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(b)

1. Experimental setup 2. Magnetrons 3. Teflon belt 4.
Control panel 5. Power switch 6. conveyor speed control
7. Power (on/off) 8. Microwave power control 9. Electrical
motor 10. Energy consumption meter

Figure 1. (a) The experimental setup, (b) view of dryer inside

2.1 Drying procedure

Before drying, samples were stripped and sliced 4
mm, 6 mm and 8+0.15 mm thickness with a machine.
About 14+0.5 g, 16+£0.3 g and 23+0.5 g of black radish
slices were used for drying, respectively. Samples were
chosen from the mature and uniform parts. Initial moisture
content was determined as 87+0.5% (at 105 °C during 24
hours). Samples were used in each experiment and were
dried to around 12+0.5% (wet basis) moisture value. No
pre-treatment was implemented to the black radish prior
to the drying. Drying tests were performed at 1.05, 1.5
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and 2.1 kW at the frequency of 2450 MHz, conveyor
belt speed of 0.175 m/min and 0.245 m/min and for each
thickness. Black radish slices were weighed using a scale
(Presica XB 620 M; Switzerland with 0.01 g precision
and moisture changes were determined. All experiments
were performed three times. After each test, the energy
consumption of the setup and the color parameters of the
radish were measured.

2.2 Mathematical modeling of drying

To design a suitable dryer for the investigated black
radish, the analysis of drying kinetics and its mathematical
modeling is essential [20]. Different products should be
analyzed with different models created using heat, mass
and momentum transfer. The moisture ratio (MR) was
calculated in Eq.1:

m—m,

MR=—"_"¢
m, —m, (1)

The values of m_are very low compared to m or m_ for
long drying time. m_in microwave oven was accepted
as zero [21, 22]. The moisture ratio (MR) and statistical
values can be calculated in Eq. 2-5.

MR = m/mo ()

In the present study, with the help of non-linear egression
analysis method, the modelling of moisture gradient time
curves obtained from experiments carried out in different
microwave power values, have been made. The black
radish drying datas were applied to 10 drying models. The
ten drying models of thin layer biological materials used
in Table 1 are determined. Some parameters are required
to be calculated in order to determine the most convenient
model. Corelation coefficient (R?) is one of the criteria
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used to determine the curve relevance. MSE is another
parameter used to determine the regression relevance [23].
In order to obtain the best fit to the experimental data, the
determination coefficient should be close to one and MSE
and RMSE should be close to zero. The parameters are
defined as in Equation 3-5 [13]:

Tablel. Mathematical models for drying kinetics [24]

Model Name Model equation

Newton MR = exp(—kt)

Page MR =exp(—kt™)
Henderson&Pabis MR = gexp(—kt)
Wang&Singh MR =1+at+bt*

:;gznenﬁ . I 2 exp(=kt) = (1 @) exp(—kat)
Logarithmic MR = a, +aexp(—kt)
Logistic MR = a, (1 + aexp(kt))
Midilli et al. MR = aexp(—kt")+ bt

Two term MR = a, exp(—k,t) + a, exp(—kyt)
Verma et al. MR = aexp(—kt) + (1 —a)exp(-gt)
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2.3 Effective moisture diffusivity and activation
energy

Mostofbiological materials dry in the falling rate period.
The moisture transfer occuring during drying is generally
controlled by internal diffusion. D_; and the variables
which influence D ;. were carried out via an analysis of
the falling rate period [25]. A decrease in moisture content
may cause a change in the drying characteristics during
the drying process that can be controlled by diffusion
mechanism [26]. In this study, black radish slices, assumed
to be infinite plates which are described by Ficks’ second
law and the effective moisture diffusivity (D) within
infinite plates, can be estimated in Eq. (6). In Eq 6, material
shrinkage was neglected assuming symmetrical boundary
conditions [27].

