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Abstract. Most foods deteriorate very easily, to minimize this problem, some food preservation techniques have emerged,
among which, drying is one of the most used. The advantages of drying food are better preservation of the product,
reduction of its weight, with the consequent reduction in the cost of transportation and storage. With drying, decreasing
the amount of water, not only the weight decreased, but it also creates unfavorable conditions for the microbial growth of
the product. An indirect solar dryer with natural convection was developed, constructed and experimentally investigated.
It is formed for 3 main parts: absorber plate with 0.5 m2 area of surface, dryer chamber and exhaust duct, highlighting
that the absorbed plate has the possibility modify it’s position and direct the flow air that was initially over the upper face,
to the upper and lower face (double passage). This change increased the moisture removal rate from 0.47 g/min to 0.56
g/min, the total moisture removal from 185 g to 220 g and the average daily thermal efficiency from 8.5% to 19.8%. The
analysis of the equipment was possible due to the presence of temperature, humidity and atmospheric pressure sensors
positioned at air inlet and outlet, a turbine type anemometer at the air outlet, 3 temperature sensors and the cell load
located in the drying chamber, allowing to record moisture removal, which can also be calculated by mass balance with
the data provided by sensors at the entrance and exit of air in the dryer system.
Keywords: Indirect solar dryer, Solar absorber panel, Convective solar dryer.

1. INTRODUCTION

Processing food for storage usually requires its water removal. Depending on the method used, it can be very expensive
in energy consumption or impair in the food quality or its properties. An alternative to food dehydration is the use of
solar energy, one of the oldest techniques for food preservation. The food drying using solar energy can occur in an
open environment with solar radiation using direct contact with the food (direct solar dryer). It also can be done in an
environment insulated from solar radiation (indirect solar dryer) using the air heated by a solar radiation absorber plate.
In this case, the heated airflow into a chamber where food is stored and the water is removed by mass transfer.

Several studies evaluating solar dryers can be found in the literature. Rajkumar et al. (2007), for example, analyze the
drying kinetics of sliced tomatoes in a vacuum solar dryer and comparing with the data obtained in an open solar dryer
over the climatic conditions of Montreal, Canada. Based on the results obtained, it was verified that when the temperature
in the vacuum chamber reaches 18 ◦C over the environmental temperature, the drying time of the products for obtaining
11.5% humidity (wet basis), was 20% lower if compared to the open solar dryer. The author highlights the product quality
obtained in this case based on the low oxidation, color and flavor preservation.

Another controlled study is developed by Singh and Kumar (2012) in an indoor environment using typical solar dryers
(direct and indirect, with and without forced ventilation). Several tests were made to obtain the convection heat transfer
coefficient for these models using different air velocities. Changes in incident energy from the radiant source over the
absorber plate are simulated using electrical heaters. The study provided, in addition to the heat transfer coefficient, a
summary analysis for the main physical parameters of the equipment.

An experimental investigation was also developed by Mohajer et al. (2013) using a hybrid system for heating water
and for supplying hot air to a food dryer. The device is similar to the models usual for heating residential water with a
modified solar collector. In this case, there are triangular section ducts below the absorber plate for air circulation and
they are connected to the drying chamber. The analysis was performed with forced airflow of 0.021 kg/s and waterflow of
0.001 kg/s. Two different configurations were analyzed: with and without the air heating by electric resistance assistance.
The results shows that the use of the auxiliary electric heater increases the air temperature in the drying chamber in about
20 to 30 ◦C above to the one that uses solar energy only. The auxiliary heater increased temperature to close to 56 ◦C and
interfered in the food quality. However, the use of a hybrid model implied in a cost reduction and occupied space of about
49% if compared to independent water and air heating systems.

Baniasadi et al. (2017) analyzed a mixed solar dryer with forced air circulation and a thermal storage system. The
results shows that the drying rate remained almost constant throughout the day. This behaviour can be explained by the
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use of the stored solar energy in the absorber plate. This change in air dryer device increased the thermal efficiency in
about 11% and drying efficiency for apricot food in 10%.

