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Abstract

:

This Paper determines an experimental study of dual-pass solar dryer with a bed tilt of 0.5° and varying oscillating frequency of drying chamber namely 1.25, 1.75 and 2.25 Hz for drying an agricultural produce namely non–parboiled paddy grains. The oscillations and bed tilt are provided to move the grains from entry to exit of the top bed and moving down to bottom bed and finally exits from the dryer. The new technology has been used in the solar dryer for drying of agricultural produce such as non–parboiled paddy grains to increase the quality and to decrease the loss of the dried produce. The present dryer model was used for drying 45 kg of non–parboiled paddy grains from 19% (w.b) to the approved range of 12–14% of moisture content obtained in a single experimental day. The dried paddy grains obtained an average moisture content are 13.03, 13.22 and 13.51% at the frequency of oscillation of 1.25, 1.75, 2.25 Hz, respectively. The maximum thermal and pick-up efficiency of the model were obtained at 1.00 p.m. in all cases. For the frequency of oscillation of 1.25, 1.75 and 2.25 Hz, the maximum dryer thermal efficiency was 44.47, 43.39 and 41.39%, respectively, and the maximum pick–up efficiency was 80.41, 79.19 and 76.21%, respectively. The optimum drying performance was obtained at the oscillating frequency of 1.75 Hz with the bed tilt of 0.5°.
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1. Introduction


Rice is an utmost essential food crop. Around 80% people in the world consume rice [1]. Solar energy is one of the alternative sources of energy both industrial and commercial applications, where this energy is abundantly available [2]. Solar drying is the superior and economical drying method for dehydrating the agricultural produce namely paddy, maize, sunflower seeds, fruits and vegetables etc. [3]. In our routine life various new technologies have been applied to increase the drying performance of the dryer. Various dryers had been designed, fabricated and tested its performance for different produce. Each dryer is different in shape, size and is fabricated for a particular product [4]. Drying of agricultural produce is necessary post harvesting process, which is used to increase the quality and reduce the losses of the produce during storage and milling. The transportation cost of the produce becomes less because removing the moisture from the produce result in less weight and occupies less area [5,6,7,8,9]. It forbids biological deterioration, prevents mold growth, fermentation, sprouting and discoloration of the agricultural produce. The agricultural produce can be stored for longer periods, at low moisture content under specified conditions. Drying the agricultural produce under specified value of humidity and temperature of air helps to dry the produce quickly to require moisture content and maintain the noble grade of the produce [10].



Solar dryer was widely classified in three types in consonance with the solar radiation received by the produce namely direct, indirect and mixed mode solar dryer. As reported by the air movement in the systems, the solar dryers are categorized into active solar dryer (forced convection) and passive solar dryer (natural convection). In the passive solar dryers, the flow of air occurs due to the buoyancy effect, while in active solar dryers the air flow is produced by the external devices such as fans or blowers operated either by electricity/solar module. It occupies less area, saves the drying time and improves the produce quality [11,12]. The velocity of the drying air had great impact in the drying kinetics of the agricultural produce [13]. The passive dryers are simple in construction, less expensive and easy to maintain where the drying mechanisms are firmly dependent on temperature variance, so the pressure drop arise in each drying bed. The mixed mode solar dryer has been noble in the speed of drying compared to direct and indirect mode of drying [14].



The performance of the solar dryer can be enhanced by accumulating surplus energy in peak hours and utilizing that energy in off–sun hours and inadequate solar energy hours. The specified material is used to store the solar energy in the form of latent heat, sensible heat and combination of both [15]. The newly harvested paddy grains have moisture content of 18–26% in wet basis [16,17]. At Present the main goal is to design and fabricate a dryer with less utilization of the power and superior quality of dried product [18]. Now a day many methods are available for drying of paddy grains such as fluidized bed drying and thin layer drying [19,20,21,22,23]. It is concluded that the cross flow continuous fluidized bed drying method is almost effective and efficient method to dry many agricultural produces [12,21,24,25,26]. Normally fixed bed or movable bed such as belt conveyor is used in the solar dryer to dry the agricultural produce [27].




