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Abstract: Drying characteristics, energy consumption and drying kinetics modeling of crashed cotton stalks dried in a 
microwave dryer were investigated in this research.  A microwave dryer with an output power of 1000 W and 2450 MHz was 
employed, and the effects of material load ranging from 50 g to 250 g on drying time, drying rate, drying efficiency and specific 
energy consumption were evaluated.  The results showed that drying rate decreased with drying duration.  A rising rate 
period was followed by a falling rate period and the overall drying process occurred in the falling rate period.  Six 
mathematical models were used to fit the drying rates data of crashed cotton stalks, and Midilli et al. model was found the best 
prediction model by comparing R2, RMSE and χ2 values between experimental and predicted moisture ratios.  With decrease in 
material load from 250 g to 50 g, effective moisture diffusivity increased from 2.8668×10-8 m2/s to 7.9817×10-8 m2/s.  Results 
also indicated that drying efficiency and specific energy consumption significantly increased with the increase of the material 
load.  Average drying efficiency and specific energy consumption varied in the range of 7.52%-19.78% and 12.49-      
35.90 MJ/kg water, respectively.  There were a lowest energy consumption of 10.99 MJ/kg water and a highest drying 
efficiency of 17.13% at the material load level of 250 g. 
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1  Introduction  

Crop straw is a kind of renewable resource, and its 
main component is similar to part of the broadleaf 
timber[1,2].  Cotton stalk is mainly composed of cellulose, 
hemicellulose and lignin, which is a good straw biomass 

                                                 
Received date: 2015-10-18    Accepted date: 2016-03-01 
Biographies: Wang Hongti, PhD Candidate, research interest: 
agricultural engineering and farm mechanization, processing 
technology and equipment of agricultural products, Email: 
lntizi59@163.com; Li Peng, PhD, research interests: deep 
processing of agricultural products, Email: lipengqd@126.com. 
*Corresponding author: Guo Kangquan, PhD, Professor, 
research interest: agricultural engineering and farm mechanization, 
processing technology and equipment of agricultural products. 
Mailing address: College of Mechanical and Electronic 
Engineering, No.22 Xinong Road, Yangling, Shaanxi 712100, 
China.  Tel: +86-29-87092391, Email: jdgkq@nwsuaf.edu.com. 

resources of alternative to wood resources[3].  
Reconstituted square lumber made from cotton stalk is a 
new type of man-made composite material and has a 
promising future, which is a new trend of material 
utilization of cotton stalk.  Its preparation process 
mainly includes cotton stalk extruding, drying, glue 
blending, lay-up, pressing in four surfaces, and 
after-treatment[4].  The initial moisture content of 
crashed cotton stalk is usually over 100% (dry base, db), 
but according to requirement of process, the final 
moisture content should not exceed 6%[5].  Therefore, 
drying is essential for the production of crashed cotton 
stalk after retting process, which directly affects the 
production efficiency and performance of reconstituted 
square lumber. 

Drying means a removal of water from materials, 
which not only affects water content of the product but 
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also alters other physical and chemical properties, such as 
reconstitute square lumber machining properties of 
planning, mortising and turning[6].  Commonly, natural 
crop straws are dried under sunlight and hot air. But these 
methods have some disadvantages, for example, sunlight 
drying process takes a long time and drying conditions 
can not be easily controlled, so it is inability to meet the 
demand for achieving the continuously industrialized 
standard[7].  Compared to the sunlight drying, hot air 
drying can improve the drying efficiency, but high 
temperature caused by hot air drying makes hardening 
phenomenon of the material surface, and then affects the 
drying rate, causing a lengthy drying time during the last 
stage of drying[8].  The quality of crashed cotton stalk by 
this drying method is frequently not optimal.  Compared 
with sunlight drying and hot air drying, microwave 
drying has some advantages, including uniform energy 
and high thermal conductivity to the inner sides of the 
material, space utilization, energy saving, and fast startup 
and shutdown conditions, which also reduces the drying 
time[9].  Microwave drying is widely used in the drying 
of mint leaves, red pepper, coriander leaves, okra and 
apple drying[10-14], but the application to dry straw has not 
been reported. 

