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Mathematical modeling of dehydration of ‘Fuji’ and ‘Gala’ apples slices using infrared

Modelagem matemdtica da desidratagdo de fatias de maga Fuji’ e ‘Gala’ por infravermelho

Emilio de Souza SANTOS™, Paulo Cesar CORREA!, Fernanda Machado BAPTESTINT,
Fernando Mendes BOTELHO!, Felipe Elia de Almeida MAGALHAES!

Abstract
The objective of this work was to determine and model the infrared dehydration curves of apple slices - Fuji and Gala varieties. The slices

were dehydrated until constant mass, in a prototype dryer with infrared heating source. The applied temperatures ranged from 50 to 100 °C.

Due to the physical characteristics of the product, the dehydration curve was divided in two periods, constant and falling, separated by the
critical moisture content. A linear model was used to describe the constant dehydration period. Empirical models traditionally used to model
the drying behavior of agricultural products were fitted to the experimental data of the falling dehydration period. Critical moisture contents
of 2.811 and 3.103 kg kg ' were observed for the Fuji and Gala varieties, respectively. Based on the results, it was concluded that the constant
dehydration rates presented a direct relationship with the temperature; thus, it was possible to fit a model that describes the moisture content
variation in function of time and temperature. Among the tested models, which describe the falling dehydration period, the model proposed
by Midilli presented the best fit for all studied conditions.
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Resumo

O presente trabalho foi realizado com o objetivo de determinar e modelar as curvas de desidratagdo por infravermelho de fatias de maga
das cultivares Fuji e Gala. As fatias foram desidratadas até atingir massa constante, em um secador protdtipo com fonte de aquecimento
por infravermelho, utilizando-se uma faixa de temperatura de 50 a 100 °C. Devido as caracteristicas fisicas do produto, a desidrata¢ao foi
dividida em dois periodos, constante e decrescente, separados por um teor de dgua critico. Para a modelagem do periodo de desidratagao
constante, utilizou-se um modelo linear. Aos dados experimentais do periodo decrescente de desidratagao, foram ajustados modelos empiricos
tradicionalmente utilizados para modelagem do processo de secagem de produtos agricolas. Foi obtido um teor de agua critico de 2,811 e
3,103 kgw kgs™ para as cultivares Fuji e Gala, respectivamente. Pelos resultados obtidos, concluiu-se que a taxa de desidratagdo constante
apresentou uma relagao direta com a temperatura, possibilitando ajustar um modelo que descreve a variagao do teor de 4gua em fungio do
tempo e da temperatura. Dentre os modelos utilizados para descrever o periodo decrescente de desidratacio, o proposto por Midilli foi o

que melhor se ajustou aos dados experimentais, para todas as condigoes estudadas.
Palavras-chave: Malus domestica; periodo constante; periodo decrescente; teor de dgua critico; Midilli.

1 Introduction

Apple, like the majority of fruits and vegetables, has a
limited shelf life depending on the environmental conditions
where it is exposed or stored. Due to its seasonal production,
apple needs to be stored in order to regulate the offer during
the whole year. Storage under refrigeration and controlled
atmosphere is the most common method to preserve quality
and minimize post-harvest losses (BRACKMANN et al., 2003).

Another alternative technically and economically viable
to store apple for a long period of time is dehydration. The
decrease of the moisture content of the product reduces the
biological and chemical activities that occur during storage
(CORREA et al., 2007). New potential methods to dehydrate
biological products, which are more efficient energetically and
also provide a high quality of finished products, like the use
of microwave and infrared, have been investigated by several
researchers (UMESH HEBBAR; RASTOGI, 2001; NOWAK;
LEWICKI, 2004; TOGRUL, 2005; SWASDISEVI et al., 2009).

