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Abstract. The importance of reducing postharvest losses and preservation of food products has been increasing
worldwide. Drying is considered as an efficient way to increase the store agricultural products, with reduced risk of
deterioration. However, the drying process affects the final quality of the dried products. In the present work,
experimental investigations carried out on drying of corn kernels in an indirect solar dryer and open sun drying are
presented. Results showed that the, for an average solar radiation of 652 W/m2 and ambient temperature of 30.4 <C, the
dryer reduced the moisture content of the products from 22.5% to 12.8% in 7 h, with a drying efficiency 6.1%. The open
sun drying did not succeed to obtain the final desired moisture content of 13.0% in 24 h.
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1. INTRODUCTION

Inadequate preservation techniques and poor storage provisions lead to deterioration in the quality of agricultural
products. Drying is a processing technique used to reduce postharvest losses and food product preservation (Lingayat et
al. 2020). In tropical countries, conventionally, the drying of agricultural products has been carried out in the open sun
drying (Lakshmi et al. 2019). The disadvantages of open sun drying are uncontrolled heat transfer to the product, slow
drying rate, requirements of more yard space, and possible contamination with dust, dirt, rainfall, insects and
microorganisms, which lead to losses of quality (Ssemwanga, Makule, and Kayondo 2020; Pochont et al. 2020; Lakshmi
etal. 2018).

The limitations of open sun drying have led to the development of more advanced techniques of food drying. The hot
drying airflow can be obtained using several energy sources, but solar energy is a renewable and cheap energy source.
Solar dryer is a device which exploits solar energy to add significant amount of heat to a product and extract humidity
from it without affecting its quality (El Hage et al. 2018). A comprehensive review of the status of solar drying
technologies in developing countries is presented in paper (Vijayavenkataraman, Iniyan, and Goic 2012). The various
designs of solar dryers, its types and performance analysis are reviewed.

The comparison of solar drying and open sun drying was performed in several works. The drying behavior of grapes
was evaluated in an indirect solar dryer in Morocco (Essalhi et al. 2018). The solar dyer consists of a solar collector, a
heat exchanger, a water storage tank and a drying chamber. The drying of red pepper grown in the North of Tunisia was
studied in a mixed mode solar greenhouse dryer with forced convection (EL khadraoui et al. 2019). The drying behavior
of Indian red chilli was assessed in a solar hybrid greenhouse dryer (Pochont et al. 2020). To the best knowledge of the
authors, only a few works were developed on the drying of corn (Rahmanian-Koushkaki et al. 2017; Khanali, Khakpour
Giglou, and Rafiee 2018; Wei et al. 2019), all developed under different conditions than those evaluated in this paper.

In this work, it is evaluated a sustainable indirect solar dryer used to dry corn kernels. The dryer consists of a solar
collector, a drying chamber, a PV system and an electric heater. The electric heater is used when the drying air temperature
is lower than ambient temperature. The sustainable characteristic is given by the use of a PV system to feed the fans and
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the electric heater. This study is conducted to experimentally compare the drying behavior of corn kernels dried in the
dryer and open sun drying respectively.

2. MATERIALS AND METHODS
2.1 Description of the drying system

The drying system under study is a sustainable mixed active solar dryer. The system consists of three main parts,
which are a PV system, a solar collector, and a dryer chamber. The sustainable characteristic is the use of the PV system
(composed of a PV module, batteries, and a charge controller) to feed the fans and an electric heater. The scheme of the

drying system is shown in Fig. 1.
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Figure 1. Solar drying system

The drying system consists of the solar dryer and some complementary equipment. The solar dryer consists of the
solar collector, responsible for heating the air flow, and the drying chamber, where the trays are positioned. The solar
absorber is made of galvanized steel sheet painted in matte black to maximize radiation absorption. The cover is made of
8mm tempered glass. The dryer is 1000 mm wide, 1800 mm long and 500 mm high. The internal structure of the dryer is
made of wood. The dryer is covered internally and externally by galvanized steel sheets. The thermal insulation is made
of glass wool.

The complementary equipment are fans, battery, photovoltaic panel and charge controller. The equipment allows the
system to operate autonomously, in direct current.

The drying system was installed on the roof of the Materials Engineering Department, on Campus | of CEFET-MG,
in the city of Belo Horizonte (latitude of 19°55'S). The location is flat, with no interference of elements that may generate
shading on it and supported by a metallic structure that prevents its contact with the moisture of the floor. The drying
system was positioned according to the works of (Villalva, Marcelo Gradella; Gazoli 2012; Duffie and Beckman 2013),
who suggest that the collector should be facing the opposite hemisphere with a slope equal to latitude. The drying system
was then positioned with an inclination angle of 20° to maximize the incident radiation throughout the year (Duffie and
Beckman 2013).

The airflow is forced by the fans to cross a duct below the PV module. When the PV module is operating, it dissipates
energy and the airflow is heated when in thermal contact with its lower surface. The power output generated by the PV
module is used to feed the fans and the remaining energy is stored in the batteries. The energy stored is also used to feed
the fans when there is no incidence of solar radiation. After crossing the duct, the airflow enters the dryer and is heated
by the solar collector surface. At the end of the collector, the airflow enters the drying chamber, where the trays with the
corn grains are positioned and removes moisture from the products. Then, the wet airflow leaves the dryer.

The operating scheme of the drying system is shown in Fig. 2.
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Figure 2. Operation diagram of the drying system

The drying load was 16 kg of corn, distributed directly on four trays arranged in two different levels, in order to allow
the airflow of move between the grains of the product.

The drying system worked with forced air flow using two fans positioned at the entrance of the duct under the PV
module. The desired final moisture content of the corn was 13.5%. Below this value, most of the fungi that attacks the
grain practically interrupt their development.

