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ABSTRACT 
Direct solar dryer and mixed mode solar dryer have been designed and fabricated using locally available materials for drying the 
Cluster Beans vegetable.  In  this  work  an  attempt  has  been  made  to  design  development  and  evaluate  the performance of 
direct solar dryer (DSD), mixed mode solar dryer (MSD) and open sun drying (OSD) to dry the Cluster Beans. The sample of  five  
kg  fresh  vegetable  was  dried  in  both  solar  dryers  and  in  open  sun.  The study showed that the sample dried in direct solar 
dryer and mixed mode solar dryer took five hours and eight hours respectively while open sun took sixteen hours to dry at 91% 
(wb) moisture content.  The  temperature  in  DSD and MSD  was  found  more  than  the  surrounding temperature  by  about  20-
30oC  during  the  drying period from 10.00 a.m. to 04:00 p.m.  It was observed that the  average drying efficiency was  found  12%  
and 8% more  in  DSD  and MSD as  compared  to  OSD.  Moreover, average  efficiency  of  CSD  was  found  68.12%  more  in  
comparison  with  OSD. 
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INTRODUCTION 

 

Nevertheless, India stances second in vegetables and fruits production, barely 2-3 % of the produce is 

processed and 30 - 40 % is being unused due to lack of processing and preservation technology.  The position is 

worse for farmers in the rural areas of the country.  Most  of  the  harvested  vegetables  and  fruits  are  

susceptible  to deterioration  due  to  poor  preservation.  The moisture content in the agricultural produce 

contributes greatly to the deterioration of vegetables and fruits. Therefore if the agricultural produce is to be 

stored for longer length of time, it is necessary to reduce its moisture level to certain well defined limit. This 

will prevent the production of undesirable chemical compositional changes in the produce by bacteria, mould 

and enzyme which will spoil the vegetables and fruits [1].  

Drying involves the removal of moisture and in thermal drying this is achieved through the application of 

heat to the product. The heat increases the vapor pressure of the moisture in the product above that of the 

surrounding air. Pressure and thermal gradient cause the moisture, both liquid and vapor, to move to the surface 

of the product. Evaporation takes place and water vapor is transferred to the surrounding air. This air may 

become saturated, but the process of drying continues if this surrounding moist air is replaced by less saturated 

air. 

A solar dryer is an enclosed unit to keep the food safe from damage from birds, insects, microorganism, 

pilfer-age, and unexpected rain fall. The produce is dried using solar thermal energy in a cleaner and healthier 
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fashion. Basically, there are four types of solar dryers [2-6]: 1. Direct solar dryers. 2. Indirect solar dryers. 3. 

Mixed-mode dryers. 4. Hybrid solar dryers.  

The performance of the solar drying system is highly influenced by the performance of the collector. 

Therefore, several studies have been conducted in order to improve the performance of the solar dryer. 

Investigation on a simple efficient and inexpensive solar batch dryer was studied for agriculture products [2]. 

During periods of low sunshine a heater is used. Onion was chosen as the dried product because of its swift 

deterioration characteristic. The results showed that drying is affected by the surface of the collector, the air 

temperature, and the product characteristics. A collector area of 16.8 m2 has designed and constructed to dry 100 

kg of sliced mango from 81.4% to 10% wet basis in 2 days under ambient conditions during harvesting period 

from April to June [3]. A preliminary investigation has been made in solar dryer for mango slices drying under 

controlled conditions. Emerging drying methods and selected recent developments applicable to post harvest 

processing have been studied [4]. In their study, they included the heat pump-assisted drying with multimode 

and time-varying heat inputs, low and atmospheric pressure superheated steam drying, modified atmosphere 

drying, intermittent batch drying, osmotic pretreatments, microwave-vacuum drying etc. A simple and 

inexpensive mixed-mode dryer was developed from locally sourced materials [5] and found out the performance 

evaluation of a mixed-mode solar dryer for food preservation. The temperature increase inside the drying 

cabinet was up to74% for about 3 h immediately after 12 noon. The drying rate and system efficiency were 0.62 

kg/h and 57.5%, respectively. A solar-assisted forced convection dryer was developed and  studied the effect of 

airflow rate (2.43, 5.25, 8.09 kg/min), air temperature (55°C , 65°C, 75°C), and fraction of air recycled (up to 

90%) on the total energy requirement in drying of onion slices [6]. Natural convection mixed-mode solar dryer 

was investigated to dry potato cylinders and slices of the same thickness of 0.01 m with respective length and 

diameter of 0.05 m to investigate the convective heat transfer coefficient [7]. An efficient solar dryer with an 

arrangement to absorb maximum solar radiation by the absorber plate was developed [8]. Abene et al. [9] 

studied experimentally to improve the efficiency-temperature rise couple of the flat plate solar collector by 

considering several types of obstacle s dis -posed i n rows in the dynamic air vent of the flat collector. Various 

aspects of solar driers applied to drying of food products at a small scale was studied [10]. Karim et al. [11] 

studied experimentally the effect of different operating variables on drying potential and drying time. A 

simulation and optimization model was developed to minimize the drying cost per unit of dried banana [12]. 