(6)

Diffusivities were determined by the slope of
logarithmic of MR versus drying time (t) in the equation.
The plot produces a straight line with the slope given in

Eq.7.
2
Slope = 7 D@ff 7)

41’

Activation energy, which is the minimum energy, is
needed for the movement of molecules of water from
one side to another in solids [6]. As it is not possible to
determine the temperature accurately in the microwave
drying, the Arrhenius equation is revised. Instead of
air temperature, effective moisture diffusion is defined
according to m/P ratio in Eq. 8 [28, 29, 30]:

D%ff _ Do -e—Ea_m.-" P (8)
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2.4 Color parameters

For many consumers, color of food is an important
feature. Color is an index of the good qualities that
are inherent in foods. The parameter a* takes positive
and negative values (reddish and greenish), whereas
the parameter b * takes positive and negative values
(yellowish and bluish). L * gives the approximate value
for luminosity. For the calibration of the colorimeter, a
standard black and white plate was used. The average color
value of dried black radish was measured and recorded in
each experiment. Three readings were done randomly and
recorded for each sample. Also, average values of color
parameters were obtained with standard deviations [12,
31]. These parameters are defined in Eq. 9-12:

AL=L,, -L* 9)
Aa=aﬁ“h-a * (10)
Ab=b, ,-b* (1)
AE = AL + Aa? + Ab? (12)

3. Results And Discussion

3.1 Drying curves

The relationship between drying time and moisture ratio
for black radish is shown in Fig. 2-7. The moisture ratio
reduces as the drying time increases. Also, mass transfer
within the sample was more rapid during higher microwave
power heating because more heat was generated within
the sample creating a large vapour pressure difference
between the center and the surface of the product by reason
of characteristic microwave volumetric heating [18]. In all
experiments, the drying process was ended when the final
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moisture level of the radish slices reached approximately
12 + 0.5% (wet basis).

At the conveyor speed of 0.175 m/min and at the
microwave power levels of 1.05, 1.5 and 2.1 kW
respectively, drying was carried out at 69, 57 and 42
minutes for 4 mm thickness, 54, 51 and 33 minutes for 6
mm thickness, 84, 69 and 48 minutes for 8 mm thickness. At
the conveyor speed of 0.245 m/min and at the microwave
power of 1.05, 1.5 and 2.1 kW respectively, drying was
carried out at 99, 54 and 51 minutes for 4 mm thickness,
87, 66 and 48 minutes for 6 mm thickness, 102, 66 and 52
minutes for § mm thickness.

Therefore, it can be said that the microwave power
has a significant effect on the drying process as seen from
the drying curves. The increase of the microwave power
level decreased the drying time and the moisture ratio
rapidly [32]. It is stated by Doymaz [33] and Chinenye
[34] that the drying time is diminished by increasing the
temperature in a conventional dryer. Lee and Kim [35]
investigated that the drying times needed for the radish
thickness of 4 mm were 446.50, 326.43, and 275.15 min
and for the radish slices of 6 mm were 646.14, 514.22,
and 437.91 min at 40, 50, and 60 °C, respectively. It was
seen that the microwave conveyor drying is about five
times less than the hot air drying. In terms of drying time,
microwave conveyor drying is found to be about five times
less than hot air drying.

The moisture content of the material was very high
during the initial phase of the drying which resulted in
a higher absorption of microwave power and higher
drying rates due to the higher moisture diffusion. As the
drying progressed, the loss of moisture in the product
caused a decrease in the absorption of microwave power
and resulted in a fall in the drying rate. The drying rates
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increased with the increasing microwave power levels.
Therefore, microwave power level has an important
effect on the drying rates. Our results are consistent with
previous studies [36, 37]. However, as can be seen in Figs.
1-3, it cannot be said that the moisture change curves of
the product are regular. For this reason, the dryer is an
open system, so there can be energy losses. Microwave
energy reaches the product in various amounts directly
and with reflection. This shows irregularity during the
drying period. The water distribution in the product and
the product’s geometrical structure are non-uniform.

