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ABSTRACT 
This work presents the drying process of apricots and apples which have been considered for drying in a solar-

assisted forced convection tray dryer. The logarithmic model has been used to describe the drying behavior of 

apples and apricots at different air temperatures (50 °C to 80 °C) and at different air velocities (0.5 m/s to 2 m/s) 

based on experimental data from several studies.  

The slice thickness of apples has been assumed at 10 mm with initial moisture content 87 % d. b; the main 

diameter of apricots was 40 mm with initial moisture content 80 % d. b. The changes in moisture content with 

drying time during the drying period have been presented indicating the absence of the constant rate period.  

In addition, drying air flow rates and temperatures had an important effect on the drying time and on the 

moisture removal from apricots and apples. Finally, the effective moisture diffusivity values have been estimated 

from Fick’s diffusion model pointing out that it has been increased with the increase of the drying air temperature. 
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INTRODUCTION  
Drying is one of the most popular methods of food preservation which allows dried foods to be stored for long 

periods without further deterioration in their quality. The drying of food implies the removal of water from the 

product to an acceptable level for safe storage [1]. Drying of agricultural products under direct sunlight is the 

traditional way of preservation in the Mediterranean countries. This method is practiced until today for certain 

products because of the advantages of simplicity and economy [2]. 

However, open sun drying has some drawbacks such as longer drying time, fungal growth, encroachment of 

insects, birds and rodents, wind, rain, storm, dirt, dust and environmental pollution [2]. The major advantage in 

the energy requirements for this open sun drying process is that the solar and wind energy is available freely in 

nature. Drying in a solar dryer constitutes a safer and efficient alternative process due to better quality products. 

Solar drying has become a popular method to replace thermal dryers which use high cost fossil fuels [3]. 

A solar dryer is a device that uses solar energy to dry substances, especially food and it is closed to keep the 

food safe from damage [4]. Basically, there are four types of solar dryers. 

Direct solar dryers expose the substance to be dehydrated in direct sunlight and may have enclosures or glass 

covers in order to increase efficiency. They have a black absorbing surface which collects the light and converts it 

to heat; the substance to be dried is placed directly on this surface [5]. 

In indirect solar dryers solar energy is collected in a separate solar collector (air heater). This heated air passes 

over the substance and then through the chimney [5]. 

In mixed-mode dryers, the combined action of the incident solar radiation on the material to be dried and the 

air preheated in solar collector provides the heat required for the drying operation [6]. 

In hybrid solar dryers, although the sun is used to dry products, other technologies are also used to cause air 

movement in the dryers. For example, fans powered by solar PV can be used in these types of dryers [6]. 

Solar dryers have been used and related experimental studies have been reported concerning the drying of 

agricultural products such as beans [3], grapes [3, 6], potatoes [7], onions [8, 9], grains [10], figs [11], apples [12], 

apricots [13, 14, 15], mangoes [16, 17], bananas [17], rough rice [18, 19], pumpkins [9], green peppers [9] and 

pistachios [20].  
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A number of thin layer equations are also available in the literature for explaining drying behavior of 

agricultural products. Specifically, the logarithmic model has been used by some investigators to describe drying 

kinetics for mushrooms [21], apples [22], apricots [23, 24], grapes [25, 26], figs [27], bananas [28], tomatoes [29, 

30], pistachios [31] and bell peppers [32]. 

The main objective of this article is to determine the drying behavior of apricots and apples in an indirect type 

forced convectional solar dryer relying on experimental results from several articles by using the logarithmic model  

MR=a∙exp•(-k∙t)+c . In addition, the effective moisture diffusivity in the convective drying process of apricots and 

apples has been calculated. It has been proved that our results are similar to these of other researchers. A 

comparison has been made between the changes of moisture content and the effective moisture diffusivities of 

apples and apricots. 

 

MATERIALS AND METHODS 

Materials and Solar Dryer 

Many investigators have carried out drying experiments using solar dryers and some of them have published 

their results for apricots and apples drying. Solar dryers have been proposed due to agricultural products drying. 

We have chosen the forced convectional solar dryer used by Mohanraj and Chandrasekar in experiments which 

were carried out for copra [33] and chilli [34] drying. Based on the literature, the dimensions of this dryer are 

convenient for drying of food, especially for products such as apricots and apples, which we are dealing with in 

this article. The forced convectional solar dryer consists of an air heater, a drying chamber and a blower/fan to 

duct the heated air to the drying chamber.  

