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Purpose: Drying characteristics of the sliced carrot and green pumpkin were investigated by using the waste heat dryer. 
Methods: The effects of drying temperature ( ) and slice thickness affecting drying time were analyzed. Mathematical models for the drying curves were determined with statistical analysis of drying data. Effective diffusivity was determined for the slices of carrot and green pumpkin under various drying conditions. Results: Drying time was reduced at the drying conditions of thinner slice and higher drying temperature. Moisture ratio () according to drying time () was well presented as an exponential function at all of drying conditions for the slices of carrot and green pumpkin with the determination coefficient () of >0.99. The values of effective diffusivity () of the slices for carrot and green pumpkin were increased with increasing the drying temperature. The relationship between Ln() and 1/  was linear with the determination coefficient () of >0.97. Conclusions: Drying model was well established as an exponential function at all of drying conditions for drying samples. 
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IntroductionDrying is one of the ways used for a long time to prevent the decay and deterioration of agricultural products by the removal of moisture. Various agricultural products such as grains, vegetables, and fruits are usually dried for long time storage and for future utilization as foods. Carrot and green pumpkin are dried in the form of slice for preservation and for the use as food material even though they can be used in the fresh state. Recently, some of dried carrot and pumpkin slices are imported from China. Solar drying is the traditional method, which produces a product with desirable properties in color, flavor, and texture. However, it has many disadvantages, such as long drying time, exposure to contamination from dust and insects, etc. 

It is known that drying method affects greatly the quality of product. Therefore, many kinds of drying method such as far-infrared drying (Abe and Afzal, 1997; Fu and Lien, 1998; Afzal and Abe, 2000), microwave drying (Adu and Otten, 1996), etc. have been applied to improve the quality of dried products. However, hot-air drying is widely used in the food processing industry until now. Drying involves the vaporization of moisture within the product by heat and its subsequent evaporation from the product (Ekechukwu, 1999). The usual drying method of agricultural products is the thin-layer drying with hot air. Drying of agricultural products is generally performed in the range of 50℃ to 70℃ to minimize changes in color and flavor qualities. Drying of agricultural products is a unit operation involving simultaneous heat and mass transfer, which stabilizes the product by lowering its moisture content and water activity. A lot of research has been reported about thin-layer drying characteristics of agricultural products such as soybeans (Osborn et al., 1991), corn (Weres and Jayas, 
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1994), garlic slices (Madamba et al., 1996), brined onion slices (Sarsavadia et al., 1999), paprika (Ramesh et al., 2001), potato slices (Youcef-Ali et al., 2001), and red pepper (Doymaz and Pala, 2002). The process of thin- layer drying of agricultural products has been described mathematically with several models (Henderson and Pabis, 1961; Chinnan, 1984; Misra and Brooker, 1980; Lee et al., 2004; Kim and Han, 2009). The objectives of this study were to investigate the thin-layer drying characteristics of the slices of carrot and green pumpkin as influenced by drying temperature and slice thickness and to find suitable mathematical models for the drying curves.
　

Materials and Methods

Drying modelThe drying phenomenon of biological materials is controlled by the mechanism of moisture diffusion during the falling rate period. Fick's second law of diffusion can be used for describing the rate of moisture movement during drying for homogeneous materials, in which the heterogeneity of the material is taken into account by using effective diffusivity. The diffusion equation is as follows:
　











   (1)　
Where,  is the average moisture content (%, d.b.), t is the drying time (hr),  is the effective diffusivity m2/hr),  is the distance from center (m), and   is the constant according to shape of drying material. Initial and boundary conditions of equation 1 are as follows:
  

  Where,  is the radius for infinite cylinder and sphere and the half thickness for infinite slab (m),  is the initial moisture content (%, d.b.),   is the equilibrium moisture content (%, d.b.). With the assumptions of moisture migration by diffusion, negligible shrinkage, and constant diffusion coefficients and temperature, analytical solution of Fick’s equation for a semi-infinite slab is as follows (Crank, 1975): 
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Where,   is the dimensionless moisture ratio and   is the half thickness of sample (m). For the high value of drying time, equation 2 rapidly converges and terms with n>1 can be neglected and thus simplified as follows (Henderson and Perry, 1976):
 exp  (3)

Where,  is the drying constant and  is the general constant which is determined according to the shape of drying material. The values of  and  can be obtained through the thin-layer drying experiment. This theoretical model has been used to describe the drying process of many agricultural products (Pabis and Henderson, 1961; Henderson and Henderson, 1968; Young and Whitaker, 1971; Parry, 1985; Tang and Sokhansanj, 1993; Lee and Hsieh, 2008). Drying constant () of equation 3 can be related with the effective diffusivity () of equation 2 as follows (Lee et al., 2004):


 


  (4)
The effect of drying temperature on effective diffusivity () is also presented as the following Arrhenius-type equation (Coumans, 2000; Duc et al., 2008; Simal et al., 2000):
 exp

   (5)
Where,  is a constant equivalent to the effective diffusivity (m2/hr),  is the activation energy (J/mol),   is the gas constant (8.314 J/mol·K), and   is the temperature of air (K). 

