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Abstract—The energy consumption of dryers as an 

energy-intensive industry system is discussed in the present 

paper. In order to reduce this energy amount, solar dryers were 

applied since ancient times, among these kinds of dryers, high 

drying rate solar dryers include fluidized bed and spouted bed 

were discussed in this research study. The experiment and 

calculation results depicted that, the fluidized bed solar dryer 

has higher drying rate than spouted bed dryer, even though, 

spouted bed dryer has less energy intensity consumption. 

 

Index Terms—Energy efficiency, fluidized bed, solar dryer, 

spouted bed.  

 

I. INTRODUCTION 

Drying is one of the significant parts of every industry that 

consumes a big amount of energy per year. One of the 

well-known applications of dryers is drying agricultural 

products, in order to reduce the fossil fuel energy 

consumption, one practical way is utilizing solar dryers. 

Solar drying was used to dry agricultural products since 

ancient times. Agricultural products were exposed to the 

sunlight to dry. This process lasted for a long time and due to 

the lots of reasons such as weather conditions, insect attack 

and other pollutants, huge amounts of these products decayed; 

as a solution several attempts were done on designing and 

manufacturing solar dryers [1].  

Researches were conducted on developing solar dryers; 

were reviewed by several authors, as an example the solar 

dryers used for grape drying application were reviewed by 

Pangavhane and Sawhney in 2002; and by Jiraj, Singh and 

Srikant in 2009 [2], [3]. 

Moreover, Murthy reviewed briefly the model and 

experimental researches which were developed before 2009 

[4]. 

In 2010 Fudholi et al. reviewed the researches were 

implemented on solar dryers that used to dry agricultural and 

marine products [5]. In addition, another review paper on 

solar dryers in this year was published by Lalit et al. which 

focused on some kind of solar dryers with thermal storage 

system [6]. Lalit et al. published their second review paper on 

this topic in 2011 with concentrating on the agricultural 

products drying application [7].  

VijayaVenkataRaman, Iniyan & Goic reviewed the solar 

drying technologies in 2011. This study was focused on solar 

dryers that applied to dry corps in off-shine hours [1]. 
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The different applications of solar dryers were reviewed by 

Pirasteh et al. in 2014. This paper consisted of a 

comprehensive study of industrial and agricultural solar dryer 

applications, they concluded that solar dryers have a payback 

period less than 10 years [8]. 

In 2014 Mustayen et al. compared design, performance 

and applications of common solar dryers. The dryers which 

they considered were included: active, passive, direct, 

indirect and mixed mode solar dryers. This paper evaluated 

these dryers based on the product quality and economical 

features [9]. 

Applying phase change materials in solar dryers was one 

of the main objects of Shalaby et al. review paper, which was 

published in 2014. They concluded that systems with 

utilizing PCM lead to more efficient solar dryers because 

these materials reduce heat losses [10]. 

Parkash & Kumar wrote a survey on solar greenhouse 

drying, also they presented a model which provided design 

data, this model could help pick out the optimal dryer [11]. 

Chua and Chu enumerated the solar dryer as a low cost 

drying method in developing countries. They selected six 

types of dryers as low-cost dryers according to three 

considerations included: 1- low cost manufacturing; 2- 

uncomplicated operation that does not need expert operator 

and 3- efficient drying processes. These six types selected 

dryers were: fluidized bed, spouted bed, infrared, solar, 

simple convective and desiccant drying [12]. 

According to all above papers solar drying is a cost 

effective system which can recduce energy consumptions 

costs, moreover solar dryers can produce dry products with 

good quality, In spite of these benefits, solar dryers were not 

successful to pervade in industries. Three significant reasons 

of this failure include:  

1) drying rate of common dryers is low, so in order to dry 

specific amount of drying samples solar dryers required 

wider spaces to install in comparison with fossil fuel 

dryers;  

2) Due to instantaneous variations of solar radiation and 

wind velocity and accordingly unstable ambient 

temperature, input temperature of solar dryers changes 

continuously so controlling the drying process is more 

difficult in compared with industrial dryers; 

3) Solar dryers can apply through the region with average   

daily solar radiation upper than 300 w/m
2
. 