 

MATERIALS AND METHODS 

 

A. Direct type solar dryer: 

The experimental set up used for determining drying behavior of cluster beans.  The solar dryer used in 

present which is modified in form of vents for natural air flow in dryer as in Fig.1 (Right side). It is made up of 

aluminium sheet of 0.5 mm thickness. Glass of 4 mm thickness is placed at about 25° inclined. Area of surface 

area of drying platform is about 1.1029 m2, and its top surface is coated with black colour. Vents are provided 

for natural air flow in dryer. 

 

          
 

Fig. 1: Photographic view of experimental setup (Left: Mixed mode solar dryer; Right: Direct Solar Dryer) 

 

B. Mixed mode type solar dryer: 

A photograph of the mixed mode solar drier is shown in Fig. 1(Left side). The experimental setup is an 

open-flow loop that consists of a test duct with entrance and exit sections. The flow system consists of an entry 

section, a test section, exit section. The setup consists of one heat absorber. The duct size is 850 mm × 650 mm 

× 150 mm. The absorber plate material which is a galvanized mild steel sheet with 800 mm × 600 mm in size 
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has a thickness of 1.5 mm which is painted black to increase the absorbing capacity of the plate. The solar 

collector assembly consisted of airflow channels enclosed by transparent cover (glazing). The glazing is a single 

layer of 4-mm thick transparent glass sheet.  It has a surface area of 800 mm by     650 mm. The gap between 

the glass and the absorber surface was maintained at 100 mm for air circulation. One side of the collector was 

connected to the blower with the help of reducer and the other side was attached with drier cabin. The drying 

cabinet, together with the structural frame of the dryer, was built from mild steel material and covered by GI 

sheets and poly carbonate sheet. The lower end at the back of the cabinet is to facilitate the convective flow of 

air through the dryer. The roof and the two opposite side walls of the cabinet are covered with transparent glass 

sheet of 4-mm thick and poly carbonate sheet respectively, which is provided additional heating due to 

greenhouse effect.  The  drying  trays  are  contained  inside  the  drying  chamber  and  are constructed from a 

single layer of wire mesh with a fairly open structure to allow drying air to pass through the food items. The 

four trays were separated with a gap of 100 mm. The trays are arranged in a layer manner. The trays were made 

of wire mess and mild steel measuring 25 mm in depth and with dimension of 500 mm × 400 mm. The flat plate 

solar collector is kept at angular position of 25º horizontally and oriented in such a way that it receives 

maximum solar radiation during the desired season of use. The best stationary orientation is south in the 

northern hemisphere and north in the southern hemisphere. Therefore, solar collector in this work is orientation 

facing south. 

Eight digital thermometers with ± 1oC accuracy were fixed at different locations (as shown in Fig.1) of the 

solar drier. Energy consumption to the blower was measured with an energy meter having ± 0.5 kWh accuracy. 

The solar intensity was measured using solar power meter having accuracy of about ±10W/m2. The humidity at 

entry and exit of the drier was measured with the help of humidity meter having accuracy of ±1%. The relative 

humidity of the ambient  air  was  calculated  from  the  measured  wet  and  dry  bulb  temperatures  using  two  

mercury  thermometers  of sensitivity 0.5oC, one covered with wetted cloth. The velocity of air at inlet of the 

tray was measured with the help of vane type anemometer having ±0.01 m/s accuracy. A digital electronic 

balance of 5 kg capacity having an accuracy of ±0.001 g was used to weigh the samples.  