3.2 Drying kinetics modeling

In order to calculate the model curve, the relation
between the drying time and the moisture ratio was
investigated. Values of the model coefficients, R, RMSE
and MSE are indicated in Table 2-3. The results show that
the most appropriate model in describing the drying curves
of black radish is the Midilli model with R? in the range
0f 0.9883-0.9966, and with RMSE in the range of 0.0122—
0.0272 and with MSE in the range of 0.0001-0.0007 at
0.175 m/min conveyor speed and with R? in the range of
0.9915-0.9985, and with RMSE in the range of 0.0095-
0.0261 and with MSE in the range of 0.0001-0.0007 at
0.245 m/min conveyor speed. Among the drying models,
the Newton model was determined as the worst. By Lee
and Kim, 2009, the logarithmic model was chosen as the
most convenient model to represent the drying behavior
of radish slices at 40, 50 and 60 °C for slice thickness of 4
and 6 mm.

Figure 2-7 compares experimental data with those
predicted with the Midilli model for black radish slices
dried at different microwave powers and different conveyor
speeds. As shown in Figure 2-7, dehumidification is rapid
at the first stage of the drying process and drying rate slows



Aytag MORALAR, Halil Nusret BULUS, Soner CELEN o 343

down as the drying proceeds. It can be seen from Figure
2-7 that the experimental data are closely bounded to the
simulated data for Midilli model along the curve.

Table 2. Regression analysis results for Midilli et al. model at 0.175
m/min conveyor speed

Slice .

. Microwave A

thickness Coefficients R? | RMSE | MSE
f radist power

b=0.0020 n=1.9911
1.05 kW 0.9966 | 0.0193 | 0.0004
k=0.0019 a=0.9308

b=0.0021 n=1.7591
4 mm 1.5 kW 0.9963 | 0.0178 | 0.0003
k=0.0038 a=0.9557

b=0.0015 n=0.5317
2.1 kW 0.9957 | 0.0122 | 0.0001
k=0.4645 a=1.8893

b=-0.0003 n=2.2045
1.05 kW 0.9961 | 0.0229 | 0.0005
k=0.0008 a=0.9593

b=0.0015 n=1.9543
6 mm 1.5 kW 0.9932 | 0.0259 | 0.0007
k=0.0014 a=0.9102

b=0.0021 n=1.8199
2.1 kW 0.9936 | 0.0240 | 0.0006
k=0.0034 a=0.9402

b=0.0005 n=1.2555
1.05 kW 0.9928 | 0.0238 | 0.0006
k=0.0098 a=0.9866

b=0.0013 n=1.3442
8 mm 1.5 kW 0.9890 | 0.0272 | 0.0007
k=0.0108 a=0.9061

b=0.0017 n=1.5034
2.1 kW 0.9883 | 0.0270 | 0.0007
k=0.0093 a=0.8666
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Table 3. Regression analysis results for Midilli et al. model at 0.245
m/min conveyor speed

1.2227 b= -0.0012

Slice .
. Microwave
thickness Coefficients R?> |RMSE | MSE
f radist power
a= 09506 k= 0.0034
1.05 kW 0.9971] 0.0148 | 0.0002
n= 1.6509 b= 0.0016
a= 0.9568 k= 0.0015
4 mm 1.5 kW 0.9975| 0.0165 | 0.0003
n= 1.8974 b= 0.0009
a= 0.9636 k= 0.0035
2.1 kW 0.9930| 0.0261 | 0.0007
n= 1.8673 b= 0.0025
a= 13738 k= 0.2824
1.05 kW 0.9985| 0.0095 | 0.0001
n= 0.1970 b= -0.0066
a= 1.2141 k= 0.1489
6 mm 1.5 kW 0.99731 0.0138 | 0.0002
n= 0.3842 b= -0.0069
a= 09168 k= 0.0003
2.1 kW 0.9974| 0.0175 | 0.0003
n= 2.3838 b= 0.0016
a= 1.0888 k= 0.0308
1.05 kW 0.9963| 0.0160 | 0.0003
n= 0.8973 b= -0.0003
a= 1.8665 k= 0.5073
8 mm 1.5 kW 0.9971| 0.0145 | 0.0002
n= 0.1885 b= -0.0071
a= 09369 k= 0.0124
2.1 kW 0.9915] 0.0260 | 0.0007
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Figure 2. Suitability of the experimental data to Midilli model for
sample with 4 mm layer thickness dried at 0.175 m/min conveyor
speed

