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ABSTRACT 

In this work, a fixed-bed dryer was manufactured and used to dry silica gel particles. The heat needed to drying of silica gel particles was 

provided by hot air. The relative humidity and air temperature of the dryer inlet and outlet were continuously recorded by Graph View 

Vista 3.0.5 and transferred to a computer. The air flow rate was 15 to 43 cubic meters per hour, and the temperature ranged between 75 

and 100°C. The kinetic parameters of drying of silica gel were investigated in the fixed-bed dryer. The experimental results showed that 

increase in the flow rate increased the mass and heat transfer coefficients, while the diffusivity of water in the air remained almost 

constant. The increased temperature leads to increase in the heat transfer coefficient and the mass transfer coefficient, as well as the 

diffusivity. The obtained mass transfer coefficient ranged from 0.35 to 0.39 m/s. Heat transfer coefficient ranged from 19 to 28 W/m2.K. 

Experimental results were statistically analyzed by the Design Expert software, and an empirical relationship was proposed for 

predicting the heat transfer coefficient (h) and the mass transfer coefficient ( Kc). 

Keywords:heat and mass transfer; fixed-bed dryer; silica gel; kinetic parameters. 

 

1. INTRODUCTION 

 Drying is an important industrial process. It is widely 

used in the chemical industry, especially in the food industry. 

Another important application of drying is the removal of water 

from adsorbents such as silica gel and zeolites. Thus, reusing these 

adsorbents is more cost effective than using new adsorbent. There 

are several methods for drying important industrial adsorbents    

[1-5]. Hashemi et al. examined the kinetics of drying of parsley 

using fixed-bed dryer and the artificial neural network method. 

Parsley leaves were dried at temperatures of 85, 64 and 54°C, 

thicknesses of 0.13-0.15 mm, and time interval of 0 to 180 

minutes in a fixed laboratory bed under sunlight. A comparison 

was made between the drying rate of parsley leaves by the 

machine and under sunlight. The parsley drying process was then 

modeled using neural networks [6]. Rahmanian et al. (2017) 

experimentally and theoretically examined the drying of corn 

using hot air in fixed-bed and vibrating-bed dryers. The effects of 

inlet air temperature and infrared radiation (1000, 2000, and 3000 

w/m2) in both fixed and vibrating beds on changes in moisture 

content of corn during the drying process were investigated. Corn 

kernels were dried from the initial moisture content of 24.5% to 

the final moisture content of 14%. Among the models derived 

from empirical data, the plate model was found to be the best 

model to describe corn drying behavior [7]. Pusat et al. (2015) 

experimentally studied the kinetics of coarse coal particles drying 

in a fixed-bed using the multiple regression analysis. Drying 

experiments were carried out at air temperatures of 70, 100 and 

130°C, air velocities of 0.4, 1.7, and 1.1 m/s, and sample size of 

20, 35, and 50 mm. The results of the models were evaluated using 

statistical analyses. Results showed that the model by Wang and 

Singh was the best for describing the kinetics of drying konya-

IIgin coal under different drying conditions (temperature, velocity, 

and sample height and size) in a fixed-bed dryer [8]. Tohidi et al. 

(2017) examined drying of rice in fixed beds. The freshly 

harvested rice was studied in a fixed-bed dryer under different 

conditions. Drying experiments on freshly harvested rice were 

conducted at different air flows, as well as parameters such as 

temperature, velocity, and relative humidity. Results show that any 

increase in the temperature and velocity of the drying air can 

reduce the drying time, while higher levels of relative humidity 

increased the drying time. The total energy consumption ranged 

from 1.85 kWh to 0.37 kWh, while the minimum and maximum 

values corresponded to the experiments at T=80 C˚, V=0.5 m/s, 

RH=40%, and T=40 C˚, V=1.1 m/s, RH=70%, respectively. 

Results showed that drying of rice at higher temperature, lower air 

velocity, and lower air relative humidity leads to higher energy 

efficiency [9]. 