As a need, solar dryers with high drying rate must be 

studied, so fluidized bed dryer is a choice, but this type of 

dryer is faced with some challenges that make it difficult to 

combine this kind of dryer with solar technology. Most 

important challenges are listed below: 

1) Pressure drop through the fluidized bed is high, so a 

powerful motor drive is required to compensate this 
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pressure drop, thus higher electric energy consequently 

more PV panels are required. 

2) Due to the high air velocity, the air residence time in 

solar collector is low consequently the air temperature 

cannot increase same as the natural convection scenario; 

that is governed in traditional solar dryers. Thus 

fluidized solar dryer is a kind of low temperature dryers. 

In order to increase the drying rate of solar dryers and 

solve first issue, as a first attempt, Aminy and Vali designed, 

manufactured and tested a solar fluidized bed in 2010, which 

was located in (3544'35" N, 5057'25" E) coordinates. This 

system consists of a plenum duct that integrates the collectors 

exit vent and a centrifugal fan. 

  

II. OBJECTIVE OF THIS STUDY 

The mentioned system had the ability to increase drying 

rate, but it faced with some challenges; this study analyzed 

four challenges and their solutions related to mentioned solar 

fluidized bed dryer. The challenges identified are presented 

as questions below: 

1) How much thermal energy required to dry specific 

amount of grains? Are these collectors able to provide 

this amount? Are these collectors operating in an 

acceptable efficiency range? 

2) Is it possible to reduce the air pressure drop in the system 

and accordingly decrease electric energy consumption of 

centrifugal fan? If so, how doing it? 

3) How much electric energy required to fluidize specific 

amounts of grains? Does this amount supply with 

renewable energies? 

4) Is the dryer bed’s geometry efficient or it needs 

reforming? 

The main aim of this study is replying these questions and 

troubleshooting the solar fluidized bed dryer. 

 

III. FIRST FLUIDIZED BED SETUP 

As a first troubleshooting procedure step, this system was 

divided into four sections: 

1) Solar collectors 

2) Plenum ducts 

3) Electrical devices 

4) Drying bed 

In order to modify the system each parts inspected and 

tested individually to find defects, then attempts to discover 

solutions commenced. 

A. Solar Collectors 

One set of solar collectors was examined both in natural 

and forced convection scenarii. In order to fulfill the solar 

collector performance inspecting a set of experiments was 

carried out in July 2013. During measurement, temperature 

and relative humidity ratio were obtained using Tamkar 

PLC2B data loggers, ENVIT propeller anemometer was used 

to measure wind speed. Likewise, solar radiations were 

determined by TES 1333R solar meter and also input & 

output velocity profiles were measured by a TES-1341 

hotwire anemometer. 

Results disclosed that the cover glass of the solar collector 

has high absorbance and it caused lots of heat losses from the 

cover, and consequently leads to decrease the solar collector 

efficiency. 

To calculate the required solar collector area following 

assumptions were considered based on previous study: 

1) 315.2 gr corns were loaded in the fluidized bed. 

2) Initial moisture content of particles was 70% (wet basis). 

3) Final moisture content of the particle was 13% (wet 

basis). 

4) Fluidized bed convective heat transfer coefficient 

assumed to be 240 W/(m
2
.K) [13]. 

5) Input hot air velocity was 1 m/s. 

6) Input cross sectional area in fluidized bed was a circle 

shape mesh with 19 cm diameter. 

7) The average of solar collector efficiency in forced 

convection scenario is 40% based on experiment study 

and simulation done by Ghadamian et al. [14]. 

8) The average of solar radiation through the drying period 

is 700 W/m
2
. 

9) The total collectors’ surface area is 5.4 m
2
. 

10) The loaded particles were dried during 80 minutes. 

Related calculations are listed in Table I. 

 
TABLE I: GOVERN EQUATIONS TO CALCULATE THE REQUIRED SOLAR 

COLLECTOR AREA 

Description Equations Results 

Energy required 

for drying special 
amount of corn 

Qt = Qsensitive + QLatent 

= m Cp ∆T + m hfg 
450.34 kJ 

Energy content of 

input hot air 
Qq air= m.Cp.T =  A.V.CpT 

 
1288.85 J/s 

Energy gained by 

grains while the 

hot air flowing 

through the 

Fluidized bed 

Q air to corn=h.A.∆T 

 
82.5 watt 

Fluidized bed’s 

Efficiency 
               

            
    

 0.064 

Energy that must 
be supplied by 

the collector 

 ̇=  
  

                
 1.54 Watt 

Collector area 

required                      
 ̇

   
 40% 

 

Repeating the calculations assuming the 40% efficiency 

for fluidized bed indicated that the solar collector’s area 

required for drying 315.2 gr corns during 80 min can be 0.8 

m
2
.  