 

C. Experimental procedure:  

Only good quality and fresh cluster beans was used in the experiments. The fresh cluster beans was 

collected from local market in the month of 26rd – 28th, January 2015. The average dimensions of a vegetable 

was  100  mm  long.  It was thoroughly washed. About 5 kg of fresh cluster beans were dried, without any 

chemical pre-treatment, until the required final moisture content was attained. The cluster beans were loaded 

over the trays of drier chamber having about 90% perforation. The initial moisture content was calculated by 

taking five different samples. Then the air blower was switched on and the air flow rate through the solar flat 

plate collector was adjusted to 0.02 kg/s. The velocity of air at inlet, temperature at various salient points, solar 

intensity and relative humidity were measured at every one-hour interval (10 a.m. – 4 p.m.). During idle  

conditions,  the  cluster beans were  covered  with  polyethylene  sheet  to  avoid  reabsorption  of  moisture.  All 

the experimental observations were made after the drier attains the steady state condition. The experiments were 

repeated thrice and an average value was considered. 
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Fig. 2: Photographic view of (a) Plant with tender Cluster Beans (b) Full-grown Cluster Beans (c) Sliced Cluster 

Beans (d) OSD Cluster Beans (e) DSD Cluster Beans (f) MSD Cluster Beans tender  

 

D. Experimental condition and assumption: 

We summarize the conditions during our experiment and our assumptions in Table 1. 

 
Table 1:  Experimental Condition And Assumption 

Item Condition or assumption 

Location Salem, Tamilnadu (Longitude:78.08o East, Latitude: 11.71oNorth) 

Crop Cluster Beans 

Drying period 
26rd – 28th, January 2015 

(10.00 a.m. – 04:00 p.m. / 6 Hours/day) 

Drying material quantity 5 kg 

Loading rate  1.25 kg/tray 

Initial moisture content, Mi 91.4% wet basis 

Final moisture content, Mf 0 % wet basis 

Insulation, I (W/m2) 450 to 1200 W/m2 

Drying Mode MSD, DSD and OSD 

E. Data reduction: 

1. Heat gained by air: 

The heat transfer rate Qa is given by )( iopa TTmCQ   

where, m - mass flow rate of air (kg/s), Cp - specific heat of air (kJ/kg), To - outlet temperature (°C), Ti - 

inlet temperature (°C). The heat transfer coefficient for the heated test section has been calculated from 

)( favpavp

a

TTA

Q
h




 

where,  Ap – area of plate of collector (m2);  Tpav -  average temperature of plate, Tfav - average temperature 

of fluid. 

 

2. Efficiency of OSD: 

  100% 
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where, M = Mass evaporated (kg), L = Latent heat of vaporization of water (kJ/kg),  Ic = Insolation (W/m2),  

Ac = Collection area (m2), t = Time(s)  

 

3. Efficiency of CSD: 

  100% 
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where, M = Mass evaporated (kg), L = Latent heat of vaporization of water (kJ/kg),  Ic = Insolation 

(Watt/m2),  Ac = Collection area (m2), t = Time(s), τ = Transmittance 

 

4. Removal of moisture: 

The amount of moisture in kilogram to be removed from the product was calculated using the following 

equation: 
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where, Mp - initial mass of product to be dried (kg), Mi - mass of sample before drying, Mf - mass of sample 

after drying. 

 

5. Moisture content: 

The moisture content (MC) is given as 
 

%100



d
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t
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Where, Mi - mass of sample before drying, Mf - mass of sample after drying, td - drying time. 

(e) 
(f) 
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RESULTS AND DISCUSSION 

 

F. Solar Intensity: 

The fig.3 shows the variation of solar intensity during the experimental period (26rd – 28th, January, 2015) 

for all three types of dryer. During the first day, the solar intensity varied between 432 W/m2 and 1213 W/m2.  

 

 
Fig. 3: Variation of solar intensity with local time for three consecutive days. 

 

It was observed that the peak value of solar intensity 1172 W/m2 in OSD, 1135 W/m2 in DSD and 1213 

W/m2 in MSD at around 1.00p.m. It is clear from the figure that second day and third day of the drying period, 

similar trends were observed. It was also observed that higher solar intensity was recorded in MSD for all three 

consecutive days than that of OSD and DSD. 

 

G. Temperature variation in DSD 

 

 
Fig. 4: Temperature variation with local time for one day in DSD. 

 

Variation of temperatures in DSD during first day of the testing period (10.00 a.m. to 04.00 p.m.) is shown 

in fig.4. During the first day, the ambient temperature varied between 31°C and 37°C with a peak value of 37°C 

at around 1.00 p.m.  It was also witnessed that the peak temperature of collector plate, outlet and glass were 

81°C, 68°C and 57°C respectively. The average ambient temperature was found to be 34°C. 

 

 
Fig. 5: Temperature variation with local time for two days in MSD. 
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H. Temperature variation in MSD: 

Variation of temperatures in MSD during two days of the testing period is shown in fig.5. During the test 

period, the ambient temperature varied between 31°C and 37°C with a peak value of 37°C at around 1.00 p.m.  