2. THEORY 
2.1. Determination of heat transfer coefficient (h). 

 (For the parallel flow of air over the surface of a substance, 

if the air temperature ranges between 45 and 150 and the air 

velocity ranges between 0.61 and7.6
s

m
, heat transfer coefficient 

is calculated using the following empirical relationship: 
8.00204.0 Gh   (1) 

The heat transfer coefficient unit in SI system is
Km

W

.2
. 

For the vertical flow of air over the surface of the 

particles, the heat transfer coefficient is calculated using the 

following empirical relationship: 
37.017.1 Gh   (2) 
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In equations (1) and (2), G represents the mass flux with the unit
hrm

kg

.2

. 

2.2. Calculation of bulk properties. 

Porosity

To calculate the bulk porosity gravimetric method is 

used. The Porosimeter "PASCAL 140" used to measure the 

porosity of the particles. In addition, the average porosity for each 

particle diameter was calculated [10]: 

 = (volume of pores / total volume)    (3) 

If we denote the total volume by   and the volume of the 

pores by    and the volume of particles by  , according to the 

definition of porosity [10]: 

  
  

  
 
     

  
                    (4) 

2.3. Calculation of effective diffusion coefficient )( effD . 

The following relation is applied to calculate the effective 

diffusion coefficient: 

     
   

 
                                          (5) 

 

Which,   is porosity,   is tortuosity of the particle, which 

is taken as relation (5). [11]: 

The Wilke-Lee relationship is presented for the diffusion 

of a polar gas into a mixture of non-polar gases [12]: 
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determined using the tables available in the literature [12]. 

2.4. Determination of mass transfer coefficient ( CK ). 

The mass transfer coefficient ( CK ) must be calculated 

using relationships and assumptions.  

For a gas flowing around a spherical particle in a fixed-

bed, the followed correlation was suggested [13-17]. 

400090eReR
06.2 575.0  


DJ (7) 

Where, eR  is the Reynolds number around the sphere. 

[15]. 

(8) 

 

 

              Schmidt number is calculated as follows:  
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The relationship between Sherwood number and the mass 

transfer coefficients is as follows [18]: 
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3. EXPERIMENT 
3.1. Materials. 

The blue silica gel indicator produced were purchased 

from Derakhshan Company. Blue silica gel is produced in two 

forms granular (irregular) and spherical in different sizes (Fig.1): 

Physical properties of blue silica gel are summarized in 

Table 1.  

               A                                              B 

 

Figure 1.Blue Silica Gel: (A) Granular, (B) Spherical. 

 

 

Table 1.Physical Properties of Blue Silica Gel. 

Bulk Density                                                   700-800 g/L 

Specific Surface Area,                                    700-750 m2/g 

Dry Weight Loss                                              %2> 

Particle Diameter                                            3-5 mm 

Solution PH of 10%                                        4-6 

3.2. Experimental set up. 

A dryer that was compatible with both fixed and fluidized 

bed was designed and manufactured. Figure 2 shows the 

schematic of the device. The adsorbent is placed inside the device 

and the hot air generated by a blower passes a heater and dries the 

adsorbent through convection heat transfer. 

A blower with an adjustable flow rate of up to 200 m3/hr 

was installed to provide the required air. The air flow rate was 

measured using a flow meter in the laboratory. A heater with an 

adjustable temperature setting of 0 to 200° C was used to generate 

the required heat. The device has two temperature sensors and two 

humidity sensors, which provide digital and accurate readable data 

through displays on the panel of the device. The inlet and outlet 
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temperature and relative humidity were transferred online to the 

computer and recorded using Graph View Vista 3.0.5. The 

adsorbent is placed inside the bed. The height of the bed is 

adjustable based on the adsorbent volume.  

 
Figure 2.the schematic of the experimental setup: (1) Blower, (2) Heater, 

(3) Data Displays, (4) Stainless Steel Column with Fixed and Fluidized 

Bed, (5) Outlet Sensor, (6) Inlet Sensor, (7) Computer Connection Cable, 

(8) Power Cable. 

