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Abstract

In this research, an experimental and modeling study on mass transfer analysis during infrared drying of
quince was undertaken. In the experimental part, the effects of various drying conditions in terms of infrared
radiation power (150-375 W) and distance (5-15 cm) on drying characteristics of quince were investigated. Both
the infrared power and distance influenced the drying time of quince slices. Moisture ratios were fitted to 8
different mathematical models using nonlinear regression analysis. The regression results showed that the
logarithmic model satisfactorily described the drying behavior of quince slices with highest R value and lowest
SE values. The effective moisture diffusivity increases as power increases and range between 1.15 and 3.72 x10
8 m?/s. The rise in infrared power has a negative effect on the AE and with increasing in infrared radiation power
it was increased. Chroma and hue values were in ranges between 43.28 and 46.99, 80.82° and 86.14°,

respectively.
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Introduction

Fruits have very short shelf-life due to high
moisture content (above 82% by weight), and
it is necessary to use various preservation
methods to increase its shelf life (Cassano et
al., 2006). Drying appears to be a potential
food preservation option to extend their
storage/shelf-life. Maskan (2001) studied to
comparison of the microwave, hot air and hot
air-microwave drying methods for the
processing of kiwifruits in respect to drying,
shrinkage and rehydration characteristics
obtained by the three drying techniques. Chen
et al. (2001) established the drying kinetics
parameters through the experiments performed
on pulped kiwifruit flesh spread onto a shallow
metal tray (forming a layer) to simulate the
process of making fruit leather.
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Quince, (Cydonia oblonga) from Rosaceae
family, is a tree cultivated as a medicinal and
nutritional plant in the Middle East, South
Africa, and central Europe (Hemmati et al.,
2012). They are used to make jam, marmalade,
jelly and quince pudding (de Escalada Pla et
al., 2010). Drying is one of the important
preservation methods employed for storage of
quince. Drying kinetics of quince slices was
investigated by Kaya et al. (2007) and the
effect of drying method on bulk density,
substance density, porosity, and shrinkage of
quinces at various moisture contents was
studied by Kog et al. (2008).

One of the ways to shorten the drying time
is to supply heat by infrared radiation. Its
efficiency is between 80% and 90%, the
emitted radiation is in narrow wavelength
range and they are miniaturized (Sakai and
Hanzawa, 1994; Sandu, 1986). Advantages of
infrared radiation over convective heating
include high heat transfer coefficients, short
process times and low energy costs (Ratti and
Mujumdar, 1995). Comparison of infrared
drying with convective drying of apple showed
that time of the process can be shortened by up
to 50% when heating is done with infrared
energy (Nowak and Lewicki, 2004). The
combination of infrared with hot air provides
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the synergistic effect, resulting in an efficient
drying process. Energy and quality aspects
were studied during combined far infrared and
convective drying of barley (Afzal et al.,
1999).

Infrared drying was applied before or after
freeze-drying of shiitake mushroom to shorten
the drying time, enhance the rehydration, and
for better preservation of the aroma
compounds and color (Wang et al. (2015). The
reported results showed that the combination
of freeze-drying (for 4h) followed by infrared
drying saves 48% time compared to freeze-
drying while keeping the product quality at an
acceptable level. The application of infrared
drying also helps produce a more porous
microstructure in dried shiitake mushrooms.

Pan et al. (2008) used sequential infrared
and freeze-drying (SIRFD) to produce high-
quality dried fruits at reduced cost. The
products dried using SIRFD had better color,
higher crispness, higher shrinkage but poor
rehydration propensity compared to those
produced by using regular freeze-drying (Pan
etal., 2008).

Infrared drying method, when properly
applied, can be used for achieving a high-
quality product. There for, the aim of the
present work was to investigate infrared drying
characteristics of quince slices in respect to
drying kinetics, moisture diffusivity and color
changes of the dried products.