4 1.05kW exp
0.8 o 1.5KWexp
= 2.1 kW exp
0.6
o~ ——model
=
0.4
02
0 T T T T T
0 10 20 30 40 50 60

Time (min)

Figure 3. Suitability of the experimental data to Midilli model for
sample with 6 mm layer thickness dried at 0.175 m/min conveyor
speed
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Figure 4. Suitability of the experimental data to Midilli model for
sample with 8 mm layer thickness dried at 0.175 m/min conveyor

speed
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Figure 5. Suitability of the experimental data to Midilli model for
sample with 4 mm layer thickness dried at 0.245 m/min conveyor
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Figure 6. Suitability of the experimental data to Midilli model for
sample with 6 mm layer thickness dried at 0.245 m/min conveyor

speed
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Figure 7. Suitability of the experimental data to Midilli model for
sample with 8 mm layer thickness dried at 0.245 m/min conveyor
speed
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3.3 Effective moisture diffusivity and activation
energy

The results of the previous researchers have shown that
the internal mass transfer resistance controls the drying
time due to the presence of a falling rate-drying period.
Therefore, the values of effective diffusivity (Deff) at
different output powers could be obtained by using Eq. (6).

Effective moisture diffusivity was calculated by using
the slope method under different drying conditions. The
obtained values of Deff for the black radish slices in
this study are comparable with the reported values for
microwave power of black radish slices at 1.05 - 2.1 kW,
and conveyor speed range of 0.175 - 0.245 m/min.

The effective diffusion coefficients ranged from
1.334.107 to 2.816.107 m?*/s, 5.282.107 to 6.967.107 m?*/s
and 5.561.107 to 9.860.107 m?%/s for 4, 6 and 8 mm black
radish slices respectively dried at different microwave
power of 1.05 kW-2.1 kW and conveyor speed of 0.175 m/
min. The effective diffusivities ranged from 1.130.107 to
2.816.107 m?s, 2.475.107 t0 5.569.107 m?/s and 1.038.10-
7to 8.148.107 m?/s for 4, 6 and 8 mm black radish slices
respectively dried at different microwave power of 1.05 -
2.1 kW and conveyor speed of 0.245 m/min.

The effective diffusivity generally is within the range
given for food materials (10! to 10° m%s) [38]. As
expected, the diffusivity values increased with the increase
of microwave power. This might be explained by the
increase in heat energy, which increased the activity of
the water molecules leading to higher moisture diffusivity,
when samples were dried at higher microwave power due
to the rise of temperature and consequently vapor pressure
of water [6]. The highest value of 9.860.107 m*s was
obtained for 8 mm slices while the lowest 1.334.107 m?/s
was obtained for 4 mm slices at 0.175 m/min. The highest



Aytag MORALAR, Halil Nusret BULUS, Soner CELEN 349

effective moisture diffusivity value of 8.148.107 m?%/'s was
obtained for 8 mm slices while the lowest 1.038.107 m?/s
was obtained for 8 mm slices at 0.245 m/min.

It was reported by Torki-Harchegani et al [39] that
microwave drying improved the moisture diffusion
considerably in comparison with hot air drying. During
microwave drying, it is observed that moisture diffusivity
increased greatly with the increase in microwave power
levels. High microwave power can be said to increase the
moisture gradient and the driving force of the moisture
diffusivity and mass transfer.

The activation energy for 4, 6 and 8 mm black radish
slices respectively was found to be 44.08 W/g, 15.49 W/g
and 24.97 W/g at 0.175 m/min. The activation energy for
4, 6 and 8 mm black radish slices respectively was found
to be 104.3 W/g, 35.51 W/g and 24.97 W/g at 0.245 m/
min. These values are higher than the value of okra (5.54
W/g) [40], mint leaves (12.284 W/g) [41], sardine fish
(14.1383 W/g) [42], pandanus leaves (13.6 W/g) [43].

