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Carthamus tinctorius L. Agricultural products usually have their size reduced during the drying process. The
volume quantification of the reduction in the dimensions is important for the development and
water content optimization of equipment for the post-harvest of the product. The aim of the present study

was to evaluate the effect of the variation in the moisture content during drying on the
volumetric shrinkage of safflower grains and their respective axes. Safflower grains were
harvested with an initial moisture content of approximately 0.445 decimal d.b. (dry basis)
and subjected to drying in an oven with forced air circulation at 40 °C, until the grains
reached a final moisture content of 0.073 + 0.008 decimal d.b. During drying, the contraction
of the axes, unit volumetric shrinkage and volumetric shrinkage of the mass of safflower
grains were determined at different moisture contents. Based on these results, it can be
concluded that reducing the moisture content causes a reduction in the axes of safflower
grains and, consequently, reductions in the unit volumetric shrinkage and volumetric
shrinkage of the mass of approximately 16 and 13%, respectively, and both variables can
be represented by the linear shrinkage model.

Palavras-chave: Propriedades fisicas dos graos de cartamo.
Carthamus tinctorius L. o e
Parte II: Contragao volumétrica

volume

teor de d4gua
RESUMO

Normalmente, os produtos agricolas tém suas dimensdes reduzidas durante o processo de
secagem. A quantificacdo da reducdo dessas dimensdes ¢ importante para o desenvolvimento
e otimiza¢do de equipamentos destinados a pds-colheita do produto. Em virtude disto,
objetivou-se, com o presente trabalho, avaliar o efeito da variagdo do teor de d4gua durante
a secagem sobre a contragio volumétrica dos graos de cartamo e de seus respectivos eixos.
Foram utilizados graos de cartamo colhidos com teor de dgua inicial de aproximadamente
0,445 decimal b.s. (base seca) e submetidos a secagem em estufa com circulagio forcada
de ar, na temperatura de 40 °C, até os grdos atingirem o teor de 4gua final de 0,073 + 0,008
decimal b.s. Durante a secagem, os indices de contragao dos eixos e contra¢do volumétrica
unitdria e da massa de grdos de cartamo foram determinados em diferentes teores de
agua. Com base nos resultados obtidos pode-se concluir que a redugdo do teor de agua
causa redugio dos eixos dos graos de cartamo; consequentemente, a reducio dos valores
do indice de contracdo volumétrica da massa e unitaria de aproximadamente 16 e 13%,
respectivamente, em que ambas as varidveis podem ser representadas pelo modelo de
contracio linear.
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INTRODUCTION

Among the oilseed crops currently exploited in the world,
safflower (Carthamus tinctorius L.) has become increasingly
prominent because, besides showing great potential as raw
material for biodiesel production due to its high oil content (20
to 45%), it has various uses in the industry, such as medicinal
purposes, human consumption and animal feed (Ekin, 2005;
Cosge et al., 2007; Emongor, 2010).

Despite this relevance, various points in the production
chain of the crop require further studies. Safflower, as most
crops, also needs to undergo the drying process after harvest,
because of the necessity to reduce its moisture content
for a safer and more effective storage. However, reducing
moisture content in an agricultural product affects its physical
properties, altering its mass, dimensions and, consequently, its
volume. Hence, it leads to important considerations, as in the
elaboration of projects of equipment intended especially for
the post-harvest of the product.

The reduction in the characteristic dimensions of grains
and seeds is called volumetric shrinkage, and the reduction in
their moisture content through the drying process is the main
cause of this effect. Volumetric shrinkage is rarely insignificant
during the dehydration process (Kog et al., 2008) and the
volume is normally the physical characteristic that most suffers
during the drying process.

The shrinkage or contraction of the agricultural products
during drying is evaluated, in general, through the volumetric
shrinkage, which determines the ratio between the volume and
the initial volume for certain moisture contents of the grain
or seed. The analysis of this variable is very important during
the drying process, because it allows to estimate the variation
of the volume occupied by the mass of grains, as the moisture
content reduces (Siqueira et al., 2012a).