It was also witnessed that the peak temperature of collector plate, outlet and glass were 79°C, 61°C and 51°C 

respectively. 

 

I. Comparison of collector and dryer temperature: 

Figure 6 shows a first day results of the hourly variation of the temperatures in the OSD, DSD and MSD in 

the drying cabinet and collector for drying 5 kg of Cluster Beans. The dryer is hottest about 01.00 p.m. when the 

sun is usually overhead. The ambient temperature is quite low, varying from a minimum of 31°C to a maximum 

of 37°C. This is followed by the temperature of MSD collector which ranges from a minimum of 40°C to a 

maximum of 63°C and it is followed by temperature of DSD collector cum dryer which ranges from a minimum 

of 53°C to a maximum of 69°C. The temperature in the MSD dryer is the highest, ranging from 53°C to 72°C. 

Thus, the hourly variation of the temperatures inside the dryer is much higher than the ambient temperature 

during the test time. This indicates a prospect for better performance DSD and MSD than OSD. 

 

 
Fig. 6: Temperature variation with local time for the first day in DSD and MSD. 

 

 
Fig. 7: Product mass variation with local time. 

 

J. Variation of Moisture Content with Time: 

The fig.8 shows the variation of moisture content of Cluster Beans dried inside the OSD, DSD and OSD 

during the test period. During the first day, the moisture content of the Cluster Beans reduced from 91.4 % to 0 

% in DSD 23% in MSD whereas for the OSD, it is reduced to 73 %. During the second day, the moisture 

content of the Cluster Beans reduced to 0 % in MSD whereas for the OSD, it is reduced to 53 %. By the third 

day,the moisture content of the Cluster Beans in OSD was reduced to 0 %. In the OSD, the products which has 

an initial moisture content of 91.4%, is reduced to 0 % for time period of 18 hours, whereas in MSD is only 8 

hours and in DSD is 6 hours. The results are well understood by the fig.7 which gives the variation of product 

mass with local time for all three modes of drying for 5 kg of cluster beans. It canbe seen that the DSD and 

MSD dried the Cluster Beans at an earlier time than that of OSD which is due to lower relative humidity and 

higher temperature prevailing inside the dryer all the time. Even though DSD dried cluster beans faster than  that 

of MSD, the quality, colour and structure of the product was good in MSD dried product as shown in fig.2. 
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Fig. 8: Variation in % of moisture content with local time 

 

K. Moisture removal rate per hour: 

Figure 9 shows the moisture removal rate versus time period. The moisture removal rate for DSD and MSD 

is more than that of OSD. But moisture removal rate for DSD is almost same with MSD which is some small 

differences as compared to the OSD. The moisture removal rate is more early hours of the first day drying for all 

modes of drying. It is due more amount of moisture removed from the outer surface of the product with less heat 

energy. It could easily be understood from the fig.9. 

 

 
Fig. 9: Variation of moisture removed rate per hour with local time 

 

L. Drying efficiency: 

Figure 10 shows the drying efficiency versus time period for the first day of drying with all modes. The 

drying efficiency for DSD and MSD is more than that of OSD. Drying efficiency for DSD varies from 24% - 

79% and the average drying efficiency is 48%. It is followed by MSD, 44% which is higher than that of OSD 

(36%). This is due higher temperature and lower relative humidity prevails in MSD and DSD drying chamber 

than that of OSD where lower temperature and high relative humidity. 

 

 
Fig. 10: Variation of drying efficiency with local time. 
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Conclusions: 

Based on the above results, the following conclusions can be drawn: 

 A simple and low cost mixed-mode solar dryer and direct type solar dryer were designed and 

constructed using locally sourced materials.  

 The hourly variation of the temperatures inside the drying chamber and collector is much higher than 

the ambient temperature during the drying period.  

 The temperature increase inside the drying cabinet was up to 35°C at 01.00 p.m. The drying efficiency 

for DSD and MSD is more than that of OSD. Drying efficiency for DSD varies from 24% - 79% and the 

average drying efficiency is 48%. 

 The drying of Cluster Beans in the OSD takes 16 hours during clear sunny weather conditions. 

However, it only takes 5 hours in the DSD and 8 hours in the MSD under similar weather conditions. Also, the 

quality of dried Cluster Beans is remarkably better in MSD compared to OSD and DSD. 

 The dryer is easy to build and required only semi-skilled laborer and limited facilities to fabricate. 

Thus, the dryer is suitable for use in urban as well as rural areas of the country. 
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