This paper aims to evaluate an indirect solar dryer, as shown in fig. 2, designed and built to allow several changes in its
components. The effectiviness of design changes are evaluated comparing the results obtained by original design with the
modified ones in the same operational conditions. The equipment was mounted and installed in the city of Bauru, Brazil,
with latitude 22◦21’S longitude 49◦02’W. The analysis of the equipment was developed from October to December 2019
(spring and summer). This study evaluates the influence in changing the absorber flat plate position for solar dryer over
several parameters like airflow, drying effects, considering the water evaporation and changes in air moisture, and other
ones.

2. Materials and methods

The used solar dryer was assembled using a profiled steel structure, insulating material (EPS) of 35 mm thickness,
glass plate of 3 mm thickness and electronic components that form sensoring and data storage system. All the instruments
and sensors were assembled for this test using the Arduino open platform. Different kinds of sensors for humid air and
load cells were tested to obtain better results. Figure 1 shows the main parts of the mounted solar dryer:

1. Absorbier plate: black metallic surface with measurements 0.5m x 1m (0.5 m2), covered with commercial glass of
3 mm thickness and away from the plate at most 0.1 m;

2. Lower drying chamber: in order to make broad analysis of the equipment, it was designed to allow two regions of
food dehydration;

3. Upper drying chamber: usual food dehydration region in similar equipment;

4. Exhaust duct for heated air, with cross-section measurements of 0.25 m x 0.5 m (0.125 m2) and maximum height
in relation to the ground 2.4 m.

Figure 1. indirect solar dryer photography:(1) absorber plate, (2) e (3) drying chamber, (4) exhaust duct.

The air flow inside the equipment occurs by natural convection due to the heating of the absorber plate using two
possible configurations as shown in fig. 2. The first configuration uses the absorber plate positioned near the insulated
bottom surface. In this arrangement, the airflow occurs only on the upper surface, which is far from the cover glass in
100 mm. The second configuration uses the plate in a midrange position and allows the air flow on both surfaces. Despite
the lower surface is not exposed to solar radiation as the upper surface, the heat conduction process also increases its
temperature. In this absorber position, the plate is 50 mm far from the cover glass.
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Figure 2. Absorbent plate configuration: (a) configuration 1: plate insulated on the bottom surface with air flow on up
surface; (b) configuration 2: with air flow on both surfaces of the absorber plate.

2.1 Instrumentation

Several sensors were installed in specific regions of the the solar dryer to characterize its physical behavior. The
installed sensors are used for measuring humidity, temperature, atmospheric pressure, load cell and flow sensor. Better
description for the installed sensors and its positions inside the equipment are presented for the seven regions shown in
fig. 3:

• Region 1: Lower part of the equipment, atmospheric air inlet, in this region there are 2 sensors, the sensor BME280,
Bosch Sensor manufacturer, capable of measuring atmospheric pressure, air temperature and relative humidity of
the inlet air. The second sensor is dedicated to temperature measurement, identified as DS18b20, Maxim Integrated
manufacturer;

• Region 2: Region where the absorber plate is located and on the underside of this plate (region not exposed to solar
radiation), there are 3 temperature sensors (DS18b20) installed along its length, thus determining its temperature
profile;

• Region 3: Thermal radiometer, Avallone et al. (2018), positioned beside to the equipment with the same absorber
plate inclination;

• Region 4: Load cell with capacity from 0 to 2000 g, used to determine the evaporation rate, and another DS18b20
temperature sensor;

• Region 5: Heated air outlet duct, upper region, where there are the same sensors as region 1, that is, BME280
relative humidity and pressure sensor, and the DS18b20 sensor, that is responsible for obtaining only the outlet air
temperature;

• Region 6: Exit end of the heated air, where there is the turbine-type anemometer;

• Região 7: Insulated location where the datalogger is located, responsible for recording all sensor information.