Drying characteristics have been chosen from experimental results given [24] for apricots and [35] for apples 

with different values of air velocities and temperatures. 

The slice thickness of apples has been assumed at 10 mm with initial moisture content 87 % d. b. Apples had 

been dried by using drying air temperatures from 50 C to 80 C at air velocity 1 m/s. The main diameter of apricots 

was 40 mm with initial moisture content 80 % d. b. Apricots had been dried using air temperatures from 50 C to 

70 C at air velocities 0.5 to 2 m/s. Other researchers have also selected these drying data as sufficiently suitable 

for drying apricots and apples [22, 23, 24]. 

 

Mathematical Modeling of Drying Data 

Several thin layer drying models have been proposed by researchers describing the moisture transfer in various 

agricultural products as shown in Table 1 [1]. Liquid or vapor diffusion is assumed to be the primary mechanism 

of moisture transport in drying of fruit and vegetables and it is described by the Fick’s second law [36]: 

 

                                                            
𝜕𝑀

𝜕𝑡
= 𝐷𝑒𝑓𝑓∇

2𝑀                                                       (1) 

  

where 𝐷𝑒𝑓𝑓(
𝑚2

𝑠⁄ )     is the effective moisture diffusivity and  𝑀 the moisture content at any time % d.b. 

The first term of the solution of Equation 1, after making some simplifications i.e constant diffusivity, no 

shrinkage, suitable boundary conditions for spherical bodies produces Eq. 2. 

 

                                                    𝑀𝑅 =
8

𝜋2
𝑒𝑥𝑝 (−

𝜋2𝐷𝑒𝑓𝑓𝑡

4𝐿2
)                                                         (2) 

 

where 𝑀𝑅  stands for 
𝑀−𝑀𝑒𝑞

𝑀0−𝑀𝑒𝑞
the dimensionless form of moisture content, 𝐿 the thickness of the slab (𝑚) and 𝑡 the 

drying time in (𝑠). We have presented in [21] the complete equation type for MR calculation. 

Equation 2 can also be written in a more simplified form as: 

 

                                                 𝑀𝑅 = 𝑎 ∙ exp(−𝑘 ∙ 𝑡)                                                                    (3) 

 

                                                       𝑀𝑅 = 𝑎 ∙ exp(−𝑘 ∙ 𝑡) + 𝑐                                                  (4) 
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Equation 3 is known to be the exponential or Lewis model and Equation 4 the logarithmic model. The Lewis 

model is considered to be the simplest model to describe the moisture movement in dried products [37]. Based on 

other works related to mathematical modeling of drying of apricots and apples, the logarithmic model appears to 

be a suitable model attributing accurately their drying characteristics [15, 22, 23, 24, 35]. 

 

Table 1.  Mathematical models for the drying curves 

Model equation                                                                                                    

𝑀𝑅 = exp⁡(−𝑘 ∙ 𝑡)                                                                                          Lewis                                                  [37]                                                                   

𝑀𝑅 = 𝑎 ∙ exp(−𝑘 ∙ 𝑡)                                                                       Henderson &Pabis                                            [38]              

𝑀𝑅 = 𝑎 ∙ exp(−𝑘 ∙ 𝑡) + 𝑐                                                                         Logarithmic                                              [36] 

𝑀𝑅 = 𝑎 ∙ exp(−𝑘0 ∙ 𝑡) + 𝑏 ∙ exp(−𝑘1 ∙ 𝑡)                                   Two-term exponential                                           [39]   

𝑀𝑅 = exp(−𝑘 ∙ 𝑡𝑛)                                                                                           Page                                                 [19]                                

𝑀𝑅 = 𝛼 ∙ [exp(−𝑘 ∙ 𝑡𝑛)]                                                                       Modified Page                                              [40]      

𝑀𝑅 = 1 + 𝛼 ∙ 𝑡 + 𝑏 ∙ 𝑡2                                                                      Wang and Singh                                              [41] 

𝑀𝑅 = 𝑎 ∙ exp(−𝑘 ∙ 𝑡𝑛) + 𝑏 ∙ 𝑡                                                               Midilli et al.                                          [42,43]                    