Infrared heating offers many advantages over convective
dehydration systems under similar conditions. Shorter time
process, higher energy efficiency, and compact and automated
equipment with high degree of control (NOWAK; LEWICKI,
2004) are some of the advantages. When infrared radiation is
used to heat or dehydrate moist materials, the radiation impinges
the exposed material, penetrates it and the energy of radiation is
converted into heat (UMESH HEBBAR; RASTOGI, 2001). The
penetration depth depends on the product properties and on the
radiation wavelength. When biological products are radiated by
infrared, they are heated intensely and the temperature gradient
in the material reduces in a short time (TOGRUL, 2005). As a
result, infrared dehydration presents a high heat transfer rate
when compared to conventional systems and a uniform heating
of the product, providing high quality of finished products.

In studies of new technologies and systems of dehydration,
the process simulation is important to the development,
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optimization, design and determination of the commercial
viability for the new equipment. For this reason, several
mathematical models have been proposed to analyze the
dehydration process of hygroscopic products.

Basically, there are two types of models: theoretical models
that are based on the understanding on the fundamental
phenomena and mechanisms; and the empirical models that are
based on the mathematical behavior of experimental data. The
empiric models, although not based on theories, are generally
simpler and easier to apply (BROOKER et al., 1992).

However, the traditional empirical models proposed to
be fitted to dehydration processes only represent the falling
dehydration period, due to the mathematical behavior of these
models. Hygroscopic products, which have high moisture content,
behave as if a thin water layer covers the product surface. When
these products are dried at constant air conditions, the water layer
evaporates at a constant rate, and water is immediately replaced by
the product (BROOKER etal., 1992). This phenomenon happens
because the internal resistance to the water transport is less than
the resistance to evaporate the surface water (CORREA et al.,
2007). The period in which the internal resistance starts to
become higher than the external resistance is known as constant
dehydration period. The moisture content which is the transition
between the constant and the falling dehydration periods is called
critical moisture content.

This work was carried out considering the necessity to
acquire technical information that could aid producers and
engineers to perform the suitable processing of apple and the
development of new technologies for this purpose. It aimed to
study the infrared dehydration process of apple slices of Fuji and
Gala varieties and to model the dehydration curves during the
constant and the falling rate periods.

2 Materials and methods

This work carried out at the Physical Properties and Quality
Analysis of Agricultural Products — National Center for Storage
Training (CENTREINAR), at the Federal University of Vi¢osa,
State of Minas Gerais, Brazil.

Fresh ‘Fuji’ and ‘Gala’ apples, with initial average moisture
content of 5.967 and 7.064 kg kg ' (kg of water per kg of dry

solids), respectively, were purchased at local markets and stored
in a BOD chamber under controlled temperature (+5 + 1 °C).
Samples were sliced in their transverse axes with approximate
thickness of 1.2 mm.

The samples were dehydrated under the temperatures of
50, 60, 70, 80, 90 and 100 °C using an infrared prototype dryer
which is equipped with a 0.001 g resolution coupled scale and
an automatic data acquisition system. The heat source transmits
infrared radiation in wavelengths between 0.75 and 1 um. The
distance between the radiation source and the apple slices was
fixed in 60 mm. The dryer was previously warmed, and the
samples were dehydrated until the mass variation reached a
lower than 0.002 g value.

The critical moisture content was estimated through the
method of tangent at origin, described by Derdour (1998 apud
DISSA etal.,, 2010). This method consists in plotting the constant
rate and the tangent at the origin of the curve representing the
dehydrate rate according to the product moisture content. The
critical point can be seen at the point of intersection between
the two lines. Due to the complexity of the curve and the lack of
an analytic method to determine the critical moisture content,
the method was performed graphically, considering the constant
rate as an average value of the curve last quartile.

Moisture content variation during the constant dehydration
period was linearly described in function of time, assuming
a mean initial moisture content, showed by Equation 1. The
constant dehydration rate, for each variety and temperature,
was obtained fitting Equation 1 to the experimental data using
the least squares method:

U,=To-ct M

where: U, is the moisture content at time, kg, kg’; U, is the
mean initial moisture content, kg kg s t is the dehydration
time, min.; and c is the constant dehydration rate, kg kg "'/min.