3.4 Effect of drying on color parameters

Preferred colors are those closest to the original color of
fresh sample. Product color is the other quality parameter
that needs to be maintained during black radish drying.
With the increase of the microwave power, black radish
slices got higher L* value and higher b* value. The AL, Aa,
ADb values of dried black radish slices color with 4, 6 and
8 mm were measured at the examined drying conditions
ranging from -4.99 to 2.03, from -3.19 to -2.55 and from
-13.25 to -3.53, respectively, for 1.05 kW and 0.175 m/
min. The L*, a*, b* values of dried black radish slices
color with 4, 6 and 8 mm were measured at the examined
drying conditions ranging from -0.12 to 12.14, from -1.28
to -1.65 and from -6.64 to -4.47, respectively, for 1.5 kW
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and 0.175 m/min. The L*, a*, b* values of dried black
radish slices color with 4, and 8 mm were measured at the
examined drying conditions ranging from 7.48 to 17.28,
from -3.9 to -5.13 and from -13.53 to -5.92, respectively,
for 2.1 kW and 0.175 m/min.

The AL, Aa, Ab values of dried black radish slices with
4 mm, 6 mm and 8 mm were measured at the examined
drying conditions ranging from -2.05 to 16.81, from -15.02
to 4.03 and from -16.12 to -15.02, respectively, for 1.05
kW and 0.245 m/min. The AL, Aa, Ab values of dried black
radish slices color with 4, 6 and 8 mm were measured at
the examined drying conditions ranging from -6.94 to 3.14,
from -5.29 to 0.76 and from -15.53 to -12.56, respectively,
for 1.5 kW and 0.245 m/min. The AL, Aa, Ab values of
dried black radish slices color with 4, 6 and 8 mm at the
examined drying conditions ranging from -15.06 to 5.61,
from -0.21 to -0.86 and from -4.06 to -8.09, respectively,
for 2.1 kW and 0.245 m/min. L* values of microwave
oven (1.5 kW and 1.05 kW) dried samples were the highest
among the other dried samples which were closer to the
L* values of fresh sample for 0.175 m/min and 0.245 m/
min. Microwave-dried (2.1 kW) sample had the lowest L*
value. It is clear that the color values of the dried samples
were different than each other. The experimental study also
shows that, for the high microwave power levels, a little
blackness occurs on the surface of the black radish. This is
an important factor determining the quality of the product
and, in order to avoid from the blackness, it requires the
microwave power of less than 2.1 kW.

Krokida and Maroulis [44] showed that microwave
drying prevented color damages during drying. High
L* values are desirable in the dried foods [45]. The
discoloration during drying may be related to nonenzymatic
browning [46]. The change in color values was dependent
on the microwave power intensity. Drying microwave
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power, time and conveyor belt are important parameters for
color change during drying. The lower color degradation
of microwave dried black radish slices may, therefore,
be due to the substantial reduction in drying time. It is
quite clear that microwave drying maintained the color
quality of the fresh black radish slices compared to the
hot air and microwave drying methods alone. Maskan [17]
has reported the same results for dried banana. A similar
trend was found by Maskan [47] for kiwi fruit microwave
drying, increase in a* value and decrease in b* value.

3.5 Determination of energy consumption

The black radish was dried at a thickness of 4 mm at
1.05, 1.5 and 2.1 kW microwave powers (at 0.175 m/min)
was measured as 108.38 kWh, 108.18 kWh and 104.99
kWh, as 108.49 kWh, 108.29 kWh and 107.40 kWh, for
a 6 mm slice thickness as 109.10 kWh, 108.57 kWh and
107.93 kWh, respectively. The black radish was dried at
1.05, 1.5 and 2.1 kW microwave powers (at 0.245 m/min)
was measured as 122.8 kWh, 122.3 kWh, 122.2 kWh for
4 mm slice thickness, as 123.3 kWh, 122.6 kWh, 122.2
kWh 6 mm slice thickness, as 123.6 kWh, 122.7 kWh and
122.3 kWh respectively. The black radish drying of 4 mm
slice thickness at 1.05 kW, 1.5 kW and 2.1 kW (at 0.245
m/min) as 122.8 kWh, 122.3 kWh, 122.2 kWh, as 122.6
kWh,122.7 kWh, 122.3 kWh for 8 mm slice thickness,
respectively. If the slice thickness increases, the energy
consumed increases. If the microwave power increases,
the energy consumed decreases. The minimum energy
was seen as 104.99 kWh at 2.1 kW and 0.175 m/min for
thickness of 4 mm. The maximum energy was found to be
123.6 kWh at 1.05 kW and 0.245 m/min for thickness of
8 mm.
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3.6 Microstructure of dried black radish slices