In addition, the most important aspect of drying 
technology is the mathematical modeling of the drying 
process and equipment.  Design engineers can use 
mathematical modeling to choose the most suitable 
operating conditions and then size the drying equipment 
and drying chamber accordingly to match the desired 
operating conditions[15].  Therefore, the aims of the 
present work were to determine the effects of material 
load on the efficiency of microwave drying including 
drying time, drying rate, drying efficiency, and specific 
energy consumption; to compare the fitting ability of 
several drying mathematical modeling to express the 
drying kinetics of crashed cotton stalk with the most 
suitable drying model and to select the most suitable 
operations conditions, so as to design drying equipment. 

2  Materials and method 

2.1  Raw material  
Cotton stalks were obtained from an experimental  

farmland of Northwest A&F University, China, 2014.  
Before the drying experiments, the cotton stalks were 
soaked in water 24 h for being fully softened.  The 
softened cotton stalks were twice crashed with cotton 
stalk fluffer.  After one day indoor natural drying, the 
crashed cotton stalks were cut into samples with the 
length of 20 cm (close to the width of microwave drying 
chamber).  To make the microwave uniformly passing 
the dried layer, the samples were horizontally arranged in 
the microwave chamber during the experiment.  Three 
20 g crashed cotton stalks samples were dried in an oven 
at 103±1°C for 24 h to determine initial moisture 
content[16].  The results showed that the initial moisture 
content of the crashed cotton stalks was 76% (db). 
2.2  Drying equipment and experimental procedure 

Drying treatment was performed in a digital 
microwave dryer (Crown KLT-ZH, China) with maximum 
power output 1000 W and a frequency of 2450 MHz.  
Six different amounts of material loads (250 g, 167 g,  
125 g, 100 g, 67 g and 50 g) were investigated in drying 
experiments at 1000 W microwave power.  The crashed 
cotton stalks materials were uniformly spread on the 
conveyer belt inside the microwave cavity.  Three 
replicates were carried out for each experiment.  
Depending on the drying conditions, moisture loss of the 
crashed cotton stalks was recorded at 1 min intervals 
during drying by using digital balance[16,17].  During the 
drying process, all weighing processes were completed 
within 10 s.  The microwave power was applied until the 
moisture content of the sample reduced to about 6%. 
2.3  Mathematical modeling of microwave drying 
curves 

To investigate the drying characteristics of crashed 
cotton stalks, it is important to model the drying 
behaviour effectively.  In this study, six different 
thin-layer drying models were used (Table 1). 

 

Table 1  Selected thin layer-drying mathematical models 
Models Equations Reference 

Lewis MR = exp (−kt) [18] 

Page MR = exp (−ktn) [19] 

Henderson and Pabis MR = a exp (−kt) [20] 

Logarithmic MR = a exp (−kt) + b [21] 

Wang and Singh MR = 1 + bt + at2 [11] 

Midilli et al. MR = a exp (−ktn) + bt [22] 
Note: k, n, a and b are the model constants. 
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During the drying process, the instantaneous moisture 
ratio (MR) at any given time can be calculated according 
to the following equation: 

t e

o e

M M
MR

M M
−

=
−

               (1) 

where, Mt, M0 and Me are moisture content at any time of 
drying (%), initial moisture content (%) and equilibrium 
moisture content (%), respectively, and t is drying time 
(min).  Me is very small compared to Mt and M0 for the 
microwave drying process, thus the MR can be rearranged 
as[9,13]: 
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2.4  Computational work  
In this study, the nonlinear or linear regression 

analysis was performed using software IMB SPSS 
statistics 19.  The models were evaluated through 
coefficient of determination (R2), root mean square error 
(RMSE) and reduced chi-square (χ2).  The best model 
describing the drying characteristics of crashed cotton 
stalks was the one with the highest R2, and the lowest χ2 
and RMSE values[18,19].  These parameters are defined as 
follows: 
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where, MRexp,i and MRpred,i are the ith experimental and 
predicted moisture ratio, respectively; N is the number of 
observations; z is the number of constants in the drying 
model.  
2.5  Drying rate 

