; Silva et al., 2013a).

A common approach to problems of dehydration is the use of analytical solutions in diffusion
models in order to describe the two mass transfers found in the process (Falade et al., 2007,
Ruiz-Lopez et al., 2010; Uribe et al., 2011). Silva et al. (2013b) employed an analytical
solution from the diffusion equation with infinite slab geometry to describe mass migration in
coconut slices during the process of convective drying and osmotic dehydration. However,
analytical solutions have some limitations. For instance, they do not take into account the
variation of physical parameters, nor the material shrinkage along the process. Consequently,
one of the advantages of using numerical tools rests mainly upon the fact that physical
parameters may vary in time and space, and also upon the fact that one may still consider the
shrinkage phenomenon, which is physically more appropriate. In order to implement a better
description of mass flow resistance on the surface of the product, some studies on diffusion
have considered the boundary condition of the third kind, which permits one to obtain
parameters such as the convective mass transfer coefficient. Silva et al. (2013c) have
considered the condition of the third kind for the three-dimensional diffusion equation in order
to provide a detailed description of the removal of water from coconuts cut up in rectangular
slices, along a process of osmotic dehydration followed by convective drying. An analytical
solution was used for the three-dimensional diffusion equation coupled with an optimizer in
order to determine physical parameters. Despite its importance, there are few studies in the
literature using this boundary condition in their analysis (Silva et al., 2010; Silvaetal., 2013d.).
Nevertheless, in the case of osmotic dehydration, depending on the process conditions such as
agitation and concentration of solution, a boundary condition of the first kind may be used to
describe the process (Mercali et al., 2011).

The main objective of this work is to describe the osmotic dehydration of green beans through
the numerical solution of the one-dimensional diffusion equation, using cylindrical coordinates.
In the numerical solution, was used the finite volume method, with a fully implicit formulation.
The appropriate boundary condition for each mass flow was analyzed, considering the
effective diffusivity of water and solids as a constant parameter. For this matter, an optimizer
was coupled with the numerical solution in order to determine the optimum process parameters
via inverse method, using experimental data. Lastly, the distributions of water and solids within
the product was presented at some moments of the osmotic dehydration process.
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2. Material and Methods
2.1 Mathematical Modeling

In the present work, diffusion models are used to describe mass transfer in the osmotic
dehydration process of green beans, provided that the product has the geometric shape of an
infinite cylinder. In order to examine resistance to mass flow on the surface of the product,
boundary condition of the third kind was applied.

2.1.1 The Diffusion Equation
The diffusion equation for the case of mass transfer problems such as osmotic dehydration is

given by (Luikov, 1968; Crank, 1992) as:

oD
— =V(OVve) (1)

Where o represents the product moisture content (db) and the solid gain by product, as
appropriate, and D is the effective mass diffusivity (moisture and solid).

It is possible to consider a cylindrical solid of radius R and length L as an infinite cylinder if R
<< L (Luikov, 1968), as shown in Fig.1. In this case, mass flow towards the central axis is
considered negligible. So, Eq. (1) can be expressed in cylindrical coordinates, considering only
the radial flow (Silva, 2009):

)

Figure 1. Cylindrical solid that can be regarded as infinite cylinder.

To solve the diffusion equation (Eq. 2) numerically and to study the mass transfer processes,
the following assumptions have been considered:

« Initial distribution ® should be uniform;

« Diffusion is the only transport mechanism inside the product;
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The solid is considered homogeneous and isotropic;

» The convective mass transfer coefficient remains constant during the
mass transfer;

» The effective mass diffusivity is assumed with a constant value.
» The diffusion process exhibits radial symmetry.
2.1.2 Discretization of the Diffusion Equation

Equation (2) was discretized by using the finite volume method (Patankar, 1980; Schaefer,
2006) with a fully implicit formulation. Since the radial flow is the only one considered, we
have a mesh as the one shown in Fig. 2. Considering the uniform mesh and symmetry in
relation to the center, a mesh is obtained as shown in Fig. 3. By integrating Eq. (2) in space

(27r,Ar), and time (At), we obtain the following semi-discretized equation (Eq; 3):
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Figure 3. Mesh fragment of an infinite cylinder, taking into account its symmetry, highlighting
an internal control volume and its neighbors to the west (E) and to the east (E).
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Let us now consider the following derivative approximations for the internal control volumes,
i.e., the volumes that have neighbors to the east and to the west (Silva, 2009):

o0 | L Pe—Dp @
or |e Ar
and
O, -
0P| Pp—Dy, )
or |W Ar
Thus, we obtain the following discretized equation:
AD, =AD. +A D, +B (6)
where
rLAr r
=—+-2-D +2D 7
4 At Ar ° O Ar " (7)
A=-2D, A=-2D B = AT o (8 a-c)
Ar " Ar ¢ At T

Where the superscript 0 of the magnitude of interest indicates that such magnitude is
measured at the beginning of the time interval.