B. Plenum Ducts 

As the second step the ducts which linked the output 

section of centrifugal fan to fluidized bed were tested to 

evaluate pressure drop occurred through them. This section 

consisted of a rectangle to circle conversion profile, a 90
o
 

elbow with 18.8 cm diameter and a circular steel mesh which 

has small holes in it, that was employed to pass the air, 

connected the elbow to the bed and prevented the grains fell 

down into the elbow. Air input and output velocities were 

monitored in this section. 

Moreover, connectors such as elbow, pipes and steel mesh 

lead to more velocity reduction. Owing to the fact that air is a 

compressible fluid, this velocity drop would not lead to 

increase pressure, so the pressure drop occurred through the 

bed.  
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Elbow and connector pipes were eliminated by rotating the 

centrifugal fan in the vertical direction, and the output section 

of the fan was connected directly to the fluidized bed to 

reduce the velocity drop. 

 The output section surface area of the centrifugal fan is 

0.009 m
2
, so increasing the surface area to 0.03 m

2
 caused to a 

reduction in the air velocity, to compensate this amount, more 

energy must consume in the motor drive part, due to prevent 

the area increasing, a plate which had a 8 cm diameter hole on 

it were applied instead of the a rectangle to circle conversion 

profile. 

Experimental results in both scenarii (Vertical and 

Horizontal direction of centrifugal fan) are included in Table 

II. 

 
TABLE II: POWER AND VELOCITY COMPARISON WITH SETUPS 

 First setup Improved Setup 

Power of motor drive based on 

measurement 

70 watt 30 watt 

Output air velocity based on 

measurement 

1 m/s 7 m/s 

  

Results depicted that reducing connectors and decreasing 

the input area of the fluidized bed, were effective solutions to 

reduce the velocity drop (air velocity is a critical parameter in 

the fluidized bed apparatus). 

C. Electrical Devices 

A 370 Watt AC electric motor was used to drive the 

centrifugal fan and supply velocity required to fluidized corn 

grains. The electrical energy consumed by this motor was 

supplied by power network. To detect the real energy 

consumption of this motor, the current and potential 

difference of the motor was monitored; while the system was 

under load. The Potential difference of the motor was 

adjusted manually; the motor Potential difference was 

reduced step by step. In each run the output air temperature 

and velocity were recorded, as the minimum fluidizing 

velocity for specified amount of corn was determined before, 

so the experiment lasted until the output air velocity was 

more than minimum fluidizing air velocity or the motor 

began to work down. The minimum power consumption of 

the motor was calculated from this set of experiments. The 

experiment results are included in Table III. 

 
TABLE III: ELECTRICAL MOTOR CHARACTERIZATION THROUGH WORKING 

CONDITIONS 

Current(A) Potential(v) Velocity(m/s) Temp© Power(watt) 

0.76 219 13.5  166.44 

0.75 222 12.5 33 166.5 

0.77 198 12 32.9 152.46 

0.75 170 10.1 35.8 127.5 

0.77 152 9.2 38.9 117.04 

0.77 138 8.3 40.3 106.26 

0.77 127 7.5 41.5 97.79 

0.72 109 5.9 43 78.48 

0.44 70 3.5  30.8 

 

An intuitive check specified that the motor drive which 

applied to this system was designed for implying force to 

water and it must be utilized as the water pump, as a result 

this motor derive was not working at its appropriate operating 

condition, the mentioned derive had the 370 watt nominal 

power consumption, but the experiments depicted that it just 

consumed 78.5 watt energy which provided from the power 

network. 

D. Drying Bed 

Finally, input air temperature and velocity of the cylinder 

bed with and without corn grains were recorded to calculate 

the pressure and temperature drop through the bed.  

Due to increase in the bed diameter in comparison with the 

centrifugal fan output section, the air velocity drop was 

occurred in the bed, on the other hand, decreasing the bed 

diameter resulted to increase the bed depth and consequently 

increase the pressure drop, so it must deliberate to find the 

best practice bed diameter.   