Mathematical models (Table 1) traditionally used to
describe the dehydration kinetic in a thin layer of biological
products were fitted to the curves of the falling dehydration

Table 1. Mathematical models used to describe the dehydration kinetic in a thin layer of biological product.

Name Model equation References Equations

Diffusion approach RU=a exp(-kt)+(1 -a) exp(-kb t) Yaldiz and Ertekin (2001) 2)
Henderson and Pabis RU = a exp(-kt) Westerman et al. (1973) 3)
Logarithmic RU=a exp(-kt)+b Yagcioglu et al. (1999) (4)
Midilli RU = a exp(-kt") bt Midilli et al. (2002) 5)
Page RU = exp(— kt n) Zhang and Litchfield (1991) (6)
Thompson 0.5 Brooker et al. (1992 7

P [—a—(a2+4bt) ] ( ) @

RU =expy——mm—
P 2b
Two term RU = a exp(-kt)+b exp(-gt) Henderson (1974) (8)
Verma RU=aexp(-k t)+(1-a)exp(-gt) Verma et al. (1985) 9)
where: RU is the moisture ratio, dimensionless; k is the dehydration constant, min''; and a, b, g, n are empirical coefficients of the models.
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period. The models were fitted using the non-linear regression
by the Gauss Newton method, using STATISTICA 8.0° software.

In processes using infrared as a heat source, the product
is completed dehydrated (TOGRUL, 2006); therefore, the
equilibrium moisture content is equals zero. For this reason,
the moisture ratio was calculated by Equation 10:

(10)

where: U_ is the critical moisture content, kg kg .

The best model describing the falling dehydration period
was chosen as the one with the highest determination coeflicient
(R?), the lowest relative standard deviation (RSD) and standard
error (SE) (PALIPANE; DRISCOLL, 1994; MADAMBA et al,,
1996; MOHAPATRA; RAO, 2005). The relative standard
deviation and standard error, for each model and temperature,
were calculated using the followed Equations 11 and 12:

100 |[Y 7|
RSD=TZT (11)

72
SE = M (12)
ny—n,

where: Y is the experimental data; ¥ is the predicted data; n,
is the number of experimental data; and n_ is the number of
parameters of the model.

After the selection of the model for representing the
dehydration periods of each variety, the models identity
technique, described by Regazzi (2003), was applied to the
selected models. This statistical technique consists in analyzing
the equivalence between the adjusted models by a hypothesis
test. The nullity hypothesis is that each model coefhicient is equal
for both samples; in other words, there is an equivalent model
that represents the phenomena for both samples. The alternative
hypothesis is that there is at least one coeflicient inequality.

The hypothesis test supposes two complete models that
describe the phenomena for both of samples, one with all
coefficients restricted (w) and the other without restriction (Q2).
These models were created using the dummy variable (D): Di=1
if the yij observation belongs to the i group; and Di = 0 on the
opposite case (REGAZZI, 2003). An example of these complete
models, for Page model, is given by Equations 13 and 14:

Q; = Dy[exp(=kt™)]+ Dy[exp(=k,t™)] (13)

w; = Dy [exp(=k t")]+ Dy[exp(—k (")] 14

The decision rule is based on the chi-square test (x?),
comparing the calculated value, obtained through Equation 15,
with the tabled value, which is a function of the significance level
and the degrees of freedom of the test, obtained by Equation 16.
If the calculated chi-square value is greater than the tabled one,
the nullity hypothesis is rejected.

778

SDS,
Heate =14 ln[ SDS‘:J (15)
DOF =ng —n,, (16)

where: SDS | is the square deviation sum of the complete model
without restriction; SDS_ is the square deviation sum of the
complete model restricted; DOF is the degree of freedom; n,
is the number of parameters of the complete model without
restriction; and n_ is the number of parameters of the complete
model restricted.