2. Literature Review


Ref. [28] developed an indirect mode of solar dryer incorporated with phase change material for dehydrating the valerianajatamansi rhizomes (medicinal herb) from 89% to 9% in 5 days. Ref. [17] analyzed the performance of oscillating bed solar dryer for dehydrating the non-parboiled paddy grains with various combinations of bed cover and reflecting mirror. The results showed that combined reflecting mirror and bed cover gave the best drying performance. Ref. [29] fabricated a mixed mode solar dryer for reducing the moisture of 3 kg grapes from 81.4% to 18.6% was achieved in 4 days.



Ref. [30] fabricated a simple and economic solar dryer. The dryer can dry the paddy grains from initial water content of 24% to final water content of 14%. This dryer saved 50% drying time against the open sun drying. Ref. [31] investigated a small scale solar seed dryer for drying crops such as maize and beans etc.



Ref. [32] developed a photovoltaic powered solar grain dryer and tested its performance. The dryer was able to dry 90 kg of maize from 33.3% (d.b) to less than 20% (d.b) moisture content in a single day. Ref. [33] developed a dryer and analyzed the drying characteristics of paddy grains using single and combined heating sources such as electrical, solar and biomass.



Ref. [34] fabricated an indirect solar dryer to dry plantain fillets. The results indicated that the collector and dryer efficiencies were 46.4 and 78.73%, respectively. The removal of moisture and final moisture were 77.5 and 15.75%, respectively. The average drying rate of plantain fillets was 0.184 kg/h. [35] constructed a forced convection solar dryer in addition to evacuated tube collector to dry Amla from initial moisture in the range of 83.6 and 84.3% to final moisture in the range of 0.1 and 0.6% within 5 to 7 whereas open sun drying takes 13 to 15 h to achieve this result. The efficiency of the fabricated dryer changes from 38.61 to 43.7% but the efficiency of open sun drying changes from 12.5 to 14.15%.



Ref. [25] designed and built a solar dryer integrated with porous sensible heat storage medium (Pebble) and tested its performance to dry curry leaves. The curry leaves were dried in 5 h in solar dryer. ReshaTaide and Deshmukh, (2018) constructed a natural convection mixed-mode solar dryer for drying vegetables such as chili and bitter gourd. Drying rate of chili and bitter gourd are found to be 10.75 and 14.6 g/h, respectively. Thermal efficiency of solar collector was 38% and drying efficiency of solar dryer was 15%. Ref. [36] had constructed and analyzed a forced convection mixed mode solar dryer to dry 15 kg of turmeric. The drying time could be decreased up to 7 days by using this solar dryer compared to a conventional method which required 13–15 days.



In this present work, dual pass oscillating inclined bed solar dryer has been developed and studied its performance at the constant bed tilt of 0.5° with various frequencies of oscillations of drying chamber such as 1.25, 1.75 and 2.25 Hz.



The main purpose of developed this dryer is to remove the moisture from the agricultural produce such as non-parboiled paddy grains, Sunflower seeds and Groundnuts etc. Using this model the farmer can dry their agricultural produce with minimum time and affordable cost. In this paper we used non-parboiled paddy grains as the produce and tested the dryer performance by various frequencies such as 1.25, 1.75 and 2.25 Hz with bed tilt of 0.5°.




3. Description about the Experimental Model


The drying model was constructed at Madhurapuri, near Thuraiyur (76°48′ N, 13°11′ E) in Trichy district, Tamilnadu state, India. Figure 1 indicates the photographic view of dual pass inclined oscillating bed solar dryer. It comprises an insulated blower, dual pass flat plate solar collector, oscillating drying chamber with two perforated trays, hopper, bellow, PVC pipes and bed motor. The dual pass flat plate solar collector contains transparent glass plate, absorber plate and bottom plate. A 4 mm thick glass plate is located at 35 mm on top of the absorber plate for transferring the sun light on the absorber plate. A thin aluminum sheet called as absorber plate of thickness 0.87 mm with area of 1.152 m2 is painted in dull black colour for absorbing more solar radiation. Ceramic wool insulated with a thin galvanized iron sheet and 18 mm thick wooden plank are fixed at 35 mm underneath the absorber plate is called as a back plate for reducing the bottom heat loss. These three plates are inserted in the wooden frame so that it makes a dual pass air flow passage. The flat plate solar collector has been placed on the metal frame such that the frame makes an angle of 13° with the ground. An insulated trapezium shape metal duct and PVC pipes are used to connect the blower with the solar collector.