Materials and methods

Infrared drying

Quinces used in this study were purchased
from a local market and they had no external
defects. The initial moisture content of quinces
was found to be 84% + 1.05 (wet basis). Prior
to drying, samples were taken out of storage,
peeled with a sharp vegetable peeler, and cut
into 5 mm thick slices with a steel cutter.

The quince slices were dried in an infrared
dryer (Infrared radiation lamp (NIR), Noor,
Iran). The effect of infrared radiation power (at
three levels 150, 250 and 375 W) and distance
(at three levels 5, 10 and 15 cm) on the drying
kinetics and characteristics of quince slice
were investigated. Then the dried samples

stored in an
experiments.

Weight loss of samples was recorded by
using a digital balance (Digital balance, Lutron
GM-300p, Taiwan), with a sensitivity of £0.01
g. The initial moisture content of the samples
was obtained according to the AOAC method
no. 934.06 (AOAC 1990). Experiments were
carried out in triplicate and an arithmetic
average was taken for data processing.

air-tight  packet till the

Drying kinetics
The experimental moisture content data

were nondimensionlized using the equation 1:

MR = M. =M.

M,-M, (1)

Where MR is the dimensionless moisture
ratio, M;, Mo and M. are moisture content at
any time, initial moisture content and
equilibrium moisture content (kg water/kg dry
matter), respectively. (M—Me)/(Mo—Me) was
simplified to Mi/Mo as the relative humidity of
drying air continuously fluctuated during
drying experiments (Ceylan et al., 2007,
Doymaz, 2011).

Selected  thin-layer  drying  models
(Approximation of diffusion, Page, Newton,
Midilli, Logarithmic, Verma, Two term,
Quadratic) were fitted to the drying curves
(MR versus time) (Akpinar and Bicer, 2005;
Doymaz, 2011). A nonlinear estimation
package (Curve Expert, Version 1.34) was
used to estimate the coefficients of the given
models. The two criteria of statistic analysis
have been used to evaluate the adjustment of
the experimental data to the different models, r
(correlation coefficient) and SE (standard
error). A good fitting between the
experimental data and the correlations is
obtained when there is a combination of the
high r value and the values of SE, which
should be as low as possible (Doymaz, 2011).

Calculation of Moisture Diffusivity

In most of drying studies, diffusion is
generally accepted to be the main mechanism
during the transport of moisture to the surface
to be evaporated (Doymaz, 2011). Fick’s
second law of diffusion has been widely used
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to describe the drying process during the
falling rate period for most food materials
(Sacilik, 2007). The solution of diffusion

model, considering  negligible  external
resistance, in terms of average moisture
content,  negligible  shrinkage,  constant

diffusion coefficients and temperature, is
presented for slab geometry as follows
(Doymaz, 2011):
8 —. 1 , T Dt

MRZFZ":‘)(Zn +1)2exp(—(2n+1) T) (2)

Where MR is the moisture ratio
(dimensionless); t is the drying time (S), Desr IS
the effective diffusivity (m%s); and L is the
half slab thickness of the slices (m). For long
drying periods, equation 2 can be further
simplified to only the first term of the series.
Equation 2 thus simplifies to:

8 —7°Dyt
MR = —-exp {”:l
T

4L° 3)

The effective diffusivity was calculated
through equation 3 by using the method of
slopes. The effective diffusivities are typically
determined by plotting experimental drying
data in terms of INMR versus time (as given in
equation 3). From equation 3, a plot of INnMR
versus time gives a straight line with a slope
(K) of:

nsz

4L (4)

Color measurement

In order to investigate the effect of drying
condition on the color changes of dried quince,
a computer vision system was applied. Sample
illumination was achieved with HP Scanner
(Hp-G3110). Since the computer vision system
perceived color as RGB signals, which is
device-dependent, the taken images were
converted into L"a’b” units to ensure color
reproducibility. In the L*a*b* space, the color
perception is uniform, and therefore, the
difference between two colors corresponds
approximately to the color difference
perceived by the human eye. L°

(lightness/darkness that ranges from 0 to 100),
a"(redness/greenness that ranges from -120 to
120) and b” (yellowness/blueness that ranges
from -120 to 120) were measured. In this
study, the image analysis of dried quince was
performed using Image J software version
1.42e, USA.