3 Results and discussion

The critical moisture content obtained, for both varieties
ranged between 2.400 and 3.750 kg _kg ', with a mean value of
2.811 +0.451 kg kg "' and 3.103 + 0.570 kg kg ' for Fuji and
Gala varieties, respectively. The mean value was taken to simplify
the modeling process. Dissa et al. (2010) obtained critical
moisture content values of 1.444, 1.607 and 1.765 kg kg ' for
the convective drying of spirulina, for a cylinder form with
diameters of 3, 4 and 6 mm, respectively. Desmorieux et al.
(2008) reported critical moisture content values varying from
4.100t06.800 kg kg " for the convective drying of parallelepiped
pieces of mango, at different air conditions.

Figure 1 shows the experimental data of the constant
dehydration rate of each variety and the predicted equations
by linear regression, which relates dehydration rate with
temperature.

It can be seen from Figure 1 that the dehydration rate
increased as the temperature increased, for both varieties.
This behavior occurs due to the increase in the gradient of
vapor pressure between the water layer surface and the air. The
determination coeflicient for both adjustments was greater than
90%, showing an acceptable fitting (MADAMBA et al., 1996).
Brooker et al. (1992) reported that the constant dehydration

12 - Cpup = 0.0112'T - 0.0582
R® (%) = 90.25
— 1.0 - °
E °
E 038 °
o ,
0.6 - o
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0.2 T T T T T 1
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Figure 1. Experimental and predicted data of dehydration rate during
the constant dehydration period in function of temperature.

Ciénc. Tecnol. Aliment., Campinas, 31(3): 776-781, jul.-set. 2011



Santos et al.

rate can only be precisely calculated if both the behavior of the
specific surface area and the mass transfer coefficient are known.
Due to some phenomena such as shrinkage and convection,
these values are difficult to be obtained with accuracy.

In order to create a model that describes the moisture
content variation in function of time and temperature, the
constant dehydration rate and the mean initial moisture content
were substituted in Equation 1, by the adjusted linear model and
the obtained values, respectively. Table 2 shows the equations
that describe the constant dehydration period in function
of temperature and dehydration time, as well as the relative
standard deviation (RSD) between the proposed models and the
experimental data. Both equations presented values of relative
standard deviation lower than 10%, indicating satisfactory
representation of the studied phenomena (CHEN; MOREY,
1989; MADAMBA et al., 1996; MOHAPATRA; RAO, 2005).

Analyzing the hypothesis that each model coeflicient is
equal for both samples, it was obtained a calculated chi-square
value of 22.885 - greater than the tabled value of 5.991. Degrees
of freedom of the test equals 2 and significance level of 5% were
supposed. As a result, the hypothesis of an equivalent model that
describes the constant dehydration period for both varieties
was rejected.

Figure 2 shows the correspondence between the
experimental and predicted data of the constant dehydration
period for each variety. The suitable description of the constant
dehydration period by the models can be seen.

After the analysis of the statistical parameters of each
adjusted model to the falling dehydration period data, it was
observed that the Henderson and Pabis, Logarithm, Midilli,
Page, Two Terms and Verma models presented values of
relative standard deviation lower than 10% and determination
coefficient greater than 98%, indicating, in agreement with
Mohapatra and Rao (2005), satisfactory representation of the
studied phenomena.

Among all the suitable models, the Midilli’s model was
selected to represent the phenomena, since it presented the
lowest values of SE and RSD and the greatest values of R* for all
studied conditions. The Midilli’s model was recommended to
describe the dehydration of various products: by Togrul (2005)
for apple slices using infrared in a temperature range from 50
to 80 °C; by Martinazzo et al. (2007) for leaves of lemon grass;
by Corréa et al. (2007) for beans; and by Silva et al. (2008) for
tamarind pulp.

Table 3 shows the coefficients of the Midilli's model obtained
through the Gauss Newton method of non-linear regression, to
each dehydration condition and variety studied.

As shown on Table 3, it was verified that all obtained
coeflicients varied in function of temperature. Hence, linear and
exponential models were fitted, using the least squares method,
in order to describe the variation of Midilli’s model coefficients
in function of temperature (MADAMBA et al., 1996). Table 4
shows the regression equations adjusted to the coeflicients of the
Midilli’s model in function of temperature and their respective
determination coeflicients.
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Table 2. Equations that describe the constant dehydration period for
each variety.

