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ABSTRACT 
This work involves the experimental investigation of natural convection mode double-pass solar collector integrated with a heat 
storage unit (HSU).The loading capacity of the unit is 1kg and radish is used as a crop. In HSU, PCM (Paraffin Wax) used as the heat 
storage medium. The experiments were conducted with the radish having the initial moisture content of 95% wet basis from to be 
removed 10% during November 2016 in Salem, Tamil Nadu. The nominal surface area of all types of absorber plate is 0.5 m2 but 
effective surface area varies with configuration. The drying time and efficiency were taken around 15.6 hours and 2.6-12.13% 
respectively with the flat plate but it varies up to 10-13 hours and 4.2-16.4% respectively for other design considerations. Also, the 
quality of the dried radish was much superior compared to open sun drying. 
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INTRODUCTION 

 

 Solar drying technologies are very much advantages than using fossil fuels for product drying. Most 

beautiful advantage is pollution free method and reducing emission of carbon particles in atmosphere. Sun 

drying is the earliest method of drying farm produce ever known to man and it involves simply laying the 

agricultural products in the sun on mats, roofs or drying floors. Sun drying of fruits and vegetables is still 

practiced largely unchanged from ancient times. Traditional sun drying takes place by storing the product under 

direct sunlight. Also prolong open sun drying often caused deterioration of vital ingredients like vitamins, 

minerals and sensory characters of dried product and thus less market value (quality falls below domestic and 

international market standards). However, the method is economical to poor farmers. Solar drying is alternative 

for drying varieties of agricultural produce at superior drying rate compared to open sun drying method with 

improved quality of dried product at a relative low cost. A solar collector is used to convert the sun’s radiation 

into heat energy for drying application. Solar dryers can be constructed from locally available materials and are 

useful in areas  

 where fuel 2 or electricity are expensive, land for sun drying is in short supply or expensive, sunshine is 

plentiful but the air humidity is high. Besides, solar drying offers reduction to the environmental risk compared 

to mechanize drying. Different types of solar dryers with varying sizes and designs have be developed and 

tested with some degree of proficiency.  However, this technique has the problems of contamination with the 
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dust, rain, soil and insects (Labed et al. 2016; Perea-Moreno et al. 2016). Various solar dryers have been 

designed and developed to overcome the problems of the open sun drying. These solar drying systems are, quite 

simple, low-cost technology, and allow the dried products to be dried under hygienic conditions (Saleh and 

Badran, 2009). Depending upon the heat transfer mechanisms to the crop, the solar dryers can be classified in 

three types: the direct solar dryers, the indirect solar dryers and the mixed mode solar dryers. One of the greatest 

problems encountered in the solar drying is that the dehydration process is interrupted at night or under a low 

insulation, resulting in a poor quality of the dried product. Several attempts have been made to overcome the 

problem of the intermittent drying in the solar drying. One approach has been the use of thermal storage. The 

thermal energy storage materials store the excess of the thermal energy during the sunshine hours and use it 

during the off sun hours. In the literature it has been presented some designs and studies of the solar crops dryers 

with a thermal storage unit to expose the effects of the thermal storage on the dryer environment conditions 

(such as air temperature and relative humidity of drying  chamber) and on the drying process. Several designs of 

solar dryer with thermal storage unit have been studied over the years. According to the past researches and 

studies these dryer systems with the thermal energy storage can be classified into two forms: the solar drying 

systems using sensible heat storage methods and the solar dryers based on a latent heat storage methods. In the 

literature it has been presented some studies to expose the effects of the integration of a latent storage unit on the 

solar drying process. Enibe (2002) presented an experimental study of indirect solar dryer with PCM. The solar 

dyer consists of a single57 glazed flat plate solar collector integrated with a paraffin wax as a Phase Change 

Material and a drying chamber. The PCM is prepared in modules, with the modules equispaced across the 

absorber plate. The system was tested under daytime no-load conditions at Nsukka, Nigeria. These studies 

showed that the system can be operated successfully for crop drying applications. Devahastin and Pitaksuriyarat 