In the case of the first control volume (Fig. 4), considering the symmetry, it is assumed that

(2&: =0. In this way, we obtain the following discretized equation (Silva, 2009):
AD, =AD: +B ©)
where
LAr . I LAr
— +—2D =D B=—® 10 a-c
A tar AT At ( )
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B

Figure 4. First control volume

The discretization of the volume control located on the border (Fig. 5) will depends on the
boundary condition assumed. For boundary condition of the third kind, equality of diffusive
flux from inside and convective flow from outside (solid surface) will be required. Thus:

(DII - _ De(q)e _q)P)

e A%

represents the magnitude of interest flow per area unit. On the other hand, the

(11)

Where @

e

convective flow is given by

®", =h (P, -D,) (12)

Where ®_, is the equilibrium interest magnitude at the boundary, and h, is the convective

ooe

mass transfer coefficient. By equating Equations (11) and (12), we find the following
expression for the magnitude of interest on the east boundary:

2De + he®ooe

__Ar
(De - 2D (13)
¢ +h

Ar ¢
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Figure 5 Volume control on the boundary of the one-dimensional mesh.

Following the appropriate substitutions and simplifications, we obtain the discretized equation
for the last control volume:

AD, =AD, +B (14)
Where
rLAr r,.D, r,D r,D r.D LAr o
— e [ W= w — W= W B: e e q) q) . 15
h 2 h 2

e e

Considering h, — o, it follows that% — 0. In this case, the boundary condition of the first

kind is attained, permitting:

_LAr 26D, KD, B 2D gy, AT g0 (16 a-b)
At Ar Ar Ar At

A

For this work’s simulations, effective mass diffusivity was assumed to be constant, that is:

D, =D, =D. This hypothesis was assumed because shrinkage is less significant in osmotic

dehydration than in drying and in this case the contanste diffusivity hypothesis is most suitable
(Da Silva et al., 2012)

2.1.3 Average value of @

At each time step, the numerical solution provides the value of @ at each nodal point. As the
contributions of each control volume are not the same, the average value of @, at every time
step, is calculated by using the following weighted average:

= 2.0V (17)

>,
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WhereV, is the volume of each control volume.

In the literature, it is common to express the dimensionless values of ®(t), which are given by

q_)(t) B CI)eq

D (t) =
(t) D, -,

(18)

Where @, represents the initial value of ® and ®_, is the equilibrium value of @.

Validation and Convergence of Numerical Solution

In the case of the infinite cylinder, the fully implicit formulation delivers a three-diagonal
system, and, therefore, for each time step, the system obtained was resolved by the direct
method: the "Three-Diagonal Matrix Algorithm” (TDMA) method. In order to validate the
numerical solution, we compared it to an analytical solution. The results provided by the
numerical solution were equivalent to those obtained by the analytical solution.

2.1.4 Optimization

In order to obtain the optimal values of the parameters Dand h, an optimizer, whose
objective function is the chi-square test (Bevington and Robinson, 1992) was coupled to the
numerical solution:

4= 2[6?" ~o"(D, h)T % (19)

Where @ is the average value of @ related to the i-th experimental point and (_DiSim(D,h)
is the average value of ® computed by the numerical solution as a function of D, and h.

N, represents the number of experimental points, and }/02 is the statistical weight is related

to i-th experimental point. Thus, the objective function (Eg. (19)) depends on both the effective
mass diffusivity and the coefficient of convective mass transfer.