Variety Equation RSD (%)  Equation
Fuji U, =5.967—(0.0154 T - 0.4545)1 8.30 (17)
Gala U, =7.064—(0.0112 T - 0.0582)¢ 9.29 (18)

Where: T is temperature, °C.
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Figure 2. Correspondence between the experimental and predicted data
of the constant dehydration period of: a) ‘Fuji, and b) ‘Gala’ varieties.

Analyzing the hypothesis of an equivalent model, for
Midilli’s model with its coefficients described in function of
temperature, it was obtained a calculated chi-square value
of 261.726 - greater than the tabled value of 15.507. It was
considered the degrees of freedom of the test equal to eight
and significance level of 5%. As a result, the hypothesis of an
equivalent model that describes the falling dehydration period
for both varieties was rejected. The conclusion of these analysis
are that each studied variety presents a different behavior when
submitted to the same dehydration conditions, due to the
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Table 3. Coeflicients of the Midilli model to each dehydration temperature and variety studied.

T (°C) Coeflicients
Fuji Gala

a k n b (10°) a k n b (10%)
50 1.0737 0.0639 0.8712 0.2170 1.0772 0.0686 0.8550 0.2690
60 1.0887 0.0927 0.8635 0.2870 1.1310 0.1193 0.8428 0.6530
70 1.1871 0.1669 0.8331 0.7690 1.1485 0.1352 0.8357 0.7300
80 1.2679 0.2282 0.8293 1.0540 1.1977 0.1782 0.8370 1.6060
90 1.2811 0.2440 0.8277 0.7000 1.2427 0.2140 0.8035 1.4520
100 1.3246 0.2789 0.7972 2.1610 1.3437 0.2914 0.7976 3.0310

Table 4. Dependency equation between the coefficients of Midilli model
and dehydration temperature.

Fuji

Equation R* (%) Equations
a=0.00546 T +0.79411 94.78 (19)
k=0.00419T - 0.14111 96.41 (20)
n=-0.00138T +0.94011 9143 (1)
b=2.926 10" exp(4.137 10727 83.63 (22)

Gala

Equation R* (%) Equations
a=0.00491T +0.82221 94.86 (23)
k=0.00412T - 0.14107 96.40 (24)
n=-0.00120 T +0.91585 98.50 (25)
h=3.712 107 exp(4.730 1072 T) 92.92 (26)

different physicochemical properties inherent to each variety.
Some examples are: the initial moisture content which was
observed being different for each variety; the tissue physical
structure, which influences the water diffusion phenomena;
and the chemical constitution, which has influence upon the
hygroscopic behavior.

Figure 3 shows the correspondence between the
experimental and predicted data of the Midilli’s model, with
its coeflicients described in function of temperature, for each
variety.

It can be seen the suitable description of the falling
dehydration period by the models. The relative standard
deviation of each model was 9.96 and 7.72% for the dehydration
of ‘Fuji’ and ‘Gala’ varieties, respectively. Both equations
presented values of relative standard deviation lower than
10%, indicating satisfactory representation of the studied
phenomena (CHEN; MOREY, 1989; MADAMBA et al., 1996;
MOHAPATRA; RAO, 2005).

4 Conclusions

The mean value of critical moisture contents obtained
were 2.811 + 0,451 kg kg " and 3.103 + 0,570 kg _kg * for Fuji
and Gala varieties, respectively. The constant dehydration rate
increased linearly with temperature increase; thus, the constant
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Figure 3. Correspondence between the experimental and predicted
data of the falling dehydration period of: a) ‘Fuji, and b) ‘Gala’ varieties.

dehydration period could be represented by a model in function
of time and temperature of processing. Midilli’s model was the
model that showed the best fit to the falling dehydration period
data, and the variation of its coefficients could be described
by linear and exponential models, in function of temperature;
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therefore, the falling dehydration period could be represented
by a model in function of time and temperature of processing.
Using the models identity technique, it was verified that an
equivalent mathematical model, common to both varieties
and able to describe each dehydration period, cannot be
representative.
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