The blower supplies 0.0506 kg/s of hot air from the solar collector to the drying chamber through a black rubber bellow. The blower is connected with the drying chamber through the rubber bellow which is used to avoid the blower with oscillation of the drying chamber. The drying chamber is made up wooden box; consisting of two perforated trays and a grains outlet duct. The perforated trays are black coated galvanized iron sheet metal having 31,600 holes of diameter 1.5 mm each to allow the hot air from bottom to top of the drying chamber for drying the grains. The perforated trays are arranged at 0.5° tilt with the horizontal to facilitate the motion of the grains from entry to exit of the drying chamber as shown in Figure 2. The drying chamber was suspended by four flat belts with the bed frame for oscillation. The oscillating system comprises of A.C. motor of the capacity of 184 W, driver pulley, V-belt, driven wheel, eccentric cam and cam shaft. The cam was installed on the cam shaft connected with driven wheel. The power was given to the driven wheel through the V-belt by the bed motor.



The drying chamber was oscillated with different frequency of 1.25, 1.75 and 2.25 Hz by changing the diameter of the motor pulley is given in Table 1. The hopper is a trapezium shape of metal box made in mild steel sheet and located at one side of the top of the drying chamber for storing and feeding the grains continuously to one end of the top perforated tray. The grains flow rate from the hopper to the top perforated tray was maintained constantly by adjusting the metal strap at the hopper bottom. The grains outlet duct is used to collect the dried grains at the other end of the bottom tray. The high temperature with low relative humidity of hot air enters the bottom side of the drying chamber and moves in the upward direction. The hot air first contacts the paddy grains in the bottom tray along the perforated holes in the bottom tray losing some of its heat and gaining some of the moisture from the grains. Then it further moves up losing some of its heat and gaining some of the moisture from the grains in the top tray. The hot air leaves from the top tray with low temperature and high relative humidity due to absorbing the moisture from the grains. The drying chamber and oscillating system are supported by the bed frame.




4. Experimental Approach


The experiments were conducted in the present dryer model between 7.30 a.m. and 5 p.m. from 22 to 24 June 2017. The drying chamber was given three different oscillations of 1.25, 1.75 and 2.25 Hz. In the beginning of experiments, 45 kg of non–parboiled paddy grains were taken with the initial moisture value of 19% (w.b). Every half an hour 2.5 kg of paddy grains were taken in the hopper for drying. When the experiments started, the atmospheric air was admitted into the flat plate collector and changed into hot air by receiving the heat from the absorber plate. The blower sucked the hot air from the flat plate collector and delivered into the bottom of the drying chamber through the rubber bellow. The hopper supplies a constant mass flow rate 0.08333 kg/min of the grains to the top perforated tray by adjusting the metal strap at the bottom of the hopper. The oscillation was given to the drying chamber by the oscillating mechanism to furnish uniform rolling and sliding movement of the grains on the perforated trays resulting thin layer of the grains formed on the perforated tray. Initially the paddy grains moved on the top perforated tray from one end to other end and then moved down to one end of the bottom tray. The grains further move to another end of the bottom tray and sent out through the grains outlet duct.



Owing to the sliding and rolling motion of the grains on the perforated trays, the hot air contacts all the surfaces of the grains resulting in the fast elimination of moistures from the grains. The following observations were taken at every half an hour such as wind velocity, solar radiation, energy meter readings of bed motor and blower, percentage of moisture available in the paddy grains before putting the hopper and after received from the dryer, temperature and relative humidity of air at various places such as entry, middle and exit of the drying chamber, entry and exit of the flat plate solar collector and at atmosphere, weight of dried produce received from the dryer.