2.1.5 Experimental data of the osmotic dehydration of green bean

The experimental data used in the simulations done for the present work were obtained by
Souraki et al. (2012) concerning osmotic dehydration of green beans with initial moisture
content ranging from 91% to 92% (wb), and with an average diameter of 8 mm. The
experiments were conducted in binary osmotic solutions of water and NaCl with nine
combinations of concentrations of 10%, 20% and 26.5% of NaCl at temperatures of 30, 40 e
50<C. The green bean to solution ratio was of 1:20, and the duration of the process varied from
0 to 6 hrs. In the present work, data from experiments 20 and 26.5% of NaCl at 50 <C were
used. More details on the experiments may be obtained from the cited reference.
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Table 1 shows the parameter values obtained from simulations for the dimensionless moisture
content along the process of osmotic dehydration at concentrations of 20% and 26.5% of NaCl

at 50 °C, besides chi-square values y* and the determination coefficient R*. Statistical

weights for each experimental data were considered as 1, because they have not been measured
during the experiment implementation.

Table 1. Parameter values (SI) obtained from dimensionless simulation of moisture content
under experimental conditions of 20% and 26.5% NaCl at 50 <C.

T t )| C tration (NaCl 2
emperature (<C) | Concentration (NaCl) D, «10° | hx10” R Zz
50 20% 2.8238 0.6354 | 0.9597 i
3.3456x10
50 26.5% 2.2299 2.5207 | 0.9493 i
4.0207 x10

Table 2. Values (SI) obtained from the parameters of dimensionless solids gain simulation
under experimental conditions 20% and 26.5% NaCl at 50 <C.

Temperature (<C) | Concentration(NaCl 2
p ( ) ( ) DS ><1010 h X106 R ZZ
50 20% 1.4774 1.7749 | 0.9483 | 3.9995x1072
50 26.5% 1.7099 2.2314 | 0.9772 | 1.7521x107

For water, the convective mass transfer coefficient, h, shown in Table 1 indicates that h — oo,
suggesting that first kind boundary condition is most appropriate. It may also be noticed a
decrease in the water effective diffusivity when the concentration varies from 20 to 26.5%.
Such phenomenon was observed by Singh et al. (2008) during the process of osmotic
dehydration of carrot cubes in NaCl solutions. The authors explained the phenomenon by
explaining that the salt impregnated in the product during drying makes it difficult for the water
to flow out of the product. The values obtained for effective diffusivity of water are in
agreement with the values found in the literature (Derrossi et al, 2008; Mundada et al, 2011;
Uribe et al, 2011).

Figure 6 exhibits the fitting of numerical solution to the experimental data. Table 2 exhibits the
parameter values obtained from simulations of dimensionless gain of solids in the osmotic
dehydration process at concentrations of 20% and 26.5% NaCl at 50 < C. The values of
coefficient of convective mass transfer shown in Table 2 indicate that — unlike the water flow
where the product surface offers no resistance — resistance to the flow of solids is found.
Consequently, the boundary condition of the third kind is more appropriate for this problem,
since this type of condition enables us to analyze the two cases that have been observed. This
possibility of to analyze the two cases shows an advantage of the proposed model compared to
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those found in the literature. Furthermore, the values of the physical parameters were shown to
be consistent, since the solution concentration influences both the effective diffusivity of solids
and the coefficient of convective mass transfer. It has also been observed that the values found
for the effective diffusivity of water were higher than the values for effective diffusivity of
solids. This phenomenon can be explained by the fact that salt molecules are higher than water
molecules, so the product offers more resistance to the incorporation of solids than to water
loss (Fernandes et al, 2006; Fernandes et al, 2009; Mundada et al., 2011). Figure 7 exhibits
fitting of numerical solution to the experimental data.

’ 1

e Experimental e Experimental
— Simulation — Simulation

MR
MR

0.0

0.0 T T +
0.0 Time (s) 0.632x10° 0.0 Time (s) 0.590x10°

(@) (b)

Figure 6. Adjustment of numerical solution to the moisture content experimental data under
experimental conditions (a) 20% NaCl and 50 °C, (b) 26.5% NaCl and 50 °C.

1 1 ’

|::| :J
w 17}
¢ Experimental * Experimental
— Simulation — Simulation
0.0 - 0.0 : |
0.0 Time (s) 0.106x10° 0.0 Time (s) 0.958x10°
(@) (b)

Figure 7. Numerical solution adjustment to the experimental data of solids gains under
experimental conditions (a) 20% NaCl and 50 °C, (b) 26.5% NaCl, 50 °C.
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Figure 9. Distribution of moisture in osmotic dehydration at concentrations of 20% NaCl and
50 <C, at time steps t: (a) 0.3600x10" s; (b) 0.1080x10° s; (c) 0.2520%10° s.