(2006) investigated the feasibility of using latent heat storage to conserve excess solar energy during drying and 

release it when the energy availability is inadequate or not available. The latent heat storage prototype 63 using 

paraffin wax as a phase change material was used in the study. The results revealed that the amount of the 

energy extractable from the latent heat storage was 1920 and 1386 kJ min/kg when using inlet air velocity of 1 

and 2 m/s and the energy savings was 40% and 34% when using an inlet ambient air velocity of 1 and 2 m/s, 

respectively. Bal et al. (2009) designed and developed a solar dryer which uses paraffin wax as a PCM to store 

excess solar energy during the daytime.They use hot air at temperatures close to those exhausted from a typical 

solar collector and Release it when no solar energy is available. This implies the possibility of reducing the 

amount of energy required in the drying operation. In addition, they high- lighted the possibility of drying 

agricultural/food products at steady and moderate temperatures of 40–75 °C. Çakmak et al. (2011) have studied 

a novel type of a solar dryer for drying seeded grape.The developed drying system consists of a solar air 

collector, a solar air collector with phaseChange material (PCM) and a drying room. The solar air heater with 

PCM has been used to perform the drying process even after the sunset. An indirect solar dryer which utilizes a 

Phase Change Material (PCM) was developed by Esakkimuthu et al. (2013). The proposed drying system 

contains a solar air heater, a blower, a packed bed type PCM thermal storage unit and a drying chamber. They 

concluded that the low mass flow rate is able to utilise the maximum capacity of the storage unit and to supply 

heat for a longer duration. Reyes et al. (2014) carried out an experimental study of Mushrooms drying on the 

hybrid solar dryer with PCMs. 

 The dryer contains a solar panel, a solar energy accumulator (contains a paraffin wax as phase change 

material), a centrifugal fan, an electrical heater, a drying chamber. The efficiency of the accumulator solar panel 

varied between 10 % and 21 %. The use of the storage unit (accumulator) allowed the dropping of the electric 

energy input. Shalaby et al. (2014) designed and fabricated a novel indirect solar dryer with phase change 

material (PCM) as energy storage medium. The solar dryer is tested with and without PCM. They found that the 

drying air temperature in the solar dryer with PCM, after 2:00 pm, 3.5– 88 6.5 °C is more than the other case 

when it was free of PCM. Aiswarya et al. (2015) performed a study on new indirect solar dryer with phase 

change material (PCM) as energy storage medium. The PCM storage unit is located at the inner bottom of the 

drying chamber. The experiments were conducted with both sensible energy storage unit (pebbles) and latent 

heat energy storage unit (Paraffin wax). An indirect solar dryer was used to study the effect of PCMs on drying 

performance by Jain and Tewari (2015). The solar drying system essentially consists of four major parts: a flat 

plate collector, a packed bed for the thermal storage, a drying chamber and a natural draft system. The results 

indicated that during the month of June, the air temperature in drying chamber was observed 6 °C higher than 

the ambient temperature after the sunshine hours till mid night. The novel solar dryer was found financially 

viable with a payback period of 1.5 years.  

 The main objective of this present experimental work is to introduce a novel design of the indirect solar 

dryer (ISD) which is implementing a paraffin wax as phase change material (latent storage). The solar energy 

accumulator was used as heat latent storage unit. To further understand the effect of the heat provided by a solar 

air heater with a latent storage (solar Energy accumulator) in drying system, the ISD was tested with and 

without PCM. All the experiments were carried out in no-load conditions under a forced convection mode. In 

this paper we are going to present the experimental set-up, the measurement procedure, the energy and the 
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exergy analysis of the solar energy accumulator, the uncertainty analysis and the experimental results and 

discussion. 

 

MATERIAL AND METHOD 

 

A. Design Calculation: 

 In this newly designed Solar Dryer had these essential units, those are double pass solar collector, drying 

chamber, chimney and Heat storage unit. These solar collector and HSU have the capacity of trapping solar 

radiation throughout the day. 

 The collector was designed according to the environment properties. The collector had placed at the 

optimum collector slope (Latitude of the location + 11º) [12]. The measurement of the design parameters of the 

designed solar drier and HSU are given in table1. 

 
Table 1: The measurement of the design parameters of the designed solar drier and HSU. 

S.No. Design Parameters Measurement 

1 Nominal surface area of absorber plate 0.5 m2 

2 Effective surface area of Absorber plate (Flat plate) 

 

 

0.5 m2 

 

3 Collector slope 21o 

4 Volume of the collector 0.005 m3 

5 Volume of the drying chamber 0.1125 m3 

6 Height of the chimney 1 m 

7 Volume of the Heat storage unit 0.0035 m3 

8 Paraffin wax 3 kg ( 0.03 m layer ) 

 

B. Experimental Set-up: 

 

 
 

Fig. 1: Double pass solar dryer with Heat storing unit. 