By decreasing the bed’s diameter less electrical energy is 

required but the initial loading mass must be reduced, so the 

drying rate will be decreased, since this research focused on 

the energy aspect; the bed with 8 cm diameter and less drying 

rate was selected. 

To solve the drying rate reduction issue, spouted bed was 

selected instead of fluidized bed, which has fewer velocity 

drops in comparison with the fluidized bed. In general, in the 

same conditions, spouted bed has lower electrical energy 

consumption (lower minimum spouting velocity) in 

comparison with fluidized bed, on the contrary, fluidized bed 

has higher drying rate than spouted bed [15]. 

 

IV. FIX DEFECTS 

According to the previous section, in order to improve the 

solar fluidized bed dryer, the following activities were done: 

1) A 0.8m
2
 solar collector air heater which contained solar 

glass (which had suitable features to apply for solar 

systems) was substituted with the three solar air heater 

collectors with total area equal to 5.4 m
2
. 

2) The output section of centrifugal fan was rotated 90
o
 and 

covered with a rectangular plate, which an 8cm
2
 

diameter circle was cut off from that according the Fig. 1. 

This profile led to eliminate elbow and also decrease the 

bed’s diameter and consequently decrease the reduction 

in air velocity. 

3) A 30 watt DC electric motor was substituted with 370 

AC motor drive. The power required to drive the 

replaced motor was provided from a 60 watt PV module. 

 

  
(a) (b) 

Fig. 1. (a) Pilot 1 includes fluidized bed, elbow, connector pipes; (b) Pilot 2 

includes spouted bed without any extra connectors. 
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4) The fluidized bed was substituted with a spouted bed. 

As criterions, drying rate, Thermal energy consumption, 

Electrical energy consumption and Total energy consumption 

were calculated. Governed equations to calculate the 

mentioned parameters are listed in Table IV. 

TABLE IV: GOVERNED EQUATIONS TO CALCULATE THE COMPARATIVE 

PARAMETERS 

Equation 

NO. 

Comparative 

parameters 

Equations 

1 Drying rate  ̇  
              

  
 

2 Thermal energy 
consumption 

                        

3 Electrical energy 

consumption 
          

4 Total energy 
consumption 

                 

 

Table V includes the Comparative parameters for both 

fluidized and spouted bed. 

 
TABLE V: COMPARATIVE PARAMETERS’ VALUE 

Comparative 

parameters 

Fluidized bed Spouted bed 

Drying rate 2.2 gr water/min 0.95 gr water/min 

Thermal energy 

consumption 

7.3 MJ 1.2 MJ 

Electrical energy 

consumption 

336 kJ 162 kJ 

Total energy 

consumption 

7.64 MJ 1.4 MJ 

 

V. DISCUSSION 

According to Table IV and Table V it is obvious that the 

fluidized bed has higher drying rate but spouted bed is a 

better choice considering energy aspects.  

 

VI. CONCLUSION 

A solar spouted bed dryer with 162 kJ electrical energy 

consumption and 1.2 MJ thermal energy was substituted a 

fluidized bed dryer with 336 kJ electrical energy 

consumption and 7.3 MJ thermal energy 

However more accurate studies are required to find best 

practice, in this way modeling and simulating the transport 

phenomena in each type of these dryers can be useful. 

Also, Dynamic nature of solar phenomena needs dynamic 

models, but most of researches use average parameters in 

solar researches that cause keeping out of the reality. 

Due to reduce heat losses through the process, the hot air 

which exits from the bed can be recycled and it can be used as 

preheated air entering the solar collectors, but it has some 

disadvantages listed below: 

1) Recycling the air causes to decrease the mass transfer 

driving force; because the output hot air has higher 

moisture content in comparison with the ambient air.  

2) Sedimentation is another disadvantage of the air 

recycling. 

3) Enhancing the required electrical energy which 

consumes by centrifugal fan is one of the other obstacles 

that the air recycling is faced with. 

Fortunately all the barriers mentioned above have practical 

solutions: 

1) Output section of drying bed can be equipped with silica 

gel which can absorb the humidity of output air. 

Moreover, the recycling ratio must be calculated exactly. 

2) The absorbent plate can be cleaned in regular periods, 

also filters which installed in the input section of the 

collector can prevent dust entering. 

3) Due to the low density of hot air, required electrical 

energy will not increase significantly and it is negligible 

compared with total required energy. 
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