𝑀𝑅 = 𝑎 ∙ exp(−𝑘 ∙ 𝑡) + (1 − 𝑎) ∙ exp(−𝑘 ∙ 𝑏 ∙ 𝑡)                                 Diffusion approach                                      [44]                         

𝑀𝑅 = 𝑎 ∙ exp(−𝑘 ∙ 𝑡) + 𝑏 ∙ exp(−𝑔 ∙ 𝑡) + 𝑐 ∙ exp⁡(−ℎ ∙ 𝑡)          Modified Henderson & Pabis                               [45]    

𝑀𝑅 = 𝑎 ∙ exp(−𝑘 ∙ 𝑡) + (1 − 𝑎) ∙ exp(−𝑔 ∙ 𝑡)                                       Verma et al.                                                [46]                           

RESULTS AND DISCUSSION 
 

Influence of the air parameters on the drying curves and on the effective moisture diffusivity 𝑫𝒆𝒇𝒇  

of apricots  
We considered that the apricots were dried at 50, 60 and 70 °C and at 0.5, 1, 1.5 and 2 m/s in a solar-assisted 

forced convectional tray dryer. Their main diameter was 40 mm and their moisture content was decreased from 80 

% d.b to 10 %. The drying curves of apricots have been built by using the logarithmic model MR=a∙exp•(-k∙t)+c 

and are presented in Figure 1. 

It is apparent that moisture ratio decreases continuously with drying time. Analysis of the drying curve has 

shown no constant rate period. The drying has taken place in the falling rate period. The moisture ratio MR versus 

drying time is shown in Figure 1 for the selected values of air velocity and at constant air temperature. 

Obviously, increasing drying air velocity, a decrease in drying time is observed. These results are in agreement 

with other results reported for drying of apricots such as [24]. 

Table 2 shows the drying time (min) under different air temperatures and air velocities.  

 

Table 2.Time (min) of apricot drying from 80%  to 10%moisture content. 

 

Drying air temperature, 

T(°C) 

Drying air velocity, 

V(m/s) 

Drying time 

(min) 

50 0.5 576 

60 0.5 534 

70 0.5 498 

50 1 480 

60 1 450 

70 1 420 

50 1.5 402 

60 1.5 384 

70 1.5 360 

50 2 348 

60 2 330 

70 2 318 
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(a) 

(b)

(c) 

Figure 1. Air velocity effect on the drying curves for air temperature 50 °C (a), 60 °C (b) and 70 °C (c) 

 

Figure 2 presents the drying curves for different air temperatures 50, 60 and 70 °C at air velocities 0.5, 1.5 

and 2 m/s, respectively. It is evident that drying air temperature has a significant effect on the drying time, as higher 

air drying temperatures shorten the drying time.  

The drying time is decreased when air velocity increases in equal intervals of 0.5 m/s between 0.5 to 2 m/s as 

it is depicted in Table 3. 

Furthermore, there is a decrease in drying time when air temperature is increased from 50 to 70 °C with a 10°C 

step as it is shown in Table 4. 

Therefore, the zone for air velocities between 0.5 to 1 m/s and temperatures between 50 to 60 °C is the best 

option for drying apricots, due to the greatest effect on the drying time decrease, namely, 16.68 % and 7.32 % 

correspondingly. 

Table 5 presents the coefficients for logarithmic model during the drying of apricots.  

Figure 5 exemplifies the Ln (MR) (Moisture Ratio) as a function of time (h) at air temperature 50°C with 

velocities 1 and 2 m/s. The plotted curves show that the increase in temperature increases the slope of straight line, 

or in other words the effective moisture diffusivity is increased. 
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(a) 

(b) 

(c) 

Figure 2. Drying curves for different air temperatures at velocities 0.5 m/s m/s (a), 1.5 (b) and 2 m/s (c). 