5. Mathematical Calculation


The performance of the present dryer depends upon the thermal and Pick-up efficiency of the solar dryer [22,32] which determines amount of moisture dehydrated from the grains. The experimental datas obtained by the present dryer is given in Table 2.



The dryer thermal efficiency was determined as the ratio of amount of heat energy used to remove the water content in the grains to the amount of heat energy contained by the hot air at the entry of the drying chamber; mathematically it is given by [32],



Thermal efficiency of the dryer   (  η D  ) =    m w   h  f g       m ˙  a  d t  C  p a   (  T  d i   −  T  c i   )   × 100  



Pick-up efficiency was calculated as the quantity of moisture extracted from the grains by the amount of heat energy given through the hot air. It is expressed mathematically by [32],



Pick–up efficiency      η p    =    m w      m ˙  a  d t (  W  a o   −  W a    i  )   × 100  



The frequency of oscillation of drying chamber in Hz   =    D 1     D 2    ×  N  60    .



Where,



D1, D2—Diameter of the driver and driven pulley.



N—Speed of the bed motor in rpm (750 rpm).




6. Results and Discussion


Figure 3 shows the power consumed by the bed motor and blower of the solar dryer at various oscillating frequency of the drying chamber for the consecutive three experimental days. It is obvious from the above figure that the bed motor and blower consumed less electrical power between 11 and 15 h compared to remaining hours of the experimental day. The availability of solar radiation was quite high between 11 and 15 h resulting in the fast removal of moisture from the grains. Therefore the grains are weighing less and moving down very fast on the perforated trays. It is seen from the above figure when the frequency of oscillation of drying chamber increases, the power consumption of the blower decreases. Since at high frequency of oscillation, the grains move down at relatively high speed in the bed trays. So that accumulation of grains on the bed trays becomes less, resulting in less back pressure developed inside the drying chamber. When the frequency of oscillation of drying chamber increases, the power consumption of the bed motor also increases, because higher the frequency, higher the current consumed. The bed motor consumed less electrical power of 68 W at 13 h with the frequency of oscillation of 1.25 Hz. When the frequency of oscillation is increased to 1.75 and 2.25 Hz, the minimum electrical power consumed by the bed motor is 70 and 77 W, respectively, at 13 h. The blower consumed less electrical power of 120 W at 13 h at the oscillating frequency of 2.25 Hz. When the frequency of oscillation is decreased to 1.75 and 1.25 Hz, the blower consumes the minimum electrical power of 122 and 123 W, respectively, at 13 h.



The actual mass of dried grains collected from the dryer at every half an hour with various frequency of oscillation of the drying chamber is presented in Figure 4. It is seen from the above figure when the frequency of oscillation of drying chamber increases, the mass of dried grains collected from the dryer also increases. When the oscillating frequency of the drying chamber is high, the speed of the grains on the bed is also high. Therefore, more dried grains are received at outlet of the drying chamber. When the frequency of oscillation of the drying chamber is constant the more dried grains are collected from the dryer between 12.5 and 13 h compared to morning and evening session. Since at that time the solar radiation was high and the high amount of moisture was eliminated from the grains resulting in less weight of the grain and moving fast in the bed trays. The paddy grains of 0.556 kg are left behind in the bed trays as residual mass after the experimental period when the frequency of oscillation is 1.25 Hz. The high quantity of dried grains collected from the dryer was 3.105 kg between 12.5 h and 13 h at the oscillating frequency of 2.25 Hz. When the frequency of oscillation is decreased to 1.75 and 1.25 Hz, the high quantity of dried grains received from the dryer is 3.099 and 3.068 kg, respectively.



