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Abstract— The present objective of the study is to design and 

fabricate a solar dryer with evacuated tube collector working 

in combination with a natural convection solar drying 

providing mixed mode system. The performance of the 

current study is been evaluated force convection mode of heat 

transfer.  The study is done for drying of grapes with a 

capacity of 3 kg in the dryer chamber. Experiments are 

carried out in the month of May to produce raisins from fresh 

sorted grapes, with initial moisture content of 80 (kg per kg 

on wet basis) % to final moisture content of 12 (kg per kg on 

wet basis) % in 27 hours. Raisins produced from this system 

are tested for varies parameters to check its quality and found 

satisfactory results. The objective of the study is to provide a 

cost effective and economical method rather than the 

conventional and traditional methods of drying. The Dryer 

temperature ranges from 300C to 700C. 
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I. INTRODUCTION 

Agriculture is considered as the backbone of Indian economy 

which contributes of around 65-70% of the population 

depending on the agriculture for employment and livelihood. 

Beside this the natural food requirement for the country 

cannot be fulfilled due to seasonal production of food. Due to 

this preservation of food products becomes essential to meet 

demand of the growing population. One of the most effective 

and practical way of preservation is solar drying. Drying is a 

simple process of removing moisture from a product in order 

to reach the equilibrium moisture content and is an energy 

intensive operation. Moisture removal from food products 

prevents the growth and reproduction of microorganisms 

which cause decay. Drying the grapes and making raisins 

form different types of grapes has good business value. 

Evacuated Solar drying will improve the quality of the drying 

of the crops, reduce contamination and overheating of the 

products, reduce spillage losses, provide better quality, 

control speed up the drying process and reduction in drying 

time. 

𝐶𝑝 Specific heat of air, J/kg °C 

𝐼g Total solar global radiation, W/m2 

Lw Latent heat of the vaporization, J/kg 

𝑀𝑖,𝑀𝑓 
Initial and final moisture content of grapes, 

kg/kg (W.B.) 

Mp Mass of grapes, kg 

Mw Mass of water in grapes, kg 

Ma 
Mass flow rate of air required to dry grapes, 

kg/s 

Q Discharge of hot air, m3/s 

𝑄𝑎𝑏𝑠 Heat absorbed by the collector, W 

𝑄𝑐𝑜𝑛𝑑 Heat loss by conduction, W 

𝑄𝑐𝑜𝑛𝑣 Heat loss by convection, W 

𝑄𝑟𝑒𝑓𝑙 Heat loss by reflection, W 

𝑄𝑢 Useful heat gain by air, W 

𝑇𝑎 Ambient temperature, °C 

𝑇𝑓 Dryer outlet temperature, °C 

𝑇𝑐𝑜 Collector outlet temperature, °C 

∆𝑡 Total drying time 

𝜂𝑜𝑝𝑡 Optical efficiency of the evacuated tubes 

𝜌 Density of air, kg/m3 

𝜂C𝑜𝑙𝑙−𝑇ℎ Solar collector thermal efficiency 

𝜎 Kinetic viscosity of air, m2/s 

 At first traditional grape drying are widely used. 

Different factors like environmental temperature, natural 

convected wind and relative humidity of air plays an 

important role in determining the quality of grapes. These 

factors which are determined are random & unpredicted. 

Practical adaptability of the past work provided on the subject 

was been at utmost importance during the study of literature. 

Due to this condition which is varied with time it generates 

error while producing the work 

 The way which are used for drying purposes is been 

outdated, less efficient & time consuming with lo grade 

quality of products. Hence the farmers need to have a 

instruments & systems having economical batch production 

with modern technology. Solar drying system consist two 

parts as solar collector and dryer chamber. 

A. Design Procedure 

When unsaturated hot air is been passed over the fresh grapes, 

the moisture from the greapes will be soaked out. The most 

important parameter to be considered is the moisture 

reduction in grapes. When the air of volume ‘Vair’ is passed 

over grapes with temperature ‘𝑇𝑐𝑜’ (solar collector outlet 

temperature), ‘𝑀𝑤’ mass water gets evaporated, with ‘𝑇𝑓’ as 

final temperature of air leaving dryer from the exhaust.  