3.3. Methods. 

To determine the kinetic parameters of Silica gel drying, 

11 experiments were conducted at different temperatures, air flow 

rates, and relative humidity in a fixed-bed dryer. A certain amount 

of adsorbent was first weighted. This measured value is the initial 

weight of the adsorbent or Wt. The adsorbent was then placed in 

the device. The temperature and flow rate were adjusted using the 

switches on the device. The device was then connected to the 

computer and the device was turned on. Graph View Vista 3.0.5 

was used to record the digitized data. Table 2 shows the operating 

conditions of the experiments.  

Table 2.Operating Conditions of Experiment. 

HR in 

(%) 
T in (

0C) Wt (g) 
Q 

(m3/h) 

Run 

number 

9 75 83.147 15 1 

8 80 205.1 42 2 

8 85 130.941 27 3 

8 90 270.213 38 4 

7 70 259.023 43 5 

6 100 181.53 30 6 

8 90 287.397 40 7 

8 85 241.19 35 8 

6 90 309.334 20 9 

7 90 133.846 31 10 

7.5 85 175.571 33 11 

 

4. RESULTS AND DISCUSSION 

4.1. Determination of the effective diffusion coefficient in bed  

(
effD ). 

The values of thediffusion coefficient of water in the air  

(
BAD ,

) were first calculated using equation (6) at different 

temperatures (65 to 100° C). The effective diffusion coefficient     

(
effD ) was calculated using porosity from equation (5). Figure 3 

shows the effective diffusion coefficient of water in the bed by 

temperature. As can be seen, 
effD  increases with temperature. 

This is due to the fact that, by increasing the temperature, the 

internal energy of the gas molecules increases, and, as a result, the 

velocity of the molecules also increase. 

 

 
 

Figure 3. Effective Diffusion Coefficient of Water Vapor in Fixed Bed 

Dryer by Temperature. 

4.2. Determination of the mass transfer coefficient (KC). 

As mentioned before, experiments were carried out at 

different temperatures and air flow rates for particles with a size of 

4mm, and the kinetic parameters were obtained for each 

temperature and air flow rate. 

First, at each temperature, density, porosity, and diffusion 

coefficient, the dimensionless numbers were obtained. Kc was 

then calculated for each experiment. The statistical results of the 

experimental data obtained by the test design software Design 

Expert are presented in Table (3). The Response Surface method 

and the Historical Method were used for statistical analysis. Three 

parameters affecting the mass transfer coefficient were given to 

the software. Parameter A is the temperature of the air, parameter 

B is the air flow rate, and parameter C is the relative humidity of 

the inlet air. The effect of changes in the above parameters on the 

R2 factors of mass transfer coefficient in the fixed-bed dryer was 

experimentally investigated. 

Table 3. The Experimental Results Carried Out to Determine Mass 

Transfer Coefficient (KC). 
 

 
After statistical analysis, equation (12) was obtained to 

estimate the mass transfer coefficient. 

BACBAKC .023.0019.0064.0032.034.0  (12) 
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Figure 4 shows the mass transfer coefficient variations 

caused by the inlet air temperature. As can be seen, increased inlet 

air temperature increases the mass transfer coefficient. 

 
Figure 4.Mass Transfer Coefficient Variations Caused by the Inlet Air 

Temperature. 

Figure 5 shows the mass transfer coefficient variations by 

the inlet air flow rate. As can be seen, increased inlet air flow rate 

strongly increases the mass transfer coefficient. The reason is that 

an increase in the air flow rate increases its velocity, which 

subsequently increases the Re number. The increased Re increases 

the dimensionless number Sh, increasing the mass transfer 

coefficient. 

 
 

Figure 5.Mass Transfer Coefficient Variations Caused by the Inlet Air 

Flow Rate. 

 Figure 6 shows the mass transfer coefficient variations by 

the relative humidity of the inlet air. As can be seen, increasing the 

relative humidity of the inlet air increases the mass transfer 

coefficient. 

 

 
 

Figure 6. Mass Transfer Coefficient Variations Caused by the Inlet Air 

Relative Humidity. 