In this context, the present study aimed to evaluate
the contraction of the axes, unit volumetric shrinkage and
volumetric shrinkage of the mass of safflower grains during
drying.

MATERIAL AND METHODS

The present study was carried out at the Laboratory of
Pre-Processing and Storage of Agricultural Products, of the
Faculty of Agrarian Sciences - FCA, belonging to the Federal
University of Grande Dourados - UFGD, in the municipality
of Dourados, MS, Brazil, from August to September 2013.

Safflower grains cultivated at the UFGD Experimental
Farm were used in the experiment. The safflower capitula
were manually harvested, selecting only those that had already
reached maturation. Threshing was manually performed,
followed by a new selection, removing all defective grains to
avoid any type of undesirable influence that might interfere
with the research results.

After threshing, the safflower grains were placed in low-
density plastic packages and stored in B.O.D chambers at
temperature of 3.5 °C, to avoid water exchange in the form of
vapor between the product and the external environment, in
order to maintain and homogenize the moisture content of
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the product. The safflower grains showed an initial moisture
content of approximately 0.445 decimal d.b. (dry basis).

The safflower grains were dried in a forced-air oven at the
temperature of 40 °C, with the single purpose of reducing their
moisture content. The reduction of moisture content for the
mass shrinkage determination was monitored using a scale with
0.01-g resolution, while the determinations of contraction of the
axes and unit volumetric shrinkage were monitored using a scale
with 0.001-g resolution, through the gravimetric method (mass
loss), until the grains reached the final moisture content of 0.073
+ 0.008 decimal d.b. The initial and final moisture contents of
safflower grains were determined by the gravimetric method in
an oven at 105 + 1 °C, for 24 h, in two replicates (Brasil, 2009).

The unit volumetric shrinkage and contraction of the axes
were determined by randomly selecting 18 safflower grains,
which were individually dried. For each moisture content
sampled during the drying process, a digital caliper with
resolution of 0.01 mm was used to measure the perpendicular
diameters of the product (Figure 1), length (a), width (b) and
thickness (c), all in mm.

The volume of each grain, along the drying process, was
determined using Eq. 1, proposed by Jain & Bal (1997),
considering the form of the product as a conical-spherical body.

nD%a’
Ve = 6(2a-D) W
D=(bxc)” (2)

where:
V, - volume of the grain, mm?; and,
D - geometric mean between the measurements “b” and

« »

¢” of the product, mm.

The contraction of the axes of safflower grains (length -
a; width - b; and thickness - ¢) was calculated by the ratio
between the dimension of the axis at certain instant and its
initial dimension, using Eq. 3.

X
VY, =— (3)
XO
where:
Yy - contraction of the studied axis, dimensionless;
X - dimension of the axis at a certain instant, mm; and,

X, - initial dimension of the axis, mm.

The unit volumetric shrinkage and volumetric shrinkage
of the mass of saftlower grains were determined by calculating

a a

c

Figure 1. Representation of the perpendicular diameters
of the safflower grains
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the ratio between the volume of the product at a certain instant
and its initial volume (Eq. 4), along the drying process.

Y= v (4)
VO
where:
Y - volumetric shrinkage, dimensionless;
V - volume (of the mass or grain) at a certain instant,
mm?; and,
V, - initial volume (of the mass or grain), mm’.

The reduction in the volume of the mass was monitored
based on an initial volume of 500 cm? (500 mL) of safflower
grains. There was a reduction of this volume along the drying
process, the mass of grains was transferred to a 500-cm’
graduated cylinder and the volume was recorded for different
moisture contents during drying. For each moisture content,
the volume of the mass in the 500-cm® graduated cylinder was
measured six times and its value resulted from the mean of
these six measurements.

Mathematical models (Table 1) were fitted to the
experimental data of volumetric shrinkage of the mass and
unit volumetric shrinkage of the safflower grains.