 

 This Double pass solar drier is mainly manufactured these four important segments namely, the drying 

chamber, the solar collector, the heat storage unit and the chimney. The section of the Double pass solar drier 

with HSU and Heat storage unit was showed in the figure 1. The drying chamber of size 0.6 x 0.6 x 0.75 m is 

made of wood of thickness 0.005 m . It consists of 3 steel perforated trays to place the material to be dried. The 

double pass solar collector which is made up of wood. The top side of the collector is closed with the 

transparent glass cover to allow the incident solar irradiation and to avoid the convection loss to the ambient. 

The absorber plate made up of non-porous metal is suspended between the top glass cover and bottom wood 

chamber which provides the two passes through which air flows. First the air flows though the bottom channel 

(First pass) through the inlet pipes provided at the bottom of the chamber then flows through the top channel 

(Second pass). Thus the primary heating is taken place at the bottom and then secondary heating is taken place 

at the top. This is the main advantage of the double pass collector. The chimney made of non-porous metal 

generally aluminium in a conical form is placed at the top of the drying chamber with adequate height to create 

the enough natural draught for required air flow. The heat storing unit is made up of wood. The top side of the 
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collector is closed with the transparent glass cover to allow the incident solar irradiation and to avoid the 

convection loss to the ambient. The absorber plate made up of non-porous metal is suspended between the top 

glass cover and bottom wood chamber which filled with PCM (paraffin wax) in which the air flows for half in 

an hour instances. First half an hour the air flows is restricted to pass through the inlet pipes provided. In the 

Second half an hour air allows to flows through the unit. Thus increases the temperature of the air flows through 

in it. This is the main advantage of the heat storing unit. The Reason for taking paraffin wax as a PCM is 

Paraffin wax is an excellent material for storing heat, with a specific heat capacity of 2.14–2.9 J g−1 K−1 (joules 

per gram Kelvin) and a heat of fusion of 200–220 J g−1. 

 

C. Measuring Instruments and Devices: 

 Solar irradiation is used to measure at regular intervals by a Pyranometer (TES – 1333) the instantaneous 

manually for the collector inclination of 21o. An Anemometer (MASTECH MS 6252B) was used to measure the 

air velocity at exit. An Electronic weighing machine was used to weigh the mass of the product of each tray at 

regular intervals to measure the loss of moisture in the product. Multi thermometers are used to measure the dry 

bulb and wet bulb temperature of the air at inlet and exit of the dryer. These readings are manually recorded at 

regular intervals. The relative humidity of the air was calculated based on the measured value of the dry bulb 

temperature and wet bulb temperature.  

 

D. Experimental procedure:  

When the double pass solar collector was placed according to the sun radiation falling on the collector, that 

collector absorbed heat and transfers heat to the air flowing through the collector. This heated air entered in to 

the drying chamber where radish is loaded in trays. The moving heated air evaporates the moisture (water 

content) of the radish under the basic mechanism of removal of water from the surface of the product to the 

surrounding followed by the removal of water content from inside the product to the surface [13]. In the newly 

designed heat storage unit (the Paraffin wax (PCM) coated over the absorber plate in heat storage unit) air was 

allowed to enter into the Drying chamber the evacuated with the help of the valves. The HSU would be 

functioned after 3 PM to stabilize the temperature drop. This HSU was also worked as temperature stabilizer 

whenever the temperature of the surroundings drops to a certain level.  The readings are taken on hourly basis 

from 10.00am to 5.00pm until radish attained required moisture content. The entire experiment is repeated to 

study the performance of radish with and without HSU.  

 

E. Data Analysis: 

1) Calculation of Moisture Loss: [11] 

 Moisture loss is calculated every hour using the formula, 

ml =mi - mf                  (2) 

 Where mi = initial mass of the sample 

mf = final mass of the sample 

 

2) Determination of Moisture Content: [11] 

 The % of moisture content on wet basis (Mwb) is found using the formula [13], 

 

% 𝑀𝑤𝑏 =
𝑚𝑖−𝑚𝑓

𝑚𝑖
𝑋 100                (3) 

 

3) Determination of Drying Rate: [11] 

 The drying rate of amla is determined using the formula [14], 

𝐷𝑅 =
∆𝑀

∆𝑡
                    (4) 

 

 Where ΔM = loss of the mass of the crop 

Δt = interval of time 

 

4) Determination of Drier Efficiency: 

 The efficiency of the solar drier is given as [11] 

 

𝜂 =
𝑀𝐿

𝐼𝐴𝑡
                   (5) 

 

 Where M = mass of the water evaporated from the crop  

L = latent heat of vaporization of water 

I = solar flux 

t = time of drying 
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A = Effective area of the collector. 