The drying rate (DR) was calculated using the 
following equation: 

t t tM M
DR

t
+Δ −
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Δ

              (6) 

where, DR represents drying rate (kg water/kg db⋅min); 

Mt+Δt is the moisture content of the sample dried at time  

t+Δt (%) and t is drying time (min).  
2.6  Moisture diffusivity 

Fick’s second equation of diffusion is generally used 
to describe the drying characteristics of the biological 
materials, which is used to calculate the effective 
diffusivity, considering a constant moisture diffusivity, 
infinite slab geometry and uniform initial moisture 
distribution[20]: 
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where, Deff is the effective moisture diffusivity (m2/s);   
L is the half thickness of crashed cotton stalk (m) and t is 
drying time (s). 

Considering only the first term of the series is 
significant, the Equation (7) can be simplified as 
Equation (8): 
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Deff can be determined by plotting the experimental 
data of ln(MR) versus time: 
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2.7  Energy efficiency of microwave drying 
The effect of material load on the energy efficiency 

for drying of crashed cotton stalks at 1000 W microwave 
power was evaluated by two different indicators, which 
were microwave drying efficiency in % and specific 
energy consumption in MJ/kg water[16]. 

The microwave drying efficiency was represented by 
the ratio of energy generated by the moisture vapor 
evaporation versus energy provided by the microwave 
equipment[21].  

100w wm
Pt

λ
μ = ×              (10) 

where, μ is the microwave drying efficiency (%); mw is 
the weight of evaporated water (kg); λw is the latent heat 
of vaporization of water (J/kg); P is the average 
microwave power (W); and t is the time interval (s). 

The specific energy consumption of the crashed 
cotton stalks drying process was expressed in MJ/kg 

water.  So the specific energy consumption could be 
calculated as follows[20]: 
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where, Es is the specific energy consumption to evaporate 
a unit mass of water from the product (MJ/ kg water). 

3  Results and discussion  

3.1  Effect of material load on the drying kinetics of 
crashed cotton stalks 

To investigating the effect of material load on 
moisture content, drying rate, and drying time, six 
different material loads, 50 g, 67 g, 100 g, 125 g, 167 g, 
and 250 g were used for drying of constant microwave 
power level of 1000 W.  The moisture content versus 
drying time curves for microwave drying of crashed 
cotton stalks as affected by material load are shown in 
Figure 1.  As the material load was increased, the drying 
time was obviously increased as well.  The microwave 
drying process which reduced the material moisture 
contents from 76% to moisture content of 6% took 6-  
16 min, depending on material load.  The higher the 
material load, the longer the drying time of crashed cotton 
stalk.  Similar findings were also reported by several 
authors for many products under microwave drying[16].  
As the variation in initial moisture contents of the 
material used in drying experiments were relatively very 
small, the difference in drying time was considered to be 
mainly due to the difference in material load.  

The drying rates were determined from the amount of 
water removed per unit time and per unit dry base.  As 
can be seen from Figure 2, the lower material loads, the 
higher the drying rates.  This is because the applied 
microwave power density for unit mass of dried material 
decreased with increasing of material load.  It is also 
clear from the Figure 2 that all the drying rates-t curves 
have two stages during the drying process.  The drying 
rate firstly rapidly increases and then slowly decreases as 
drying progresses.  In general, it is observed that drying 
rate decreased with time or the reduction of moisture 
content.  This is because the moisture content of the 
material was very high during the initial stage 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 process 

proceeded, 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[11,16].  The drying 
process mainly took place in the falling rate period.  
These results are consistent with the findings reported 
about the drying of different fruits and vegetables[9,11,22].  

