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RESUMQO

A soja é uma das principais lavouras mundiais e@agem desempenha importante papel na
manutencéo da qualidade dos gréos. O presente @$twe como objetivo avaliar diferentes
modelos existentes quanto a capacidade de previsidlifusividade efetiva da soja,
parametro este importante nos estudos da operdgélizou-se 0 método das tangentes para
a determinacdo da difusividade efetiva, a partir segunda Lei de Fick, desprezando
encolhimento e a resisténcia externa a transfegéde massa. O parametro foi analisado
como sendo dependente tanto da temperatura comteatode umidade. A correlacdo
proposta por Dotto et al. (2018) foi a que apresenimenor erro médio (0,048%) para a
consideracéo de uma difusividade efetiva médiaaRaconsideracdo de uma difusividade
efetiva pontual, uma modificacdo a esse modelprfiposta, resultando em um erro maximo
de 2,6%.




NOMENCLATURE

Deft Effective moisture diffusivity, mz%s

Fo Fourier number, dimensionless

MR Moisture ratio, dimensionless

n Term of the series, dimensionless

R Particle radius, [m]

R Coefficient of determination, dimensionless

r Radial coordinate, [m]

Ry Universal gas constant, [kJ/mol K]

RH Relative humidity, dimensionless

T Air drying temperature, [°C]

t Time, [s]

X Moisture content at any time, [kg@/ kg dry mass]
Xo Initial moisture content, [kg ¥/ kg dry mass]

Xe Equilibrium moisture content, [kgJ@/ kg dry mass]
Was Dry solid weight, [kg]

Ws Sample weight at any time, [kg]

1. INTRODUCTION

SoybeanGlycine max.. Merril) is a shrub of the legume

family, domesticated by the Chinese, around 5,084rs ago.
Alongside rice, corn and wheat it is one of them@bps on the
planet and Brazil is among the largest world preds¢Hasse,
1996; USDA, 2020). In 2019, the second largest iBaaiz
soybean production in the historical series of ®omweas
consolidated, with an estimated production of 3tdds per
hectare and an increase of 1.8% in the planted (&/®&AB,

2019).

In order to avoid microbial contamination or petsaek,
early soy harvesting is recommended (Ribeiro et 2005),
which can lead to grains with high moisture coniargtorage.
Thus, the control of the moisture content and ¢émeperature of
the soybean during grain storage are of fundamentairtance
to avoid physical-chemical and microbiological detetion, in

(Touil et al., 2014; Dotto et al., 2018).

This work aimed to evaluate the dependence of tffec
diffusivity with temperature and moisture contentaddition to
the predictive capacity of different models for tisame
parameter.

2. MATERIALS AND METHODS

The soybeans used in this study was provided by
COAMO Agoindustrial Cooperativa (Parana - Bra#ilpm the
2015, 2016 and 2017 harvest.

In order to obtain a standard distribution, theérgavere
characterized in a sample space of 30 units. Thesiqdl
dimensions were obtained through digital image @ssmng,
using the ImageJ software, developed\ational Institutes of
Health The particles were approximated to an ellipsaitialpe,
as shown in Figure 1, with dimensions named as andc
(Guedes et al., 2011).

yi

Figure 1 - Schematic of the approximate geometry fo
soybeans.

Thirteen drying experiments were conducted in oapd,
at different conditions of air temperature (fromt8®3 °C) and
air speed (from 0.1 to 1.1 m')s Before each experiment, the
necessary operating conditions were establishetthendryer
equipment and the stationary regime was awaiteé. fotal
weight of the grains in the dryer was measurednguthe
process, for a period of 5 hours.

The moisture content of the samples was determined
using the methodology proposed by MAPA (2009), byird)
in an oven at 105 °C, until constant weight and walsulated
by Equation 1.

WS ~ \/\/dS
Wes

X = 1)

addition to guaranteeing the quality of the produgiherex is the moisture content at any time, [kgQA kg dry

(Krzyzanowski et al., 2008; Mohler, 2010; Moreitak, 2015).

Several works have been developed in order to iborér
with information about the drying step in the saypduction
process, analyzing the balance isotherms, theriiffakidity,
thin layer drying, among others (Wiriyaumpaiwongkt 2003;
Barrozo et al., 2006; Oro et al., 2010; Cruz et2dl11; Lorensi
& Moreira, 2011; Moreira et al., 2015).

mass]Ws is the sample weight at any time, [kg], affg is the
dry solid weight, [kg dry mass].

Due to the time set for the experiments, not alekics
reached equilibrium. Thus, the Modified Halsey BEmra
(Osborn et al.,, 1989) was used to determine thdiledum
moisture content. The Equation 2 with the empirmaistants
for soybeans, determined by Finkler and Moreiral(®is as

Effective diffusivity is a coefficient capable offollows:

describing the speed with which water is removeamnfra
material. This parameter groups all the phenomewalved in
the mass transfer of the water from the material(s, 1921).