Energy balance equation is given by 

𝑀𝑤*𝐿𝑤 = 𝜌*𝐶𝑝*𝑉𝑎𝑖𝑟 (𝑇𝑐𝑜 −𝑇𝑓) 

 The density of air is considered at constant 

atmospheric pressure and at mean annual temperature. The 

temperature should be kept under prescribed limits suitable 

for the product; otherwise it may deteriorate the quality and 

colour of the grapes. 

 There are two sources provided in the dryer to 

capture the heat required. Evacuated tube force convection 

tubes are used with blowers providing air into dryer. Optical 

efficiency of the tubes is depending upon the quality & build 

of the tubes. 

Heat absorbed by the evacuated tubes is 

𝑄𝑎𝑏𝑠 = AC*IG*nopt 

 Ten tubes are placed facing south at angle of 330 with 

horizontal as per the conditions of city of pune. 

𝐴c = (𝜋/2)*𝐷𝐿𝑛 

 Another input of heat is through the natural 

convection provided by the glass on the top of the dryer. 

Qg= k*Ag(T1-T2)/ t 

 The heat input provided from the source cannot be 

completely be used to heat up the working fluid which is the 

air. There will be different paths for loss of heat to 
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surrounding. They are heat loss during the conduction process 

from the tubes to the stand, convection loss due to 

atmospheric air flowing around the setup & loss due to 

reflection of the incident rays from tube surface. 

𝑄𝑙𝑜𝑠𝑠 = 𝑄𝑐𝑜𝑛𝑑 + 𝑄𝑐𝑜𝑛𝑣 + 𝑄𝑟𝑒𝑓 

Total useful heat or net heat gain by the collector is given by 

𝑄𝑢 = 𝑄𝑎𝑏𝑠 – 𝑄𝑙𝑜𝑠𝑠 

‘Qu’ which is the useful heat needed for heating the working 

fluid i.e.: air is also calculated by another method. If is the 

mass flow rate of air is in kg/s flowing through the 58mm 

diameter pipe through the system, then the heat produced to 

the fluid is  

𝑄𝑢 = ma * Cp * (Toc – Ta) 

To calculate the mass of water vapour evaporated from the 

grapes according to the moisture content from initial to final 

is given by,  

𝑀𝑤 ̇ = (𝑀𝑖−𝑀𝑓) /(100−𝑀) 

Drying rate is found by the total mass of water to be 

evaporated to the time required in seconds 

𝐷𝑅 = 𝑀𝑤/∆𝑡 (11) 

The solar evacuated tube collector thermal efficiency by 

forced convection method is 

𝜂𝐶𝑜𝑙𝑙−𝑇ℎ = 𝑄𝑢/𝐴𝐶∗𝐼𝐺 × 100 % 

B. Experimental Setup 

The setup majorly consists of ten evacuated solar tubes of the 

dimensions as, 58mm outer diameter & 47 mm inner diameter 

and 1800 mm length. These tubes are arranged on a frame 

inclined at an angle of 330 due south. Three centrifugal 

blowers 8.16 W each is run by a 40W Solar Panel 

accompanied by a solar charge controller to provide steady 

output current & and lead acid battery of 12V. These blowers 

provide force convection in the system. PVC pipes are used 

from the blower t direct air into tubes. Dryer chamber is 

designed on the basis of surface of collector to volume of 

dryer ratio, i.e., 𝑅 = 𝑆𝐴 𝑉 > 3. The dryer chamber is made of 

Galvanized Iron Sheet which is been full welded over the 

surface. On the top of the chamber a glass sheet of 6mm 

thickness is used for the natural convection. Three trays of 

stainless-steel mesh are placed a regular interval in the 

chamber. The lower portion of the chamber provides a 

conical shape to provide better flow of air in the chamber. 