 
Figure 1  Relationship between the moisture content (%) and 

drying time at different material load 

 
Figure 2  Relationship between the drying rate and moisture 

content (%) at different material load 
 

3.2  Modeling of drying curves 
As shown in Table 2, six thin-layer drying models 

were tested for their suitability to explain the moisture of 
samples during drying.  According to the evaluation 
criteria of mathematical model for the match[18,19], among 
these models, Midilli et al. model was observed as the 
most appropriate for all experimental data with values for 
the coefficient of determination greater than 0.9942 and 
χ2 values and RMSE values lower than 0.0051 and 0.0243, 
respectively.  Thus, Midilli et al. model could better 
represent the microwave drying behavior of crashed 
cotton stalks compared to other models listed. 
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Table 2  Values of the drying constants and coefficients of 
different models determined through regression method for 

different material load 

Model Material 
load/g Model Constants R2 χ2 RMSE

250 k = 0.1659 0.9970 0.0080 0.0195

167 k = 0.1932 0.9952 0.0133 0.0263

125 k = 0.2040 0.9943 0.0229 0.0331

100 k = 0.2169 0.9900 0.0423 0.0423

67 k = 0.2785 0.9867 0.0492 0.0497

Lewis 

50 k = 0.3588 0.9819 0.0403 0.0470

250 a = 1.0325; k = 0.1715 0.9969 0.0058 0.0044

167 a = 1.0432; k = 0.2017 0.9948 0.0085 0.0216

125 a = 1.0538; k = 0.2152 0.9929 0.0132 0.9929

100 a = 1.0458; k = 0.2273 0.9876 0.0327 0.0358

67 a = 1.0582; k = 0.2946 0.9834 0.0371 0.0438

Henderson 
and Pabis 

50 a = 1.0213; k = 0.3665 0.9807 0.0374 0.0461

250 a = 1.0391; k = 0.1673;  
b = −0.0098 0.9970 0.0068 0.0158

167 a = 1.0601; k = 0.1899;  
b = −0.0243 0.9952 0.0104 0.0206

125 a = 1.1166; k = 0.1804;  
b = −0.1806 0.9956 0.0125 0.0203

100 a = 1.2453; k = 0.1499;  
b = −0.2339 0.9976 0.0068 0.0150

67 a = 1.2730; k = 0.1911;  
b = −0.2475 0.9953 0.0134 0.0222

Logarithmic 

50 a = 1.2879; k = 0.2224;  
b = −0.2967 0.9933 0.0072 0.0261

250 a = 0.9993; k = 0.1260; 
b = 0.0029; n = 1.1865 0.9993 0.0032 0.0077

167 a = 1.0017; k = 0.1392; 
b = 0.0032; n = 1.2332 0.9987 0.0051 0.0106

125 a = 0.9991; k = 0.1334; 
b = 0.0027; n = 1.2870 0.9998 0.0006 0.0043

100 a = 0.9981; k = −0.0733; 
b = −0.2317; n = 1.0747 0.9991 0.0009 0.0090

67 a = 0.9960; k = 0.1692; 
b = − 0.0010; n = 1.3510 0.9997 0.0004 0.0059

Midilli et al. 

50 a = 0.9845; k= −0.0630; 
b = −0.3063; n = 1.3059 0.9942 0.0042 0.0243

250 a = 0.0047; b = −0.1313 0.9957 0.0238 0.0191

167 a = 0.0062; b = −0.1510 0.9950 0.0233 0.0211

125 a = 0.0070; b= −0.1603 0.9988 0.0028 0.0118

100 a = 0.0072; b = −0.1659 0.9990 0.0011 0.0096

67 a = 0.0114; b = −0.2104 0.9981 0.0033 0.0159

Wang and 
Singh 

50 a = 0.1856; b = −0.2690 0.9936 0.0046 0.0261

250 k = 0.1386; n = 1.0937 0.9980 0.0090 0.0131

167 k = 0.1509; n = 1.1399 0.9974 0.0113 0.0156

125 k = 0.1413; n = 1.2175 0.9992 0.0048 0.0086

100 k = 0.1423; n = 1.2628 0.9980 0.0032 0.0140

67 k =.1707; n = 1.3590 0.9996 0.0003 0.0065

Page 

50 k = 0.2761; n = 1.2314 0.9885 0.0128 0.0346
 

Under the drying conditions of different material 
loads (250 g, 167 g, 125 g, 100 g, 67 g and 50 g), a 
comparison of the experimental and predicted moisture 
ratio values using the Midilli et al. model was illustrated 

in Figure 3.  As can be observed in the figure, 
consistency of fitting the drying data into this model was 
very good under all of the experimental drying conditions.  
Thus, the Midilli et.al model may be assumed to 
accurately simulate the variation regularity of the rate for 
moisture loss in the microwave drying process[18].  