Figure 5 indicates the minimum and maximum accepted level of moisture content and the change in percentage of moisture content of the dried paddy grains at various frequency of oscillation of the drying chamber. When the drying chamber was oscillated at the frequency of 1.25, 1.75 and 2.25 Hz, the accepted level of 12–14% of moisture content of the paddy grains was obtained from 9 to 17 h, 9 to 16.5 h and 9.5 to 16 h, respectively. It is notice from the above figure, when the oscillated frequency increases, the duration of accepted level of paddy grains obtained decreases, because of the high speed of the paddy grains in the bed tray, so that the contact time between hot air and grains were reduced, resulting in less amount of moisture was removed from the grains.



The change in dryer thermal efficiency at various frequency of oscillation of drying chamber is presented in Figure 6. It is notice from the above figure when the frequency of oscillation decreases the dryer thermal efficiency increases, because at less frequency of oscillation the grains contact more time with hot air losing more amount of moisture to the hot air. The dryer thermal efficiency was less value in morning and evening session and more value at middle of the session at 13 h [1,18,37,38,39,40,41]. So, the dryer thermal efficiency curve starts from low value in morning and maximum value in middle of the session and then decreases in evening session. The maximum dryer thermal efficiency was attained at 13 h in all the cases due to availability of high solar radiation resulting in high temperature of air. So that more amount of moisture was extracted from the paddy grains. The maximum dryer thermal efficiency of 44.47% is obtained at 13 h at the frequency of oscillation of 1.25 Hz. When the frequency of oscillation is increased to 1.75 and 2.25 Hz, the maximum thermal efficiency is 43.39% and 41.39%, respectively [42,43,44,45,46,47].



Figure 7 shows the variation in pick–up efficiency of the hot air in the dryer at various frequency of oscillation of the drying chamber. It is notice from the above figure when the frequency of oscillation decreases, the pick-up efficiency of air increases. Since at less frequency of oscillation, the paddy grains move slowly in the bed trays and contact more time with the hot air, so the air pick-up more moisture from the grains. The pick-up efficiency of air was less value at morning and evening session and more value at middle of the session at 13 h. Therefore, the pick-up efficiency curve increases from morning to middle session and then decreases in evening session [48,49,50,51]. The maximum pick–up efficiency was attained at 13 h in all the cases due to availability of high solar radiation resulting in high temperature with less relative humidity of hot air. Therefore, more quantity of moisture was extracted from the paddy grains. The maximum pick–up efficiency of 80.41% is obtained at 13 h at the frequency of oscillation of 1.25 Hz. When the frequency of oscillation is increased to 1.75 and 2.25 Hz, the maximum pick–up efficiency is 79.19% and 76.21%, respectively.



Table 3 gives the performance enhancement of this present dryer model with the existing dryer model.




7. Conclusions


The performance of the dual–pass oscillating bed solar dryer had been analyzed at constant bed tilt of 0.5° with various frequency of oscillation of the drying chamber such as 1.25, 1.75 and 2.25 Hz to dry non-parboiled paddy grains. From the above experiment, the following conclusions are made. It is obvious from the above discussion, the frequency of oscillation of 1.25 Hz has given best result based on dryer thermal efficiency, pick-up efficiency and moisture removal, but 0.556 kg of paddy grains are left behind in the bed tray as residual mass after17 h. At 1.75 Hz frequency, the values of efficiency and moisture removal are good and also there is no residual mass on the bed tray. At 2.25 Hz frequency, the grains move fast on the bed, resulting in less efficiencies and moisture removal compared to 1.75 and 1.25 Hz. Therefore, the optimum drying behavior of dual–pass oscillating bed solar dryer was obtained at the frequency of oscillation of 1.75 Hz with bed tilt of 0.5° to dry non–parboiled paddy grains.