Understanding the phenomena that happen during
process is fundamental in the development and dgation of
equipment. The usual relationship of diffusivity thvithe
Arrhenius-type equation is not satisfactory in sevenaterials

X

_ [exp(— 0.0124T + 3_228ﬁJ%.4522 o

° ~In(RH)

the . _ .
whereXe is the equilibrium moisture content, [kg®¥ kg dry
mass], T is the temperature, [°C], and RH is the relative

humidity of the drying air, dimensionless.
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The effective diffusivity was calculated with thel@af Equation 7 (Crank, 1975):
the slope method, based on the diffusive modelak'$-second
Law of diffusion, for spherical coordinates, in@npstationary — X-X, _ 6 & | 1 ~(n BT)2 (D, [
state, negligible external mass transfer resistantR = X - X —le R @)
(Barrozo et al., 2006) and negligible shrinkage saswn in 0

n=1

Equation 3. whereMR is the moisture ratio, dimensionless, n the tefth®
0X Dyl o ,0X series, dimensionless.

—_— e —_— r —_ 3

ot r [ar( or H ®) From the above, the effective diffusivity can be

determined by the following Equation 8:
wheret is time, [s],r is the radial coordinate, [m], afids is the

effective diffusivity, [ s°1]. (dW{/ dt)

, , Dy = | —— |[R? (8)
A uniform moisture content was assumed as an linitia " (dm/ dFo)

condition, as seen in Equation 4. Due to the gdargeometry,

a symmetry boundary condition was defined, accordin —
Equation 5. Finally, the second boundary conditicess the | dMR =—6Ei{exp[—(n[ﬂ)2 EFOJ} ©)
neglect of external resistance (Barrozo et al.620485 explained { dFo oo e

in Equation 6.

theo

where Fo is the Fourier number, dimensionless, given by

X(r,.0)=X, (4)  Equation 10.

oX D, [

—(@Ot)=0 5 Fo=—2 10
5 O (5) Fo=—% (10)
X(Rt= X (6) Effective diffusivity models available in the litgure,

shown in Table 1, and proposed in this study weljested to
whereXo is the initial moisture content, [kg2B/ kg dry mass], the experimental values. The parameters of eacheimeere

andRis the particle radius, [m]. adjusted using the Levenberg—Marquardt optimizatiathod.
The formulation solution is represented by thediwihg é‘gtﬁifmat'on was performed using the Scilatoftware and
Table 1 — Models of effective diffusivity.
Model Model equation
Arrhenius-type equation (12)
Chemkhi & Zagrouba, 200= (12)
Azzouz et al., 2002 (13)
Touil et al., 2014 D,y (T, X) = a+ bOX+ cIT+ dIX+ &7+ B X (14)
Barrozo et al., 2006 De%z (T.X)= aBaxp('E%g U) Cexy bOX) (15)
Dotto et al., 2018 In (1D, ) = (& 7% + a) WP +( H™ + B)OW( @I + 4 (16)
3. RESULTS AND DISCUSSION temperatures. They corroborate literature studieshfe grain,

highlighting the high temperature dependence inplozess
(Genaro et al., 2017; Bortolaia, 2011; Méhler, 2010

In all experimental condition®err was estimated using
slope method, for each time interval. Usudl, effective
diffusivity was treated as constant during the wigyoperation,
being dependent solely on temperature (Steffe argh$1982).
Figure 3 shows the relationship between the effediffusivity
and the moisture ratio, for 2 different temperauré is
observed an effect provided by both the temperaame the
3.2 Effect of temperature and moisture content variation of moisture content.

3.1 Soybeans characteristics

The analyzed soybeans showed an average diametetrhgf
6.572 mm and an average sphericity of 0.89. Theiesl
corroborate studies found in the literature (Guestes., 2011,
Bortolotti, 2012). The average initial moisture temt, on a dry
basis, was 18.41%, a value close to the moistuneenbunder
different harvest conditions (Tsukahara et al., 801

Figure 2 shows some drying kinetics obtained &¢diht
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Figure 2 - Moisture ratio curves as a function ofitme for
drying parameterized at temperature.
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Figure 3 - Influence of moisture content on the effctive
diffusivity.

Due to the disparity of order of magnitude, theeffof
humidity is more evident for the condition of 30 #Cthe
diffusivity was normalized by its average value,sh®wn in
Figure 4.
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Six different models proposed in the literature aver
adjusted to the experimental effective diffusivigta obtained.
Such adjustment had been carried out in two differeays:
considering the value as constant in the proceaging an
average temperature and moisture content and @irgithese
values as variables throughout the process. Theelnaate
shown in Table 1.

3.3 Analysis of average effective diffusivity

The first model studied was the Arrhenius-type ¢igua
Was the commonly used in the literature (Steffe &mh,
1982; Babalis and Belessiotis, 2004; Kaya et &062. The
equation, however, showed a low correlation, eVeugh it
described the data trend, as shown in Figure 5.
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Figure 5 — Arrhenius-type equation fitting for the average
experimental data of each drying.