 
Figure 3  Experimental moisture ratio versus predicted moisture 

ratio of crashed cotton stalks with Midilli et al. model 
 

In order to interpret the effect of material load on the 
Midilli et al. model coefficients, the constants a, b, n and 
k were regressed against the material load using multiple 
regression analysis.  Based on the regression analysis, 
the accepted model and their constants are as follows: 
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3.2  Calculation of effective moisture diffusivity for 
different material loads dried 

The determined values of effective moisture 
diffusivity (Deff) for different material load dried are 
given in Table 3.  It can be seen that Deff are within 
2.8668×10-8-7.9817×10-8 m2/s from 250 g to 50 g, 
respectively.  The Deff values of the samples were within 
the general ranges of 10-6-10-11 m2/s for biological and 
food materials[11,12,20]. 

There is no research result was found regarding the  
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effect of sample mass on Deff for crashed cotton stalks in 
the literature.  Therefore, in this study, Deff was 
investigated by using the method of slopes, the logarithm 
of moisture ratio values, lnMR, was plotted against drying 
time (t) according to the experimental data obtained for 
different material loads dried in the range of 50-250 g at 
1000 W microwave output power.  The values of Deff, 
the corresponding values of coefficients of determination 
are presented in Table 3 for each sample amount.  It can 
be seen that the values of Deff increased with decreasing 
sample amount.  The linearity of the relationship 
between lnMR and drying time (t) is also illustrated in 
Figure 4 for each sample amount.  The sample amount 
and effective moisture diffusivity values were inversely 
proportional to each other as seen from Table 3 and 
Figure 4.  This might be explained by the increased 
heating energy, because of high energy transferred to the 
material and rapid heating, the vapor pressure inside the 
product increased, and this caused faster diffusion of 
moisture to the surface at lower sample amounts[20]. 

 

Table 3  Regression equation and correlation analysis at 
various sample amounts 

Material load/g Regression equation R2 Deff×10-8/m2·s-1

250 lnMR = −2.8294×10-3t+ 0.0895 R2
 = 0.9955 2.8668 

167 lnMR = −3.4080×10-3t+ 0.0430 R2
 = 0.9951 3.4530 

125 lnMR = −3.8835×10-3t+ 0.1032 R2
 = 0.9955 3.9348 

100 lnMR = −4.6103×10-3t +0.1897 R2
 = 0.9826 4.6742 

67 lnMR = −6.1557×10-3t +0.2211 R2
 = 0.9837 6.2370 

50 lnMR = −7.8776×10-3t +0.2016 R2
 = 0.9661 7.9817 

 
Figure 4  Linear relationship between lnMR and drying time at 

various sample amounts of crashed cotton stalks 
 

3.3  Effect of material load on the energy efficiency of 
microwave drying 

Effect of material load on the energy efficiency of  

microwave drying was evaluated by two different 
efficiency indices as microwave drying efficiency in % 
and specific energy consumption in MJ/kg H2O.  The 
changes of the microwave drying efficiency with 
moisture content for various material loads were 
illustrated in Figure 5.  Although the microwave drying 
efficiency for crashed cotton stalks differed between 
material loads, the microwave drying efficiency showed a 
rapidly increasing tendency to a moisture content of about 
60% (db.).  Apparently, during the initial few minutes, 
the microwave energy applied was used in raising the 
material temperature and very little moisture was 
evaporated (Figures 2 and 5).  The drying efficiency was 
very high during the initial phase of the drying, which 
resulted in a higher absorption of microwave power.  As 
the drying proceed, the loss of moisture in the product 
caused a decrease in the absorption of microwave 
power[16,21].  For this reason, it was observed that with 
the material load increasing, the energy losses decreased, 
in other words drying efficiency values increased.  
Similar trends were also observed by Soysal et al.[16] for 
microwave drying of parsley.  