 

RESULT AND DISCUSSION 

 

 The experiments were carried out on the double pass Natural Convection solar dryer with 0.5 m2 surface 

area of absorber plate and loading capacity of 1kg at regular intervals for hot sunshine days of October 2016 in 

Government College of Engineering Salem, Tamil Nadu. Each experiment was started at 10.00 am and 

continued until 4.00 pm. The ambient temperature was varied from 30.5 oC to 41.1 oC during those periods of 

experiment and the Solar Intensity was varied from 320 W/m2 to 1190 W/m2. The average velocity of air at 

chimney exit recorded was 0.6 m/s. The solar dryer works on the basis of thermal performance with PCM. 

 

Analysis for Drying chamber exit Temperature : 

 

 
 

Fig. 2: Drying chamber exit Temperature vs. Time. 

 

 For drying chamber exit Temperature is mainly depends on the climatic conditions of the surroundings. Still 

we can improve the temperature range by using various designs and heat storage units. For those considerations 

the drying chamber exit temperatures were measured and their variation with time of the day was plotted. To 

compare the effects of different collector plates, the mass of the product was plotted against the time for Flat 

plate, VAW and SAW in FIGURE 2. It is obvious that with VAW with HSU had more moisture removal 

compared to others; means the temperature of air at the outlet of the drying bed is comparatively high. It implies 

a higher air-flow through the drying bed in the case of VAW with HSU. 

 

Analysis for Mass of the Radish: 

 

 
Fig. 3: Moisture content of Product vs. Time. 

 

 For moisture content removal would be known from the mass of the product in each interval, That products 

mass were measured and their variation with time of the day was plotted. To compare the effects of different 

collector plates , the mass of the product was plotted against the time for Flat plate, VAW and SAW in FIGURE 

3. It is obvious that with VAW with HSU had more moisture removal compared to others; means the 

temperature of air at the outlet of the drying bed is comparatively high. It implies a higher air-flow through the 

drying bed in the case of VAW with HSU. 

 

 

 

 



466                   P.Gopi et al., 2017/Advances in Natural and Applied Sciences. 11(6) Special 2017, Pages: 461-467 

 

Analysis for Drying chamber exit Temperature: 

 

 
 

Fig. 2: Drying Efficiency vs. Time. 

 

 Drying efficiency had been calculated based on the formula 5. It was depends on moisture content removal, 

solar flux and other essential properties would be calculated in a certain intervals. That products mass were 

measured and their variation with time of the day was plotted. To compare the effects of different collector 

plates, the mass of the product was plotted against the time for Flat plate, VAW and SAW in FIGURE 3. It is 

obvious that with VAW with HSU had more moisture removal compared to others; means the temperature of air 

at the outlet of the drying bed is comparatively high. It implies a higher air-flow through the drying bed in the 

case of VAW with HSU. 

 From above those Figures we could analyze and understand the drying performance of the solar dryer and 

the Heat storage unit. From these figures we came the conclusion of drying time of the radish for all the design 

variations.   

  
Table 2: Drying Time for 1kg of Radish. 

 Flat plate  Flat Plate With HSU  Direct sun drying 

Drying Time in hours 12.6  10  15.6 

 

Conclusion: 

 In this work, an experimental study was conducted to evaluate the effect of the solar heat storage unit (solar 

air collector with PCM) in the solar dryer climatic conditions at Salem, Tamil Nadu, India. The results show that 

solar dryer with HSU, shows better performance at any climatic conditions (relative humidity and temperature). 

In the Solar dryer without HSU, during the drying in the evening that chamber attaints the ambient climatic 

condition. The daily energy efficiency of the solar HSU reached 33.9 %, while the daily exergy efficiency 

reached 8.5 %. At the same time (Evening), the solar HSU contributes to maintain the relative humidity in the 

drying chamber to 17 - 34.5 % lower than the ambient relative humidity and also to maintain the drying 

chamber temperature to 4 – 16 °C higher than the ambient temperature. It could be concluded that, the ISD with 

paraffin wax as energy storage material is an effective design to yield more favorable conditions for the drying 

process compared to the ISD without energy storage. In this solar dried product retained the minerals of 

phosphorous 446.55 mg/100g, iron of 5.91mg/100g and the chlorophyll retention was 53.41 mg/kg. The sun 

dried product the minerals of phosphorous 457.16 mg/100g, iron of 6.68mg/100g and the chlorophyll retention 

was 139.58 mg/kg.  The study will be further carried out with different PCM available in the market and their 

performance will be observed in the future works. 
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