 

 

Figure 3. Drying time percentage reduction versus air velocity at different values of temperature 

0

0.2

0.4

0.6

0.8

1

1.2

0 5 10 15

M
o

is
tu

re
 R

at
io

 (
M

R
)

Drying Time (h)

V=0.5 m/s

T=50°C

T=60°C

T=70°C

0

0.2

0.4

0.6

0.8

1

1.2

0 2 4 6 8

M
o

is
tu

re
 R

at
io

 (
M

R
)

Drying Time (h)

V=1.5 m/s

T=50°C

T=60°C

T=70°C

0.1

0.11

0.12

0.13

0.14

0.15

0.16

0.17

0.5 1 1.5 2 2.5

D
ry

in
g 

Ti
m

e
 P

e
rc

e
n

ta
ge

 
R

e
d

u
ct

io
n

Air Velocity (m/s)

T=50°C

T=60°C

T=70°C



Journal of Thermal Engineering, Research Article, Vol. 4, No. 1, pp. 1680-1691, January, 2018 

1685 

 

 

 
 

Figure 4. Drying time percentage reduction versus air temperature at different values of velocity 

 

Table 3.Drying time percentage reduction for certain temperature in equal intervals of 0.5 m/s 

T (°C) V (m/s) Percentage Reduction (%) 

50 0.5 - 1 16.68 

50 1 – 1.5 16.25 

50 1.5 – 2 13.43 

60 0.5 – 1 15.73 

60 1 – 1.5 14.67 

60 1.5 – 2 14.06 

70 0.5 – 1 15.66 

70 1 – 1.5 14.29 

70 1.5 - 2 11.67 

 

.Table 4. Drying time percentage reduction for certain velocity in equal steps of 10 °C. 

V (m/s) T (°C) Percentage Reduction (%) 

0.5 50 – 60 7.32 

1 50 – 60 6.74 

1.5 50 – 60 6.25 

2 50 – 60 6.67 

0.5 60 – 70 4.48 

1 60 – 70 6.32 

1.5 60 – 70 5.17 

2 60 - 70 3.63 

 

Figure 6 shows the effective moisture diffusivity 𝐷𝑒𝑓𝑓   variation with air temperature at different levels of air 

velocity. 

Figure 7 presents the effective moisture diffusivity  𝐷𝑒𝑓𝑓   versus air velocity at different levels of air 

temperature. 

The values of the effective moisture diffusivity 𝐷𝑒𝑓𝑓 were ranged from 8.29 x10−10𝑚2/s to 18.9 x 10−10𝑚2/s. 

The maximum value of moisture diffusivity was 18.9 x 10−10𝑚2/s when air velocity was 1 m/s and air temperature 

was 50ºC. The minimum value of moisture diffusivity has been calculated equal to 8.29 x10−10𝑚2/s at 2 m/s air 

velocity and 70ºC air temperature. As we have already seen the maximum value of diffusivity has been found for 

the minimum air velocity value.  Mirzaee et al. [23] reported that the minimum value of moisture diffusivity for 
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apricots was varied between 1.78 ×10−10𝑚2/s to 5.11×10−10𝑚2/s. Togrul and Pehlivan [24] gave almost same 

values, 6.51 x10−9𝑚2/s to 8.32 x 10−9𝑚2/s. Our results are comparable. 

 

Table 5. Regression analysis coefficients for logarithmic model⁡MR = a exp(−k ∙ t) + c. 

T (°C) V (m/s) Coefficients (a, k, c) 

50 0.5 a=1.1453,  k=0.0027,   c=0.1365 

50 1 a=1.1558,  k=0.0032,   c=0.1434 

50 1.5 a=1.1665,  k=0.0037,   c=0.1503 

50 2 a=1.1773,  k=0.0043,   c=0.1572 

60 0.5 a=1.1453,  k=0.0029,   c=0.1424 

60 1 a=1.1558,   k=0.0034,   c=0.1493 

60 1.5 a=1.1665,   k=0.0039,   c=0.1562 

60 2 a=1.1773,   k=0.0045,   c=0.1631 

70 0.5 a=1.1453,  k=0.0031,   c=0.1465 

70 1 a=1.1558,  k=0.0036,   c=0.1534 

70 1.5 a=1.1665,   k=0.0041,   c=0.1603 

70 2 a=1.1773,   k=0.0046,   c=0.1672 

 

 
Figure 5. Ln (MR) with drying time (h) at air velocities 1 and 2 m/s. 

 

 
 

Figure 6. 𝐷𝑒𝑓𝑓  for various air temperatures and velocities 1 and 2 m/s. 
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Figure 7. 𝐷𝑒𝑓𝑓  as a function of air velocity and temperatures 50, 60 and 70 °C. 