The interface images of dry and wet samples were
determined using the Scanning Electron Microscope
(SEM). The interface images for 100 um distance are
clearer (Fig. 8-9). The SEM photos in the section of dried
black radish slices showed distinct differences in the
microstructure of black radish slices subjected to different
microwave powers. Fresh samples, there are less open
structures and pores as compared to dried samples, which
indicates tissue shrinkage during microwave drying.

When the pores in wet and dry products were compared
in terms of size, they grew by about 25-50 pm. Growth
was observed at high vapor pressures due to the presence
of moisture.

f mag O] [ spot | 1R — 1] —

100 3.5 | 5.00 k 14 pm NABILTEM

Figure 8. Cross section observed by SEM (1000x) of fresh black
radish
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(a) (b)

(©) (d)

Figure 9. Cross section observed by SEM (1000x) of black radish
dried at difference conditions (a) 0.175 m/min / 500 W (b) 0.245 m/
min /350 W (c) 0.245 m/min /350 W (d) 0.245 m/min /500 W

4. CONCLUSIONS

In this study, the shortest drying time was found to
be 36 minutes at 1.05 kW power. In terms of minimum
energy consumption, it was determined as 104.99 kWh
at microwave power of 2.1 kW, conveyor speed of 0.175
m / min and slice thickness of 4 mm. By increasing the
microwave power applied to all slice thickness, drying
time and energy consumption values were reduced. A low
microwave power may lead to a low drying temperature
and a slow drying rate; while a high microwave power
may lead to an undesirable high temperature, may enhance
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the uneven distribution of the microwave energy, and may
damage the quality of the final product.

When it’s examined in terms of colour criterias, the best
results were obtained for 1.05 kW and 0.175 m/min drying
operations compared to the other experiments when (AL)
values are taken into consideration.

On the other hand, it is clear that microwave drying can
be performed in very short times compared to the other
methods and the dried black radish have somewhat the
same colors and odours as the fresh ones, which are very
desirable properties by consumers and food industry.

For predicting seperable humidity rate (MR), Midilli
model was chosen as the most predictive drying kinetics
model with the comparisons made depending on the
coefficients of the examined drying models with the
highest R? value based on microwave power and slice
thicknesses in all experiment conditions.

The experimental effective moisture diffusivities were
around 1.334.107- 9.860.107 m?%s for 1.05 kW — 2.1 kW
ranges.

The SEM photos in the section of dried black radish
slices showed distinct differences in the microstructure
of black radish slices subjected to different microwave
powers.

As a result, in microwave assisted conveyor drying
applications, it can be said that working with the lowest
speed belt possible will be more beneficial in terms of
product quality. Furthermore, it can be said that this
method is more suitable for drying fruits and vegetables
where product color and other quality parameters are very
important.
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Nomenclatures

a,a,a,a,b, dryingconstants
k,k,k, g n  drying constants

a* b* L* color parameters

D, effective moisture diffusivity, [m%s]

D, Constant, [m?/s]

E, activation energy, [W/g]

L half thickness of the slices, [m]

m moisture content, [g water/g dry matter]

m, initial moisture content, [g water/g dry
matter]

m, equilibrium moisture content

MSE reduced chi-square

MR dimensionless moisture ratio

MR . ith predicted dimensionless moisture ratio

MR, . ith experimental dimensionless moisture
ratio

n, number of observations

n, number of constants

P microwave power, [W]

R correlation coefficient

RMSE root mean square error

t drying time, [h]
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