Table 1. Mathematical models used to represent the unit
volumetric shrinkage and volumetric shrinkage of the mass
of safflower grains as a function of the moisture content

Designation of the model Model
Modified Bala & Woods (1984) w =1-a{1 —exp[-b(Uo-U)I} (5)
Corréa et al. (2004) W =1/[a+bexp(U)] (6)
Exponential W =aexp(bU) (7)
Linear W=a+bl (8)
Polynomial W=a+bU+cU? (9)
Rahman (1995) W =1+ pU=Uy) (10)

where:
U - moisture content of the product, decimal d.b.;
U, -initial moisture content of the product, decimal d.b.;

a, b, ¢ - parameters that depend on the product,
dimensionless; and,
B - volumetric shrinkage coefficient, dimensionless.

The experimental data relative to the axes of safflower grains
were subjected to linear regression analysis. The regression
models were fitted using the computer program SigmaPlot
11.0, based on the selection criteria of significance level of the
model by F test and coefficient of determination (R?).

The experimental data relative to the unit volumetric
shrinkage and volumetric shrinkage of the mass were subjected
to nonlinear and linear regression analyses, through the Gauss-
Newton method. The mathematical models were fitted to the
experimental data using the computer program Statistica 8.0.

The models to represent the volumetric shrinkage were
selected considering the highest magnitudes of the coeflicient
of determination (R?) and reduced values of the mean relative
error (P) and standard deviations of the estimate (SE). The
values of the mean relative error (P, in %) and standard
deviation of the mean (SE, decimal) were calculated according
to Egs. 11 and 12:
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P=— (11)
n o Y
(12)
where:
n - number of experimental observations;
Y - experimental value;
Y - value estimated by the model; and,

DF - degrees of freedom of the model.

RESULTS AND DISCUSSION

A typical behavior of the agricultural products is the
reduction of volume during the drying process (Figure 2A),
which has been observed by many researchers in a series
of crops, such as pistachio, castor bean, rice, jatropha and
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Figure 2. Volume (A) and contraction of the axes (B) of
safflower grains during drying



peanut (Razavi et al., 2007; Goneli et al., 2008; Kibar et al.,
2010; Siqueira et al., 2012b; Aragjo et al., 2014). Commonly,
this fact is related to the more or less intense reduction of the
parameters relative to the size of the product, more specifically
of its perpendicular axes, referring to its length, width and
thickness, as already confirmed by Botelho et al. (2016), for
example, in coffee fruits.

According to the shrinkage of the characteristic dimensions
of safflower grains (Figure 2B), the width (b) and thickness (c)
contracted, in the same proportion, by approximately 5.0%, in
relation to their respective initial values, while the length (a)
contracted by approximately 2.0%, less than half of the other
dimensions, for a moisture content range from 0.44 to 0.06
decimal d.b.

Seifi et al. (2010), in a study with safflower grains, also
found that the product dimension with lowest reduction was
the length. The lower shrinkage of length, compared with
width and thickness, for safflower grains, can be attributed to
the direction of the fibers in the tegument of these grains, as
can be observed in Figure 1, thus offering greater resistance to
the shrinkage of this dimension of the product.

Aratjo et al. (2014), evaluating the shrinkage of the
characteristic dimensions of peanut grains, observed a similar
behavior to that of the present study, in which one of the
dimensions reduced more than the others. However, in the
peanut grains, the thickness was the dimension that reduced
more sharply, while length and width reduced in the same
proportion.

The shrinkages of the orthogonal axes of agricultural
products normally exhibit a slight non-uniformity during the
drying process, a fact observed in other products, such as castor
bean fruits (Goneli et al., 2011), cucurbit seeds (Milani et al.,
2007) and sugarbeet seeds (Dursun et al., 2007).

All models used to predict the volumetric shrinkage
of the mass of safflower grains showed high coefficients
of determination (R?) (Table 2), besides reduced values of
standard deviation of the estimate (SE); the lower the values
of this statistical parameter, the better the quality of the model
fit in relation to the observed data. According to Mohapatra &
Rao (2005), models with mean relative errors (P) lower than
10% are adequate to represent the process in question. Thus,
all analyzed models can represent the volumetric shrinkage of
the mass of safflower grains during drying (Table 2).