The hue angle (°), hue = arctg (b7/a"),
expresses the colour nuance and values are
defined as follows: red-purple: 0°, yellow: 90°,
bluish-green: 180°, and blue: 270°. Hue angle
(H) of the films was calculated as follows
(Bhat et al., 2013):

H=tan? (b”/a’) whena™>0and b™> 0

H=180° + tan* (b"/a") whena’< 0

H =360° +tan™ (b"/a") when a™> 0 and b"<0

The calculation of color changes (AE) for
total color difference and C* (Chroma) for
saturation were made with the following
equations (Liu et al., 2010):

AE = /(AL")? +(Aa")? +(Ab")?
C*=4(a)2+(b")?

(5)
(6)

Results and discussion
Drying time

During drying, radiation properties of the
material are changing due to decreasing water
content. As a consequence, its reflectivity
increases and the absorptivity decrease.
Generally, solid materials absorb infrared
radiation in a thin surface layer (Lampinen et
al., 1991).

The effects of infrared power and distance
on the moisture content of quince slices are
shown in figures 1 and 2. As expected, the
moisture content was decreased by increasing
the power because of the increased
temperature and heat transfer gradient between
the air and samples. The drying times of
quince samples were 18, 29 and 44 min at 150,
250 and 375 W, respectively (10 cm). In
conclusion, experimental results showed that
the infrared power has a significant effect on
the evolution of moisture content.
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Figure 1. Variations of moisture content with drying time of quince slices at different infrared power.
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Figure 2. Variations of moisture content with drying time of quince slices at different distance.

Hence, drying of thin layers seems to be
more efficient at far-infrared radiation (FIR,
25-100 pm), while drying of thicker bodies
should give Dbetter results at near-infrared
radiation (NIR, 0.75-3.00 pum) (Nowak and
Lewicki, 2004). The drying time reduced from
31 to 25 min when the distance was increased
from 15 to 5 cm (250 W).

Fitting of the Drying Curves
Different mathematical models were fitted
to the drying data and among them; the

Logarithmic model showed the highest r and
the lowest SE values. Estimated parameters
and statistical data obtained for this model are
shown in Table 1. In all the cases, the r values
for the models were greater than 0.997,
indicating a good fit. It can be seen that there
was a very good agreement between the
experimental and predicted moisture ratio
values, which are closely banding around at a
45° straight line.
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Table 1. Curve-fitting coefficients of the Logarithmic model.

Power (W) Distance (cm) a k c r SE
150 1.309 0.026 -0.355 0.999 0.014
250 10 1.335 0.024 -0.353 0.999 0.015
375 15 1.345 0.020 -0.376 0.999 0.013
150 5 1.189 0.053 -0.205 0.999 0.011
250 10 1.145 0.051 -0.158 0.999 0.009
375 15 1172 0.044 -0.181 0.999 0.006
150 5 3.631 0.020 -2.604 0.997 0.025
250 10 1.469 0.049 -0.481 0.999 0.015
375 15 1.322 0.053 -0.304 0.999 0.010

Moisture Diffusivity

The effective diffusivities are determined
by plotting experimental drying data in terms
of INMR versus time. The effects of infrared
radiation power and distance on the INnMR are
shown in Figures 3 and 4. The Des values lie
within in general range of 10" to 10" m%/s for
food materials (Rizvi, 1986). The values of
Ders at different condition drying of quince

0.0

slice obtained by using Eq. (4) and estimated
values are shown in Table 2. The effective
diffusivity values of quince slices were ranged
from 1.00 and 3.72 x10® m?/s. Effective
diffusivity values increased with increasing
infrared radiation power because of the rapid
movement of water at high temperatures
(Doymaz, 2011).
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Figure 3. Effect of infrared power on the Ln(MR) during drying of quince slices.
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Figure 4. Effect of infrared source distance on the Ln(MR) during drying of quince slices.
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Table 2. Values of effective moisture diffusivity of quince slice obtained from drying experiments.