In future the other agricultural produce such as sunflower seeds and groundnuts can be used to analyze the performance of this model and also the photo voltaic cell can be used instead of A.C. power supply to reduce the cost of electricity.
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Nomenclature




	Tdi
	Entry air temperature of drying chamber (°C)



	Tdo
	Exit air temperature of drying chamber (°C)



	Ta
	Temperature of atmospheric air (°C)



	Tci
	Collector entry air temperature (°C)



	Tco
	Collector exit air temperature (°C)



	Cpa
	Specific heat capacity of atmospheric air (kJ/kgK)



	     m ˙  a    
	Mass flow rate of air (kg/s)



	     m ˙  w    
	Mass flow rate of moisture evaporated from the grains (kg/s)



	hfg
	Latent heat of water evaporization (kJ/kg)



	mw
	Mass of the moisture evaporated in time interval ‘dt’ (kg)



	Wai
	Absolute humidity of air at entry of the drying chamber (kg of water vapour/kg of dry air)



	Wao
	Absolute humidity of air at exit of the drying chamber (kg of water vapour/kg of dry air)



	RH
	Relative humidity (%)



	ηD
	Thermal efficiency of dryer (%)



	ηp
	Pick-up efficiency of the hot air (%)



	Ac
	Cross sectional area the solar collector (m2)



	Pb
	Power used by the blower (kW)



	Pm
	Power used by the bed motor (kW)



	I
	Solar radiation (W/m2)
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Figure 1. Experimental setup of dual–pass oscillating bed solar dryer. 
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Figure 2. Schematic diagram of dual–pass oscillating bed drying chamber. 
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Figure 3. Power absorbed by the bed motor and blower. 
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Figure 4. Mass of dried grains collected at every half an hour from the dryer. 
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Figure 5. Moisture content of the dried paddy grains. 
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Figure 6. Variation in thermal efficiency of the dryer. 
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Figure 7. Variation in pick–up efficiency of the hot air in the dryer. 
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Table 1. The values of various frequencies of oscillation of the bed chamber.
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	Bed Oscillation Frequency
	(D1) in m
	(D2) in m
	Frequecny of Oscillation of Drying Chamber in Hz





	F1
	0.0273
	0.273
	1.25



	F2
	0.0382
	0.273
	1.75



	F3
	0.0491
	0.273
	2.25
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Table 2. The experimental data.
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S.No.

	
Parameters

	
Time (h)

	
Oscillating Frequency (Hz)




	
1.25

	
1.75

	
2.25






	
1

	
Power absorbed by the bed motor (W)

	
8

	
80

	
82

	
86




	
2

	
13

	
68

	
70

	
77




	
3

	
17

	
81

	
83

	
85




	
4

	
Power absorbed by the blower motor (W)

	
8

	
134

	
133

	
131




	
5

	
13

	
123

	
122

	
120




	
6

	
17

	
134

	
133

	
129




	
7

	
Mass of dried paddy grains collected from the dryer (kg)

	
8

	
1.336

	
1.354

	
1.379




	
8

	
13

	
3.068

	
3.099

	
3.105




	
9

	
17

	
1.564

	
1.623

	
1.707




	
10

	
Moisture content of the dried paddy grains (%)

	
8

	
14.4

	
14.6

	
14.9




	
11

	
13

	
12

	
12.1

	
12.3




	
12

	
17

	
13.9

	
14.2

	
14.9




	
13

	
Thermal Efficiency of the dryer (%)

	
8

	
22.81

	
21.59

	
20.01




	
14

	
13

	
44.47

	
43.39

	
41.39




	
15

	
17

	
24.78

	
23.71

	
22.43




	
16

	
Pick-up efficiency of the hot air (%)

	
8

	
37.52

	
36.38

	
32.75




	
17

	
13

	
80.41

	
79.19

	
76.21




	
18

	
17

	
42.57

	
40.61

	
37.06
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Table 3. The performance comparison between this model and other researcher.






Table 3. The performance comparison between this model and other researcher.





	S.No.
	Parameters
	Arul et al.
	Kumar et al.





	1.
	Types of solar dryer
	Double pass oscillating bed solar dryer
	Single pass oscillating bed solar dryer



	2
	Arragement of the bed tray
	Positive slope
	Negative slope



	3.
	Total mass of dried paddy grains obtained
	41.79 kg
	36.29 kg



	4.
	Dryer thermal efficiency
	43.39%
	32.2%



	5.
	Pick-up efficiency
	79.19%
	68.8%



	6.
	Residual mass
	Nil
	0.52kg
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