Figure 3. Sketch identifying the region where the sensors are located.
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The equipment was configured to evaluate the solar dryer thermal performance and obtain the evaporation rate for
the two configurations of absorber plate previous described. The tests were runned from 10:00AM and 5:00PM, with the
equipment loaded with water in a container with an exposed wet area from 0.132 m2.

2.2 Formulation

The operation of the dryer depends on some important parameters and directly measured by the sensors, such as: air
flow, absorber plate temperature, incident solar radiation, air temperature externally and internally to the dryer. Other
parameters depends on calculations which are performed using the data provided by the sensors postprocessed by the
Coolprop software Bell et al. (2014), such as: enthalpy, absolute humidity and air density.

Instantaneous thermal efficiency is defined as the relationship between the useful energy (Qu) and the incident solar
radiation (Gt) on the tilted absorbent plate (Ac):

η = Qu/Ac.Gt (1)

where the useful energy is obtained by the difference in enthalpy of the incoming humid air (hin) and outlet humid air
(hout):

Qu = (hout − hin) · ṁ (2)

where the air enthalpy is evaluated using the humidity sensor data and processed by the Coolprop software using the
HAPropsSI function. The average mass flow of humid air ṁ is obtained by the equation:

ṁ = ρ · uair · S (3)

where ρ is the density of the heated humid air, uair is the average speed of the humid heated air at the dryer outlet (location
6, fig. 3) e S is the area of the turbine-type anemometer.

3. Results and discussions

The indirect solar dryer was tested in two different positions for the absorber plate: configuration 1 and 2, as shown in
fig. 2. The results of these configuration changes were compared and analyzed for a day test. The climatic conditions for
the test days in which were performed both configurations were similar, as well as the solar irradiation. In the test day of
configuration 1 the average solar radiation was 613 W/m2 and the total daily incident solar radiation was 15.67 MJ/m2.
In the test day for configuration 2, the average solar radiation was 613 W/m2 and the total daily incident solar radiation
was 15.84 MJ/m2.

The first analysis evaluates the influence of the plate position, changed from configuration 1 to configuration 2, on
the air flow. This design change results in increase of averaged mass flow values from 4.17 g/s to 4.4 g/s, an equivalent
increase of 5.5 %. As indicated in fig. 4, the air flow is also more stable in configuration 2, presenting small ocilations
with variations in incident radiation if compared to configuration 1.

The temperature profile of the absorber plate was analyzed by the presence of three temperature sensors, the first one
is positioned close to the external air inlet, the second one is located at a half of the plate length and the third, is positioned
at the end of the plate length. Using these sensors it was possible to observe the increase in the plate temperature over
the environmental temperature (Tplate − Tenviroment) due to the incident radiation. For configurations 1 and 2, the lower
region of the plate, close to the external air entrance remains lower than the other regions. This effect can be explained by
the cold ambient air on heat exchange as observed in fig. 5. For other temperature sensor positions, higher temperatures
were verified for both configurations. However for configuration 2 the board are about 5 ◦C colder than configuration 1,
with the lower position temperature values changed from 58 ◦C to 53 ◦C and the central part of the absorber plate the
change was from 71,5 ◦C to 67 ◦C, indicating improvement in natural convection in configuration 2.
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Figure 4. Hot air flow in the indirect solar collector. (a) configuration 1, absorber plate lower position, (b) configuration
2, raised absorber plate.
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Figure 5. Temperature difference between the absorber plate and the environment. (a) configuration 1, (b) configuration
2.

The temperature difference between outlet and inlet air is greater on the configuration 2 for absorber plate, as seen
in fig. 6. One can observe that the increase in the air temperature flowing through dryer was greater and more stable in
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configuration 2, resulting in 7.3 ◦C average throughout the day and maximum of 11.7 ◦C. For the same analisys, it is
observed an averaged temperature increase of 3 ◦C on configuration 1, with maximum value of 4.9 ◦C.

Figure 6. inlet air temperature in the dryer and outlet air temperature in the dryer. (a) configuration 1, (b) configuration 2.