 
Figure 5  Variation in drying efficiency with moisture content at 

various sample amounts of crashed cotton stalks 
 

But, in this study, it should be noted that the range of 
material load is limited to 50-250 g.  In the range, a 
considerable increase in drying efficiency with increasing 
material load signifies that the microwave was efficiently 
absorbed by water[21,23].  As the size of load relative to 
cavity determines the amount of power reflection back to 
the magnetron, the larger the load size, the lower the 
power reduction by reflection and cavity loss and, hence, 
the higher the efficiency of power absorption[16,24].  
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Under the different material loads conditions, specific 
energy consumption of crashed cotton stalks drying was 
shown in Figure 6.  It was clear that specific energy 
consumption decreased continuously with the increasing 
of material load (50-250 g), and the scope of the specific 
energy consumption value ranged from 10.99 MJ/kg 
water to 22.13 MJ/kg water.  The higher the material 
loads, the lower the specific energy consumption (Figure 
6).  As the intensity of heat generation is proportional to 
the content of moisture in a dielectric dried material, the 
bigger the amount of water trapped inside the material 
provided the higher drying efficiency and the lower 
specific energy consumption values[16,25]. 

 
Figure 6  Specific energy consumption at various sample amounts 

of crashed cotton stalks  

4  Conclusions 

Microwave drying characteristics of crashed cotton 
stalks at various sample amounts was investigated in this 
study.  Based on the results of this study, the following 
conclusions were drawn: 

1) Drying time decreased considerably with the 
decrease of crashed cotton stalk’s amount by using 
microwave drying technique.  This technique can be 
successfully used to dry crashed cotton stalks compared 
to sun drying and hot air drying. 

2) Drying took place mainly in the falling rate period 
followed by an increasing rate period after a short heating 
period.  Higher drying rates were obtained with lower 
material loads. 

3) Among the six models tested, the Midilli et al. 
model was found suitable for the description of 
microwave drying kinetics of crashed cotton stalks with 

higher coefficient of determinations and lower standard 
error of estimates.  

4) The effective moisture diffusivity increased with 
the decrease of material load.  In the material load range 
of 50-250 g, the average effective diffusivity varied from 
7.9817×10-8 m2/s to 2.8668×10-8 m2/s. 

5) When the material load being dried was higher, 
more of the microwave energy was used for evaporating 
moisture while the lower material load tended to decrease 
the drying efficiency and increase the specific energy 
consumption.  The specific energy consumption was in 
the scope from 22.13 MJ/kg to 10.99 MJ/kg water in the 
material load range of 50-250 g. 

The model and parameters found in this study can 
provide operational guides for microwave drying of 
crashed cotton and equipment designs.  There is a 
contradiction between drying time and energy 
consumption, in order to obtain the best drying benefit of 
crashed cotton stalks, the further research will be 
performed to study the relationship between energy 
consumption and the microwave power density. 

 

Acknowledgement 
This work was supported by the Special Fund for 

Agro-scientific Research in the Public Interest of 
Agricultural biomass characteristics and Sharing platform 
technology research (project number: 201003063).  

 
[References] 

[1] Panthapulakkal S, Sain M.  Agro-residue reinforced 

high-density polyethylene composites: Fiber characterization 
and analysis of composite properties.  Composites Part A: 
Applied Science and Manufacturing, 2007; 38(6): 1445– 
1454. 

[2] Reddy N, Yang Y.  Properties and potential applications of 
natural cellulose fibers from cornhusks.  Green Chemistry, 
2005; 7(4): 190. 

[3] Reddy N, Yang Y.  Properties and potential applications of 
natural cellulose fibers from the bark of cotton stalks.  
Bioresource technology, 2009; 100(14): 3563–3569. 

[4] Qi C, Yadama V, Guo K, Wolcott M P.  Thermal 
conductivity of sorghum and sorghum–thermoplastic 
composite panels.  Industrial Crops and Products, 2013; 45: 
455–460. 



178   March, 2016                Int J Agric & Biol Eng      Open Access at http://www.ijabe.org               Vol. 9 No.2 

[5] Qi C, Guo K, Liu Y.  Preparation and properties of cotton 
stalk bundles and high-density polyethylene composites using 
hot-press molding.  Journal of Reinforced Plastics and 
Composites, 2012; 31(15): 1017–1024. 

[6] Tamrakar S, Lopez-Anido RA.  Water absorption of wood 
polypropylene composite sheet piles and its influence on 
mechanical properties.  Construction and Building Materials, 
2011; 25(10): 3977–3988. 