Five digital thermometers are placed at each trays, collector 

inlet & outlet temperature.  

 
Fig. 1: Virtual Design Model of Evacuated tube solar 

collector and Dryer 

 
Fig. 2: Experimental Setup of solar dryer 

II. EXPERIMENTAL PROCEDURE: 

Fresh sorted Grapes are uniformly spread in the trays and are 

kept inside the chamber for solar drying. In this evacuated 

solar air dryer, air is blown into the evacuated tube collector 

with the help of the blowers used running on the solar panel. 

The panel is kept in open sunlight. PVC pipes with steel tubes 

are placed in each evacuated tube which pumps the air into 

lower portion of tube given by the blower. When the blower 

motor is switched on the air is passed through the evacuated 

tube solar collector and heats up. This hot air is made to flow 

into the drying chamber. Air gets heated into the tube & travel 

upwards due to density difference. This heated air goes into 

the manifold & into the chamber. On the top of chamber a 

glass sheet is inserted which provides the natural heat 

convection to the grapes. The product is inserted in the trays 

are grapes weighing 3kg which are equidistantly spread over 

the trays. Initially, from 8.00am to 9.00am the blower motor 

is switched on without any load to heat up the tubes. From 

9.00 am onwards the grapes are put into the chamber. During 

the sunshine period from 9.00am to 5.00 pm the grapes are 

dried in the setup. Readings are been taken every one hour in 

the period which are been listed. During inactive period from 

7.00pm to 9.00am the sample is kept in an tight packet to 

avoid the moisture from surroundings. During the 

experiment, ambient temperature, relative humidity , solar 

irradiations, inlet and outlet temperatures of the collector, 

temperature of all the trays inside the chamber are noted. 

According to these readings the soar tube efficiency is found.  
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Fig. 3. Inside view of solar dryer. 

III. EXPERIMENTAL UNCERTAINTIES: 

The data which is been measured consist of several 

uncertainty sources such as solar radiation of the locality, 

temperature measurements  at various locations in dryer and  

their  trays, manifold temperature  and collector temperature, 

relative humidity, velocity of air etc. Te digital thermometers 

used can have some errors in picking the appropriate 

temperature attained due to contact with dryer surface. The 

pressure drop of the working fluid in the collector is also not 

considered. The heat losses due to convection and radiation 

from evacuated tubes are not significant in the current setup 

hence not calculated separately. 

IV. EXPERIMENTAL RESULTS AND DISCUSSION: 

Based on the literature study and the actual result on the setup 

of evacuated tube solar collector and dryer is designed and 

developed. Various experimental tests are carried out to 

check the performance of the solar collector and of the grape 

drying nature. Experiment is been conducted in uncontrolled 

environmental conditions. Tests are conducted in the month 

of May 2019 in D.R D.Y Patil School of engineering & 

technology, Lohegaon, Pune with geographical data of 

Latitude 18.621035 and longitude 73.911856. Readings are 

recorded from morning 9 am to evening 5 pm on all test days 

at an interval of one hour for calculation purpose. Table 1, 2, 

3 represent the readings taken in three consecutive days in 

month of May. 

Time in 

(Hours) 

Ambient 

Temperature 

(0C) 

Relative 

Humidity 

(%) 

Collector 

outlet 

(0C) 

Tray 

1 

(0C) 

Tray 

2 

(0C) 

Tray 

3 

(0C) 

Mass of 

grapes 

(g) 

Moisture 

Loss 
Total 

Moisture 

(%) (g) (%) 

9 26.6 45 32.6 28.3 29.2 31.2 3000 0 - 80 

10 30.2 49 50.8 41.1 43.1 44.7 2954 46 1.53 78.47 

11 31.7 45 56.3 56.1 55.3 62.6 2889 65 2.16 76.3 

12 32.2 32 62.1 60.2 63.9 66.7 2806 83 2.76 73.55 

13 32.8 34 66.4 62.6 65.4 70.1 2691 115 3.83 69.72 

14 34.9 33 70.3 63.4 68.1 73.4 2574 117 3.9 65.82 

15 34.7 33 67.2 61.4 65.2 69.7 2462 112 3.73 62.09 

16 33.6 25 58.4 56.2 57.9 62.6 2388 74 2.46 59.63 

17 32.2 35 53.2 50.4 51.5 53.2 2339 49 1.63 58 

Table 1: Temperature Measurement, relative humidity, moisture content reading of Day 1. 