Figures 4-6 show the individual effect of the parameters 

affecting the mass transfer coefficient (regardless of their 

combined effect). The combined effect of the parameters is now 

discussed.  

 
Figure 7. Effect of Simultaneous Interaction between the Parameters of 

Air Inlet Temperature and Inlet Air flow on Mass Transfer Coefficient. 

 

 
Figure 8. Effect of Simultaneous Interaction between the Parameters of 

Air Inlet Temperature and Relative Humidity on Mass Transfer 

Coefficient. 

 

Figure 9. Effect of Simultaneous Interaction between the Parameters of 

Air Inlet Flow Rate and Relative Humidity on Mass Transfer Coefficient. 

4.3. Determination of the heat transfer coefficient (h). 

Equation (2) was used to calculate the theoretical heat 

transfer coefficient for the vertical flow of air over the particles. 

The Response Surface design method and the Historical Method 

were used for statistical analysis. Three parameters affecting mass 

transfer coefficient were given to the software. Parameter A, B, 

and C represent the temperature of the inlet air, the inlet air flow 

rate, and the relative humidity of the air entering the dryer, 

respectively. The effect of changes in these parameters on the R3 

factors of mass transfer coefficient in fixed-bed dryer was 

experimentally investigated. These values are given in Table (4). 
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Table 4. Results of Experiments Carried Out to Determine the Heat 

Transfer Coefficient (h) 

 
 

After statistical analysis, equation (13) was obtained for 

estimating the heat transfer coefficient: 
CBCABACBAh .53.0.52.0.26.169.092.398.026.24 

(13) 

Figure 10 shows the variations in heat transfer coefficient 

by the inlet air temperature. Increased inlet air temperature 

increased the heat transfer coefficient. 

 
Figure 10. Heat Transfer Coefficient Variations Caused by the Inlet Air 

Temperature. 

Figure 11 shows the variations in heat transfer coefficient 

caused by the inlet air flow rate. An increase in inlet air flow rate 

strongly increases the heat transfer coefficient. 

 

Figure 11. Heat Transfer Coefficient Variations Caused by the Inlet Air 

Flow Rate. 

 

Figure 12 shows the variations of heat transfer coefficient 

caused by the relative humidity of the inlet air. As seen, increasing 

the inlet air relative humidity slightly increases the heat transfer 

coefficient. 

 
Figure 12. Heat Transfer Coefficient Variations Caused by the Inlet Air 

Relative Humidity. 

The above figures show the individual effect of the 

parameters affecting the mass transfer coefficient (regardless of 

the interaction between them). The combined effect of the 

parameters is now discussed.  

 
Figure 13. Simultaneous Effect of Inlet Air Temperature and Flow Rate 

on the Heat Transfer Coefficient. 

 

Figure 14. Simultaneous Effect of Inlet Air Temperature and Relative 

Humidity on the Heat Transfer Coefficient. 

 
Figure 15. Simultaneous Effect of Inlet Air Flow Rate and Relative 

Humidity on the Heat Transfer Coefficient
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5. CONCLUSION 

In this study, variations in heat and mass transfer caused 

by temperature, humidity, and air flow rate were studied 

simultaneously in the silica gel drying process in a fixed-bed 

dryer. An empirical-mathematical relation was obtained for 

predicting the mass transfer coefficient as well as an empirical-

mathematical relation for predicting the heat transfer coefficient in 

fixed-bed drying. Experimental results showed that higher silica 

gel moisture content leads to a greater drying rate. As the 

temperature increases, the diffusion rate of water vapor in the air 

and the effective diffusion coefficient are increased. Raising the 

temperature from 80°C to 100°C, at flow rates of 40 to 42 m3/h 

increases the mass transfer coefficient. Experimental data showed 

that raising the temperature from 70°C to 90°C, at flow rates of 40 

to 43 m3/h increases the heat transfer coefficient. An increase in 

relative humidity of the air results in a decrease in the mass 

transfer coefficient. 
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