 

 

Influence of the air temperature on the drying curves and on the effective moisture diffusivity 

𝑫𝒆𝒇𝒇  of apples 

The drying behavior of apples using the logarithmic model   𝑀𝑅 = 𝑎 ∙ exp(−𝑘 ∙ 𝑡) + 𝑐 is presented in Figure 

8 for constant air velocity 1 m/s and selected temperatures 50, 60, 70 and 80 °C. The drying process stopped until 

the water content of apples, 87 % d. b, reached the level of 10 %. 

 

 
 

Figure 8. Drying curves for apples dried at different air temperatures and air velocity 1 m/s. 

 

Table 6.Total drying time (min) under different drying conditions 

 

 

 

 

 

 

 

 

 

Table 7. Effective moisture diffusivity under different drying temperatures 

𝑫𝒆𝒇𝒇 (×𝟏𝟎−𝟏𝟎) T (°C)   V (m/s) 

5.49 50 1 

6.62 60 1 

8 70 1 

9.54 80 1 
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Figure 9. 𝐷𝑒𝑓𝑓versus air temperature at air velocity 1 m/s. 

The values of the effective moisture diffusivity ranged from 5.49 x10−10𝑚2/s to 9.54 x 10−10𝑚2/s. We 

observe that this value is smaller than this which we have mentioned above for apricots. 

 

Comparisons between apricots and apples 

Table 8 presents the drying time of fruits under consideration at air velocity 1 m/s. 

 

Table 8. Drying time of apples and apricots under the same air velocity 1 m/s. 

T(°C) Apricots (min) Apples (min) 

50 480 510 

60 450 420 

70 420 354 

 

We observe that as air temperature becomes higher apples need shorter time to reach the required level of final 

moisture content than apricots do. However, at 50 °C the total drying time of apples is inevitably larger than that 

of the apricots.  

 

Table 9. Effective moisture diffusivity of apples and apricots under the same air velocity 1 m/s. 

T(°C) Apricots 

𝐃𝐞𝐟𝐟 (×𝟏𝟎
−𝟏𝟎) 

Apples 

𝐃𝐞𝐟𝐟 (×𝟏𝟎
−𝟏𝟎) 

50 8.29 5.49 

60 10.6 6.62 

70 10.7 8 

 

Here, one can witness that the apricots moisture diffusivity in comparison to that of apples is higher, at the 

stated temperatures. 

 

CONCLUSIONS 

The drying process of apricots and apples, with about 40 mm diameter and 10 mm thickness, in a forced 

convection solar dryer has been studied.  The drying curves have been built by using the logarithmic model 𝑀𝑅 =
𝑎 ∙ exp(−𝑘 ∙ 𝑡) + 𝑐. Our conclusions are summarized below: 

 The drying time decreases as the drying air temperature increases. The time fluctuation values are 576 to 318 

min for air temperatures 50 to 70 °C and air velocities 0.5 to 2 m/s regarding apricots. For apples the quantities 

are 510 to 312 min when temperature varies between 50 to 80 °C and the air temperature is 1 m/s.  

 The zone between air velocities 0.5 to 1 m/s  and temperatures 50 to 60 °C  is the best option for apricots 

drying. 

 The average values of effective diffusivities vary between 8.29 x10−10𝑚2/s to 18.9 x 10−10𝑚2/s at air 

temperatures 50 to 70°C for apricots drying and from 5.49 x10−10𝑚2/s to 9.54 x 10−10𝑚2/s at air 

temperatures between 50 and 80°C for drying of apples. 

 As air temperature increases apples need shorter time to reach the required level of final moisture content than 

apricots do. 
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NOMENCLATURE  

M                        moisture content at any time % d.b. 

Meq                    equilibrium moisture content % d.b 

M0                      initial moisture content % d.b.                           

MR                     moisture ratio, dimensionless                           

Deff                    effective moisture diffusivity (m2/s)   

DR                     drying rate 

⁡T                        air temperature (°C) 

⁡V                        air velocity (m/s)     

L                         slab thickness    (m) 
d.b                      dry weight basis 

w.b                     wet weight basis 

a, b, c, n, g, h⁡    constants of models                                           

k, k0, k1            constants of models  

t                         drying time (s) 
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