　
DryerIn this study, the hot-air dryer using the waste heat of carbonizing furnace was used in drying experiment. XL-pipe was buried along the round of the ceiling wall of carbonizing furnace (Figure 1). Heat produced by carbon-izing process is transferred into the fluid, which is 
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Figure 1.  Systemic diagram for the dryer using waste heat of carbonizing furnace.

Figure 2.  Detailed structure of waste heat dryer.

circulating inside the XL-pipe of carbonizing furnace. Then, heated fluid is forced into the copper pipe installed at the bottom of drying chamber as the heat exchanger (Figure 2). Air around the copper pipe is heated and goes through inside the drying chamber by fan. Dryer has several layers of drying racks inside the drying chamber. Pressure sensor is installed for the automatic opening of ventilating hole when the pressure inside drying chamber is increased by moisture evaporation of drying materials. Moreover, the waste heat dryer is equipped with the cooling units for using as the storage chamber of agricultural products as well as dryer.
Materials and experimental methodsCarrot (Daucus carota L.) and green pumpkin (Cucurbita 
spp.) were obtained at the market in October, 2010 and then stored in a storage chamber set at 4℃ for several days prior to drying tests. For the drying experiment, carrot and green pumpkin were removed from the 

storage chamber. Then they were washed, maintained at the room temperature for 30 minutes after removal of the moisture on the wet surface, and sliced for drying test. Three samples of 100 g for each experimental material were used to determine the initial moisture content in an air oven (VS-1202D3, Vision Scientific Co., Korea) at 80℃ for 48 hours. After drying, the sample masses were measured after cooling in a desiccator with silica gel for 30 min. Initial moisture content of each experimental material was calculated on the dry basis. Airflow rate set at a level was measured at the top, middle, and bottom inside the drying chamber with using an anemometer (Model 24-6111, Kanomax, Inc., Japan). Averaged airflow rate of three measurements was 0.8 m/s. Relative humidity (RH) inside the drier was measured by data logger with moisture sensor (Model LI-1400, LI-COR Inc., USA). Relative humidity was 7.2%, 4%, 2,5% for each drying temperature of 50℃, 60℃, and 70℃. Carrot and green pumpkin were sliced into transverse sections of 1, 
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Table 1.  Drying and half drying time of agricultural products

Experimental 
material

Drying temperature
(°C)

Thickness
(mm)

EMC
(% d.b.)

Half drying time 
(=0.5)(min)

Drying time 
(hr)

Carrot

50
1 5.6 42 4
2 8.2 54 5
3 12.8 102 7

60

1 3.8 42 4

2 5.0 50 5
3 6.6 84 7

70
1 3.7 36 4
2 4.9 42 5
3 6.4 72　 6

Green Pumpkin　

50

1 5.4 50 6

2 7.1 84 8
3 8.6 114 9

60
1 4.9 42 4
2 5.6 48 5
3 5.9 60 6

70

1 4.7 24 3

2 5.8 42 4
3 5.8 54 5

2, and 3 mm thickness. Drying tests were replicated three times for each of three drying temperatures (50℃, 60℃, and 70℃) with each sliced sample of three thicknesses. Samples were weighed on an electronic balance (Model FA-3000KV, A&D Co., Japan) with a sensitivity of 0.001 g at constant time intervals during drying experiment. To complete drying and attain equilibrium, the drying test was terminated when the change of sample mass was less than 0.01 g. After drying test, equilibrium moisture content () of the sample was determined by the same procedure used for measurement of initial moisture content. Moisture content of sample during drying period was calculated at each drying time of constant time interval and presented as the moisture ratio (MR). Average values of each drying test were used for the drying curves of three slice thicknesses of each sample for three drying temperature. Drying data were evaluated by a nonlinear regression program (SigmaPlot 2000, SPSS Inc., USA). 
　

Results and DiscussionThe initial moisture contents () of carrot and green pumpkin were 91.0% (w.b.) and 93.7% (w.b.), respectively. 