From the model, the activation energy for soybezams
be estimated at approximately 27.77 kJtélitic and Viollaz
(1984), when studying the drying of soybeans ihia tayer,
obtained an activation energy of 28.80 kJ falorroborating
the present work. The use of equations of this tgpds up
neglecting the effects of humidity, seen in thighvim Figures
3 and 4 as well as by other authors such as Toall €014).

Chemkhi and Zagrouba (2005) found that, for clay
materials, the effective diffusivity has a more niiigant
relationship with the moisture content than withe th
temperature. The authors proposed a model than atigisted
to the data obtained in this study, reached a uhetion
coefficient (R?) of 0.5076 and an average errd2@B0%.

Table 2 — Mean percentage error of models fitting.

Mean error / %

Punctual data Average data

04 +——

Figure 4 - Effective diffusivity normalized as a function of

0,4
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moisture ratio for two different temperatures.

Arrhenius-type equation 29.36 21.66
Chemkhi & Zagrouba, 2005 38.83 20.30
Azzouz et al., 2002 28.14 20.90
Touil et al., 2014 25.07 07.10
Barrozo et al., 2006 35.84 26.20
Dotto et al., 2018 00.94 00.05
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The models analyzed with dependence on only one
representation bé tmodification to the equation of Dotto et al. (209&)s proposed,

variable did not provide a good
experimental data. Different works in the literatustudied
models dependent on temperature and moisture dostern as
Azzouz et al. (2002), Barrozo et al. (2006), Taitikl. (2014)
and Dotto et al. (2018). The values for the mearmtqrgage
errors for the equations developed by these auti@ershown
in Table 2, in the column “Average”.

It is observed that, in general, all models thatsider
moisture content and temperature showed lower geezarors
than those that depend on only one of these. Artfeghodels,
Dotto et al. (2018) presented a better fitting, viding an
average deviation of 0.048%, as shown in FigureTlge
parameters obtained weee = 1.213x16° K%, a; = 4.400,
as=12.81,b; = -2.420x1¢ K, b, = 1.222,bs = 0.1371,
c1= - 8.261x162 K1, ¢, = 8.261 and; = 31.65.

o
25 |
g @969
E ®
g s°
=
Q 24 ¢
4 §el
= o
Kl
I e e T e
23 24 25

In (1/ Deff)experimental

Figure 6 - Correlation between experimental and
calculated Do values by Dotto model for average values.

However, since the drying process is defined by th

decrease in the moisture content of the materidl as already
defined, the effective diffusivity depends on thigriable, a
more precise analysis must take into account iisevat every
moment, and not only at a midpoint.

3.4 Analysis of punctual effective diffusivity

The models already presented in Table 1 were the

adjusted to the diffusivity values obtained forleéime interval
of each drying. The mean percentage errors obtdredach
equation are shown in Table 2, in the “Punctualuom. As
with the average diffusivity, models dependent oothb
temperature and moisture content proved to be miffeetive.
Among them, the model by Dotto et al. (2018) agdiowed
less deviation.

To improve the predictive capacity of the models, a

according to Equation 12.
In(1/Dy ) =(a I°+ &) OX?+( QO+ B) Ox+( eIT+ ¢

When changing the moisture rate to moisture conteat
equation showed a reduction in the average pergermaor, as
shown in Table 3.

7)

proposed modeitting.
Mean error / %

Table 3 — Mean percentage error of

Punctual data Average data

Modified Dotto 0.880 0.147

The parameters obtained for Equation 17 were
a1 =7.111x16° K1, a=-974.5 b = -2.040x16° K7,
by =277.1,c:=1.882x1@ K'* andc, = 0.7633.

3.5 Comparison between analyzes

In order to assess the impact of the punctual aiglthe
Dotto models with the parameters adjusted for aeera
diffusivity (topic 3.3) and the modified Dotto fgsunctual
diffusivity (topic 3.4) were used to estimate ttaues of each
instant of a drying. Figure 7 and Figure 8 shovesdbrrelation
between the predicted data and the experimental fdatboth
models.
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Figure 7 - Correlation between experimental and
calculated punctual Do values by Dotto modified model
with parameters obtained from punctual analysis.

In general, the mean error values obtained were

significantly higher compared to the consideratidraverage
diffusivities. Such behavior was expected, sineedignificant

It is observed that when using the model adjustetie
average data the errors increase significantly.l&\thie errors

increase in the number of data used. While adjgstia average did not exceed 2.6% using the point data modeluteeof the

diffusivity, 20 values were used, while adjustihg point data,
a total of 320 points were used. This is an impun@int to pay
attention to in the works that deal with predictioineffective
diffusivity.

average data model showed errors in the range26te619%.
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