Power (W) Distance (cm)

Effective diffusivity (m?/s) r

150 5
250 10
375 15
150 5
250 10
375 15
150 5
250 10
375 15

1.15x108 0.928
1.08x108 0.918
1.00x108 0.902
1.83x108 0.969
1.62x108 0.945
1.43x108 0.963
3.72x108 0.886
2.82x108 0.920
2.30x108 0.933

The values of Defr are comparable with the
reported values of 0.85 to 1.75 x10°1° m?/s for
hull-less seed pumpkin at 40-60°C (Sacilik,
2007), 0.46-3.45 x1071° m?/s mentioned for
drying carrot in the temperature range of 60—
90°C (Zielinska and Markowski, 2007), 3.0 to
17.12 x101° m?%s for kiwifruit at 30-90°C
(Simal et al., 2005), 3.2 to 11.2 x 10° m%/s for
red bell pepper at 50-80°C (Vega et al., 2007),
2.52 to 13.0x101° m%s for curd at 45-50°C
(Shiby and Mishra, 2007), and 4.27 to
13.0x101% m?/s okra at 50-70°C (Doymaz,
2005). These values are consistent with the
present estimated Desr values for quince slices

Color measurement

The fresh quince exhibited a light yellow
color, with L*, a* and b* equal to 89.13, -
2.763 and 54.962, respectively. The results of
color measurement of dried quince slices at
different conditions are presented in Table 3.

The infrared radiation power was found to
have a significant effect on the colour of
quince slices. The rise in power has a negative
effect on the AE and with increasing in
infrared radiation power from 250 to 375 W, it
was increased from 15.34 to 24.84,
respectively. Therdthai and Zhou (2009)
reported that high temperature during drying
of mint leaves could lead to increase AE
values (Therdthai and Zhou, 2009).

As shown in table 3, the L" values varied
from 65.74 to 79.61 at different drying
condition. Chroma and hue values were in
ranges between 43.28 and 46.99, 80.82° and
86.14°, respectively. The chroma value
indicates the degree of saturation of colour and
is proportional to the strength of the colour.
The changes in Hue angle values were not
significant compared to drying processes.

Table 3. Comparison the effect of different drying methods on color change of quince slices.

B3

Power (W) Distance (cm) a L AE C*  Hue value (°)
150 5 3.23t1.37 29.40+14.26 4554+3.03 1518 45.65 85.94
250 10 3.05¢1.30 35.85+12.84 4521+2.89 1640 45.32 86.14
375 15 3.06+1.34 34.69+13.81 455276 18.05 45.16 86.11
150 5 4.43+2.33 32.73+13.98 4678549 14.46 46.99 84.59
250 10 4.16+1.57 30.05+12.57 46.56+2.79 15.05 46.75 84.89
375 15 4.05£1.59 31.93+13.33 46.38+2.85 1651 46.56 85.02
150 5 5.41+2.02 28.45+11.68 44.36+4.89 20.23 44.69 83.04
250 10 6.94+1.95 31.55+14.02 42.93+3.22 2620 43.48 80.82
375 15 6.8742.22 33.52+14.21 42.73+4.39 28.10 43.28 80.87
Conclusions source  was  decreased. The  drying

An infrared system was used for drying of
quince. A drying system was fitted with near-
infrared (NIR) heaters for radiative heating.
The drying times of quince samples were 18,
29 and 44 min at 150, 250 and 375 W,
respectively. The drying times was reduced
when the distance of sample from infrared

characteristics were satisfactorily described by
Logarithmic model with the latter providing
the best representation of the experimental
data. Values for the effective moisture
diffusivity of quince samples were obtained in
the range of 1.00 and 3.72 x10® m?%s. The
present study also verified that the color of
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quince was influenced by the drying process. from 15.34 to 24.84, respectively. The changes
The rise in power has a negative effect on the in Hue angle values were not significant
AE and with increasing in infrared radiation compared to drying processes.

power from 250 to 375 W, it was increased
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