Among the six analyzed models to represent the volumetric
shrinkage of the mass of safflower grains during drying, the
models linear, polynomial and Rahman (1995) stood out with
high magnitudes of R? and reduced values of SE and P, and the
linear model was selected because of its simplicity (Figure 3A).
Resende et al. (2005) and Oliveira et al. (2013) also used the

353

A.
Ym=0.8257+0.3917U (R*>=0.9603)
1.00 ~
0.98 ~
0.96 -
% 0.94
=
2 0.92 A
5
£ 0.90 -
2
g |
- 0.88 R
0.86 - Observed values
—— Estimated values
0.84 ~ A
0.82 T T T T |
0.5 0.4 0.3 0.2 0.1 0.0
Moisture content (decimal d.b.)
B.
Yy =0.8566 +0.3243 U (R*=0.9781)
1.00
0.98 -
~ 0.96 1
8
£ 094
5
g J
;é 0.92
=
B 0.90 A
A Observed values
088 A —— Estimated values
AN
0.86 T T T T ]
0.5 0.4 0.3 0.2 0.1 0.0

Moisture content (decimal d.b.)
Figure 3. Observed and estimated values for the volumetric
shrinkage of the mass (A) and unit volumetric shrinkage
(B) of safflower grains during drying

linear model to represent the shrinkage of the mass of bean
and soybean grains, respectively.

As observed in Figure 3A, the mass of safflower grains
contracted by approximately 16%, in relation to its initial
volume, for a reduction in the moisture content from 0.45 to
0.08 decimal d.b.

Still in Table 2, for the unit volumetric shrinkage, all
models showed reduced values of standard deviation of the
estimate (SE) and mean relative errors (P) lower than 10%,
emphasizing that these models can represent the studied
process and, in addition, all models showed high coefficients
of determination (R?).

Table 2. Statistical parameters for the models of volumetric shrinkage of safflower grains

Volumetric shrinkage of the mass Unit volumetric shrinkage
Designation of the Model SE P R? SE P R?
(decimal) (%) (decimal) (decimal) (%) (decimal)
Modified Bala & Woods (1984) 0.0109 0.8056 0.9597 0.0066 0.5080 0.9776
Corréa et al. (2004) 0.0143 1.0188 0.9301 0.0085 0.5771 0.9628
Exponential 0.0115 0.8959 0.9547 0.0068 0.5115 0.9762
Linear 0.0108 0.8570 0.9603 0.0065 0.5127 0.9781
Polynomial 0.0101 0.7610 0.9652 0.0071 0.5131 0.9743
Rahman (1995) 0.0099 0.8056 0.9665 0.0060 0.5080 0.9813
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Based on the statistical parameters presented in Table 2,
among the six analyzed models to estimate the unit volumetric
shrinkage of safflower grains, the models Modified Bala
& Woods (1984), linear and Rahman (1995) stood out for
showing high magnitudes of R* and reduced values of SE and
P. Among these three, the linear model was selected because of
its simplicity to represent the unit shrinkage of safflower grains
during the drying process. Afonso Junior & Corréa (2000)
also used the Linear model to estimate the values of the unit
volumetric shrinkage for two popcorn varieties.

The saftlower grains contracted by approximately 13%, in
relation to their initial volume, due to the reduction in moisture
content from 0.44 to 0.06 decimal d.b. (Figure 3B). The unit
shrinkage was slightly inferior to the shrinkage of the mass of
safflower grains. This fact can be explained by the fact that the grains
accommodate in the mass, so that there are fewer empty spaces
between the grains, since they reduce their size during drying.

CONCLUSIONS

1. The removal of water during drying favors the reduction in
the characteristic dimensions of the product (length, width and
thickness), and length is the dimension with lowest contraction.

2. The reduction of moisture content influences the
volumetric shrinkage of the mass and unit volumetric shrinkage
of safflower grains, causing reductions of approximately 16 and
13%, respectively, and both variables can be represented by the
linear shrinkage model.
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