Table 1 shows total drying time, half drying time, and equilibrium moisture content () for each sample of three thicknesses under different drying temperature. Equilibrium moisture content was varied from 12.8% to 3.7% for carrot and from 8.6% to 4.7% for green pumpkin depending on drying temperature and slice thickness.Total drying time and half drying time were decreased greatly with increasing the drying temperature. The half drying time of 3 mm thickness for each drying temperature of 50℃, 60℃, and 70℃ was 102 min, 84 min, 72 min for carrot and 114 min, 60 min, 54 min for green pumpkin. Total drying time and half drying time were also decreased with decreasing the slice thickness under same drying temperature.Figures 3 and 4 show the typical drying curves of moisture ratio () versus drying time () for carrot and green pumpkin sliced to 1, 2, and 3 mm thickness at drying temperature of 50℃, 60℃, and 70℃. As expected, the results showed that drying time decreased greatly as drying temperature increased and slice thickness decreased. The drying rate can be obtained from the slop of the drying curve. The slop of drying curve was increased with increasing drying temperature and decreasing slice thickness. 
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Figure 3.  Drying curves of carrot. Figure 4.  Drying curves of green pumpkin.

Theoretical model (eq. 3) was fited to the drying data describing the drying curves for carrot and green pumpkin slices of 1, 2, and 3 mm thickness at drying temperature of 50℃, 60℃, and 70℃. Calculated moisture ratio and drying time were used in fitting the model. Table 2 presents the exponential relationship between moisture ratio and drying time from non-linear regression analysis. Coefficients of determination () which is the primary criteria to decide the validation of the model for drying curve were >0.99. For each drying temperature of 50℃, 60℃, and 70℃, the value of  was decreased and the value of  was increased with increasing the slice thickness for both carrot and green pumpkin. Also, the value of  was increased and the value of  was decreased with increasing 

the drying temperature. The effective diffusivity () was calculated by equation 4 for carrot and green pumpkin slices of 1, 2, and 3 mm thickness at drying temperature of 50℃, 60℃, and 70℃ (Table 2). The effective diffusivity was increased with increasing the drying temperature. The value of effective diffusivity was in the range of 3.38939×10-7 to 4.77538×10-7 m2/hr and 2.71069×10-7 to 6.97618×10-7 m2/hr for each carrot and green pumpkin slice.　The effective diffusivity () is presented by Arrhenius equation of equation 5. The relationship between ln() and 1/  has the linear relationship as taking natural logarithm on both sides of equation 5. Figure 5 presents the linear relationships between ln() and 1/  in the 
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Table 2.  Values of , , , and  according to experimental conditions

Experimental
material

Drying 
temperature (℃)

Thickness
(mm) 


(hr-1)


(m2/hr)



Carrot

50
1 1.0015 1.5022 0.9988
2 1.0055 0.9347 3.38939×10-7 0.9977
3 1.0335 0.5316 0.9878

60
1 1.0006 1.7682 0.9994
2 1.0062 1.1290 4.2572×10-7 0.9955
3 1.0122 0.7009 0.9962

70
1 1.0009 1.6738 0.9991
2 1.0038 1.3308 4.77538×10-7 0.9961
3 1.0157 0.7920 0.9923

Green Pumpkin

50
1 1.0044 1.0415 0.9985
2 1.0205 0.6245 2.71069×10-7 0.9946
3 1.0308 0.4976 0.9929

60
1 1.0007 1.5816 0.9996
2 1.0055 1.1601 4.62291×10-7 0.9959
3 1.0107 0.8280 0.9958

 
70
　

1 1.0000 3.2551 1.0000
2 1.0007 1.8051 6.97618×10-7 0.9992
3 1.0078 1.1288 0.9929

Figure 5.  Relationship between drying temperature and effective 
diffusivity for carrot and green pumpkin.

range of drying temperatures investigated for carrot and green pumpkin indicating Arrhenius dependence with the determination coefficients () of >0.97.
ConclusionsIn this study, thin-layer drying characteristics of carrot and green pumpkin slices were investigated, and math-ematical models for the drying curves were developed during hot-air drying by waste heat dryer. The results showed that the drying time was decreased greatly with decreasing the slice thickness and increasing the drying temperature. The slop of drying curves implying the degree of drying rate was increased with increasing the drying temperature and decreasing the slice thickness. Theoretical models fitted to drying data for the drying curves had high value of determination coefficients () of >0.99. Thus, it showed good exponential relationship between moisture ratio and drying time. In the drying model, the value of  was decreased and the value of  was increased with increasing the slice thickness and decreasing the drying temperature. The effective diffusivity () was increased with increasing the drying temperature. The value of effective diffusivity was in the range of 
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3.38939×10-7 to 4.77538×10-7 m2/hr and 2.71069×10-7 to 6.97618×10-7 m2/hr for each carrot and green pumpkin slice. The linear relationships between ln () and 1/  for carrot and green pumpkin showed well Arrhenius dependence with the determination coefficients () of >0.97.
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