The relative humidity at the inlet and outlet air in the dryer can be mapped due to the presence of humidity sensors
at the entrance and exit of the equipment. The fig. 7 shows these values for configuration 2 indicating that the outlet air
is less humid in relation to the inlet air than in configuration 1. This is a great advantage for drying devices. By other
hand, the average difference daily in relative humidity between the inlet and outlet air for configuration 1 is 3.3% and for
configuration 2 is 6%.
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Figure 7. Relative humidity at the entrance of the dryer and relative humidity at the exit of the dryer. (a) configuration 1,
(b) configuration 2.

Considering the data obtained for temperature, atmospheric pressure and relative humidity sensors at the entrance
and exit of the dryer, associated with air mass flow inside the equipment, it was possible to determine the quantitative of
moisture removed along the day. Using the sensor data, it is possible evaluate this parameter by two different methods.
The first method was performed using the load cell located in the drying chamber, which reports the amount of water
removed from the reservoir at 15 minute intervals. The second method is performed using the difference in absolute
humidity for the outlet air in relationship with the inlet air (obtained with the aid of the Coolprop software), multiplied by
the average flow in the computed interval.

These two methods are compared and presented in fig. 8 and fig. 9. According these presented values, there is a
significant variation in the amount of water removed durind the day obtained by method 1 and 2 (load cell and absolute
humidity, fig. 8a). This difference can be explained by oscillations in the air flow, as noted in fig. 4, once the flow data are
recorded only at 15 minute intervals. Variations in flow during this time interval are not recorded, therefore, if the air flow
is constant, the results obtained by the moisture difference method will be better. This can be noted in configuration 2 of
the absorber plate which provides more constant flow if compared to configuration 1. In this configuration, the estimative
of the removed water is closed for the both methods, as seen in the graph to the right of fig. 8. Analyzing the data related
to the moisture removed as function of position on the absorber plate, one can conclude that configuration 2 promoves
better water removal values then the configuration 1.
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Figure 8. Amount of water removed during the day (accumulated), by the method of absolute humidity difference and the
load cell record, with registration every 15 minutes. (a) configuration 1, (b) configuration 2.
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Figure 9. Amount of water removed every 15 minutes, by the method of absolute humidity difference and the load cell
record, with registration every 15 minutes. (a) configuration 1, (b) configuration 2.

Using the data provided by the sensors at the entrance and exit of the equipment (humidity, temperature and atmo-
spheric pressure sensors), the calculation of the enthalpy of the humid air at the entrance and exit of the equipment is
performed, with this, the thermal efficiency of the equipment in function of the incident solar radiation is determined,
as shown in fig. 10, having superior thermal efficiency for configuration 2, with average daily values of 19.8 % and for
configuration 1 the value obtained was 8,4 %.
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Figure 10. average thermal efficiency of the equipment every 15 minutes depending on the incident solar radiation. (a)
configuration 1, (b) configuration 2.

4. CONCLUTION

This study developed an experimental test of an indirect solar dryer with based on the uses of several sensors, making
it possible to obtain the main thermal characteristics of solar dryer. Considering the two configurations evaluated for the
absorber plate in configuration 1, air passage only on the upper surface, and for configuration 2, air passage through the
upper and lower surfaces one can conclude that the configuration 2 has better performance. The results show that config-
uration 2 is more suitable for drying products, with thermal efficiency of 19.8%, while configuration 1 obtained 8.4% for
almost same conditions. The amount of moisture removed for configuration 1 was 185 g and for configuration 2 it was
266 g. The configuration 2 also recorded higher values for air flow, with an increase of 5.5%. Air temperature increases
about 4.3% and the relative humidity inlet-outlet difference increases about 81.8%, when compared to configuration 1.
Configuration 1 don’t present any advantage over configuration 2.

Future studies will analyze configuration 2 with the integration of a thermal accumulator, using Phase Change Material
(PCM) as a thermal storage. Changes in the location of the drying chamber aiming improvements in the amount of
moisture removed will be also evaluated.
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