[7] Soysal Y, Öztekin S.  PH—Postharvest Technology.  
Journal of Agricultural Engineering Research, 2001; 78(1): 
57–63. 

[8] Femenia A, Sastre-Serrano G, Simal S, Garau MC, Eim VS, 
Rosselló C.  Effects of air-drying temperature on the cell 
walls of kiwifruit processed at different stages of ripening.  
LWT - Food Science and Technology, 2009; 42(1): 106–112. 

[9] Dadalı G, Kılıç Apar D, Özbek B.  Microwave Drying 
Kinetics of Okra.  Drying Technology, 2007; 25(5): 
917–924. 

[10] Özbek B, Dadali G.  Thin-layer drying characteristics and 
modelling of mint leaves undergoing microwave treatment.  
Journal of Food Engineering, 2007; 83(4): 541–549. 

[11] Wang Z, Sun J, Liao X, et al.  Mathematical modeling on 
hot air drying of thin layer apple pomace.  Food Research 
International, 2007; 40(1): 39–46. 

[12] Sanjuan N, Lozano M, Garcia-Pascual P, Mulet A.  
Dehydration kinetics of red pepper (Capsicum annuum L var 
Jaranda).  Journal of the Science of Food and Agriculture, 
2003; 83(7): 697–701. 

[13] Sarimeseli A.  Microwave drying characteristics of 
coriander (Coriandrum sativum L.) leaves.  Energy 
Conversion and Management, 2011; 52(2): 1449–1453. 

[14] Bhattacharya M, Srivastav PP, Mishra HN.  Thin-layer 
modeling of convective and microwave-convective drying of 
oyster mushroom (Pleurotus ostreatus),  Journal of food 
science and technology, 2015; 52(4): 2013–2022. 

[15] Darvishi H, Khoshtaghaza M H, Najafi G, Nargesi F.   
Mathematical modeling of green pepper drying in 
microwave-convective dryer.  Journal of Agricultural 
Science and Technology, 2013; 15(3): 457–465.  

[16] Soysal Y, Öztekin S, Eren Ö.  Microwave Drying of Parsley: 
Modelling, Kinetics, and Energy Aspects.  Biosystems 
Engineering, 2006; 93(4): 403–413. 

[17] Maskan M.  Microwave/air and microwave finish drying of 
banana.  Journal of Food Engineering, 2000, 44(2): 71–78. 

[18] Doymaz İ, İsmail O.  Drying characteristics of sweet cherry.  
Food and Bioproducts Processing, 2011; 89(1): 31–38. 

[19] Jangam S V, Joshi V S, Mujumdar A S, Thorat B N.  
Studies on Dehydration of Sapota (Achras zapota).  Drying 
Technology, 2008; 26(3): 369–377. 

[20] Darvishi H, Asl A R, Asghari A, Azadbakht M, Najafi G, 
Khodaei J.  Study of the drying kinetics of pepper.  Journal 
of the Saudi Society of Agricultural Sciences, 2014; 13(2): 
130–138. 

[21] Mousa N, Farid M.  Microwave Vacuum Drying of Banana 
Slices.  Drying Technology, 2002; 20(10): 2055–2066. 

[22] Figiel A.  Drying kinetics and quality of beetroots 
dehydrated by combination of convective and 
vacuum-microwave methods.  Journal of Food Engineering, 
2010; 98(4): 461–470. 

[23] Venkatesh M S, Raghavan G S V.  An Overview of 
Microwave Processing and Dielectric Properties of Agri-food 
Materials.  Biosystems Engineering, 2004; 88(1): 1–18. 

[24] Khratshen M A M, Cooper T J R, Magee T R A.  
Microwave and air drying I.  Fundamental considerations 
and assumptions for the simplified thermal calculations of 
volumetric power absorption.  Journal of Food Engineering, 
1997; 33(1): 207. 

[25] Araszkiewicz M, Koziol A; Oskwarek A, Lupinski M.  
Microwave drying of Porous Materials.  Drying Technology, 
2004; 22(10): 2331–2341. 

 
 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