Figure 8 shows superposition of simulations for concentrations of 20% and 26.5% of NaCl.
One can also notice the concentration influence on the incorporation of solids. In a
concentration of 26.5%, as expected, the simulation presents a much greater assimilation.

One of the greatest advantages of diffusion models is the possibility of simulating the
distribution of moisture and solids within the product over processing time. In Fig. 9 moisture
distribution in the product for the instants 3600, 10800 and 25200 s is displayed after the
osmotic dehydration initiation in solution of 20% NaCl at a temperature of 50 °C. At the same
time, Fig. 10 shows the moisture distribution in the product at concentrations of 26.5% NaCl at
the same temperature for the same time instants at concentration of 20%.

(@)
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Figure 10. Distribution in moisture to osmotic dehydration in concentrations of 26.5% NaCl
and 50 <C, at time steps t: (a) 0.3600x10* s; (b) 0.1080x10° s; (c) 0.2520%10° s.

In Figs. 9 (a) and 10 (a) we can see that — at the very first hour of the process — the region next
to border takes over the equilibrium value of magnitude. This highlights boundary conditions
of the first kind. Furthermore, overall equilibrium is almost reached after about 6 hours for the
concentration of 20% NaCl. Moreover, it was previously observed that diffusivity presented a
slight decrease in concentrations of 20% up to 26.5% NaCl. This can be explained by the
amount of salt impregnated in the product. By comparing Figures 9 and 10 one can easily see
that such phenomenon is most noticeable especially when the core of the product is examined.
In Fig. 9 (c) the core of the product is found to be in equilibrium, whereas in Fig. 10 (c) the core
of the product has not yet reached equilibrium.
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Figure 11. Distribution of solids in osmotic dehydration at concentrations of 20% NaCl and
50 <C, at time t: (a) 0.3600 x 10* s; (b) 0.1080 x 10° s; (c) 0.2520 <10’ s.

About to the solute transport, Figs. 11 and 12 show the distribution of solids for process of
osmotic dehydration at 50 <C for concentrations of 20% and 26.5% NaCl, respectively. The
instants of time 3600, 10800 and 25200 s are analyzed. Figure 11(a) shows that after 1 hour of
the process, the border has not yet reached the desired equilibrium. Accordingly, the boundary
condition of the third type becomes evident. The border starts to reach equilibrium 3 hours later,
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which shows the product surface resistance to solid flow. The border presents no resistance to
water flow.

(L LT
g

(©)

Figure 12. Distribution of solids in osmotic dehydration in concentrations of 26.5% NaCl and
50 <C, at time t: (a) 0.3600 x 10*s; (b) 0.1080 x 10° s; (c) 0.2520 <10 s.

By comparing Figs. 11(a) and 12(a), one can find the expected result: the concentration of
NaCl as having influenced the incorporation of solids. In other words the higher the
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concentration, the faster is the incorporation of solids. The same can be observed of Figs. 11(b)
and 12(b). In the simulation of various processes of osmotic dehydration, shrinkage cannot be
neglected. By considering shrinkage, one cannot fail to admit the variation of effective
diffusivity (Silva et al., 2014). In this case, the numerical solution developed in this work can
be used to approach this question. Additionally, the parameter values obtained may be used as
initial values for the optimization process.

4. Conclusions

The osmotic dehydration process of green beans has been studied by using a diffusion model. A
numerical solution to the diffusion equation in cylindrical coordinates has been proposed. By
analyzing the results obtained via numerical solution, it has been concluded that the model used
is suitable for the description of the problem. This model has allowed us to conclude that the
product surface exerts a resistance to the flow of solids, but it offers no resistance to water flow.
It has also been observed that the coefficient of convective mass transfer (water) presented
higher values. Consequently, a boundary condition of the first kind may be considered.
Regarding solid gains, the coefficient of convective mass transfer (solids) presented resistance
to the incorporation of solids. As a result, boundary condition of the third kind is most suitable,
and thus the proposed model presents an advantage over those found in the literature. It has
been observed a decrease in the effective diffusivity of water by increasing its concentration,
which reveals that salt impregnation in the product caused resistance to water flow. This
phenomenon has also been observed by other researchers. A better approach to this problem
includes the introduction of product shrinkage and the variation of parameters to the model
described in this article. Therefore, further studies are needed considering this type of
modeling.
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