Time in 

(Hours) 

Ambient 

Temperature 

(0C) 

Relative 

Humidity 

(%) 

Collector 

outlet 

(0C) 

Tray 

1 

(0C) 

Tray 

2 

(0C) 

Tray 

3 

(0C) 

Mass of 

grapes 

(g) 

Moisture 

Loss 
Total 

Moisture 

(%) (g) (%) 

9 25.3 50 31.1 27.3 28.1 30.4 2284 55 1.83 56.17 

10 28 67 50.2 40.7 42.7 44.2 2227 57 1.9 54.27 

11 30.1 44 55.2 54.7 54.9 56.5 2152 75 2.5 51.77 

12 32 37 61.3 59.3 61.9 65.4 2078 74 2.46 49.31 

13 32.7 31 65.5 61.2 64.4 68.3 1984 94 3.13 46.18 

14 34.9 29 68.3 62.3 65.4 72.4 1872 112 3.73 42.45 

15 34.3 28 64.2 60.3 64.8 69.2 1793 79 2.63 39.82 

16 33.7 25 59.3 56.2 59.3 62.1 1748 45 1.5 38.32 

17 33.2 27 54.3 50.8 51.7 53.2 1704 44 1.46 36.86 

Table 2: Temperature Measurement, relative humidity, moisture content reading of Day 2. 

Time in 

(Hours) 

Ambient 

Temperature 

(0C) 

Relative 

Humidity 

(%) 

Collector 

outlet 

(0C) 

Tray 

1 

(0C) 

Tray 

2 

(0C) 

Tray 

3 

(0C) 

Mass of 

grapes 

(g) 

Moisture 

Loss 
Total 

Moisture 

(%) (g) (%) 

9 26.3 45 30.4 28.3 30.3 32.4 1658 46 1.5 35.327 

10 29.4 53 40.8 38.4 42.3 44.8 1603 55 1.83 33.49 

11 32.3 48 55.7 53.4 55.8 57.4 1509 94 3.13 30.36 
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12 33.4 37 61.4 58.3 61.3 65.8 1414 95 3.16 27.2 

13 34.5 35 64.4 59.4 63.4 67.4 1296 118 3.93 22.7 

14 35.6 33 68.3 64.8 67.3 71.3 1182 114 3.8 19.47 

15 34.3 29 65.3 61.3 66.4 68.1 1074 108 3.6 15.87 

16 34.2 28 61.1 57.3 62.1 64.3 1012 62 2.06 13.81 

17 33.8 26 53.2 48.5 52.3 56.2 959 53 1.76 12.05 

Table 3: Temperature Measurement, relative humidity, moisture content reading of Day 3.

 Figures 4 and 5 represent the climatic conditions of 

Relative Humidity and moisture content variation with 

respect to time. The maximum ambient temperature ranges 

from 25.3°C to 35.6° in month of may as per observations. 

The maximum collector output temperature reached to 

70.3°C with average collector outlet temperature of 56.02 °C. 

Figure 6 represents the different temperature variation of the 

collector outlet, trays and ambient temperature. 

 
Fig. 4: Relative Humidity vs. Time. 

 

Fig. 5: Moisture content vs. Time. 

 
Fig. 6: Temperature variation vs. Time. 

V. CONCLUSIONS 

 

From the test carried out, the following conclusions were 

made.Performance of evacuated tube solar collector for grape 

drying is studied by designing, fabricating and testing it in the 

force convection and natural convection mode of heat 

transfer. A batch of 3 kg of grapes are dried from initial to 

final moisture content of 80% to 12.05% in just 27 hours 

active time of the setup. 
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