2.2 Experimental procedure

Measurements of solar radiation, air temperature, relative humidity and instant moisture content of the product were
made on a wet basis. The measurement period comprised the time from 7:30 am to 5:30 pm (solar time). The
measurements were performed at every 30 minutes, according to the procedure adopted by the paper (Celma and Cuadros
2009). The determination of the initial moisture content of the product was performed 24 hours after the beginning of the
tests, using a drying oven at 105° C.

The tests were performed on September 27, corresponding to early Spring. In this month, historically, the city shows
little rain and a significant increase in solar irradiation compared to the rest of the year (Tiba 2000).

The ambient and airflow parameters were measured with calibrated instruments. The uncertainty analyzes were
performed according to Joint Committee for Guides in Metrology (Group 1 of the Joint Committee for Guides in
Metrology (JCGM/WG1) 2008).

Solar radiation was measured using a pyranometer (Hukseflux thermal sensors, model SR05-DA2). The thermo-
psychrometer (model AKSO, AK174) was used to measure air humidity and drying air temperature at the inlet and outlet
of the dryer. The flow velocity was measured with an anemometer (ICEL AN-4870). Digital electronic scale (Toledo,
model n°® 9094), with a capacity of 6 kg, with an accuracy of + 1 g, was used to weigh the corn.

3. MODELING OF THE DRYING SYSTEM

The drying efficiency is defined by the ratio of the energy used to evaporate the product moisture and the energy
supplied to the control volume (Fudholi et al. 2014). This refers to the solar radiation on the photovoltaic module, the
absorber and the drying chamber.

The drying efficiency can be calculated by

— __ ™MHol
n= [(Am+Aq+Ac) G dt x 100 @)
where n, my,0, L, G, A, A, € A, are the drying efficiency [%], the product's evaporated water mass [kg], the latent
heat of water vaporization at the average air inlet and outlet temperature [kJ/kg], solar irradiation [kW/m?] and the surface
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areas of the photovoltaic panel, the glass cover on the solar collector and the glass cover on the drying chamber,
respectively [m?].
The moisture content of corn can be expressed on a dry or wet basis. For agricultural products it is usual for moisture

to be determined on a wet basis. Equation (2) defines how the moisture content of the product on a wet basis is calculated
(Belessiotis and Delyannis 2011).

_ (mszz)i—(mszz)e
=———°x

VVSp (msp) i

100 @)

where W, (mSp)i e (msp)e are the total moisture content of the sample on a wet basis [%], the initial mass of the

sample (wet) and the final mass of the sample (dry), respectively [kg].
The moisture content of the sample, on a wet basis, is obtained by

(mp)i

W, = 100 — O (100 — WS,,)] (3)

where W, Wy, (mp)i e (mp)x are the instant moisture content of the product on a wet basis [%], the total moisture

content of the sample on a wet basis [%] and the initial mass and instantaneous mass of the product, respectively [kg].

The comparison of the performance of the solar dryer in relation to the drying time with drying in the sun using
(Fudholi et al. 2014)

§ = tun=bsd 100 4)
tsun

Where S, tg,, € tsq are the reduction in drying time [%], the duration of drying of the product in the sun until the

required moisture content is reached [h] and the duration of drying of the product in the solar dryer until the content of
required humidity is reached [h].

4. RESULTS AND DISCUSSION

The drying system operated on September 27 for the drying of corn kernels. Some of the characteristics of the drying
process are shown in Tab. 1.

Table 1. Performance summary of the loaded drying system.

Parameter Value
Initial product weight [kg] 16.000
Final product weight [Kg] 14.220
Initial moisture content - wet basis [%] 22.5
Final moisture content - wet basis [%] 12.8
Average drying time until 13% moisture content is reached [h] 9.0
Average solar radiation [W / m?] 652
Average ambient temperature [ C] 30
Average drying chamber temperature [° C] 54
Average relative humidity of the air at the entrance of the drying system [%] 38
Average relative humidity of the air at the exit of the drying system [%] 26
Average drying efficiency [%] 6.1

During the experiment, the day was sunny, with clouds appearing at 13:30 hours. The rest of the day remained clear,
with an average clearness index of 70%. The average solar irradiation in the period (7:30 am to 5:30 pm) was (652 + 11)
W/m2 and the maximum solar irradiation recorded was (990 + 11) W/mz2 at 12: 00h and 12: 30h, as can be seen observed
in Fig. 3. The ambient temperature during the test ranged from 22.9°Cto 35.2 ° C.
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Figure 3. Solar irradiation and ambient temperature

To evaluate the performance of the drying process, it is essential to obtain the drying curve. It is possible to determine
the instant moisture content, the time necessary to reach the required humidity, as well as to compare the performance of

the drying process carried out in the solar dryer with natural open sun drying. The corn drying curve is shown in Fig. 4.
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Figure 4. Drying curves

Natural open sun drying failed to achieve the desired moisture content (13.5%) in 24 hours, while in solar drying the
desired moisture content was achieved in approximately 7 hours. A lower drying speed was observed in the natural
process, after the corn reached about 16% humidity (around 13: 00h). This is due to the fact that the corn had reduced
humidity, requiring a higher heat rate to continue the removal of moisture. However, it is noteworthy that at 13:00h the
solar radiation was still high (950 + 10) W/mz2, but the ambient temperature was much lower than that of the airflow in
the dryer.
There is no guarantee that natural open sun drying will reach the necessary humidity. Once the product is in
equilibrium with the ambient air, the drying process is interrupted, as explained by (Ekechukwu and Norton 1999).
Normally it is close to 12:00 the next day, when the irradiation is maximum, that the moisture content decreases again,
because for lower temperatures, the corn will possibly be in equilibrium with the ambient air. Similarly, (Selvaraj and
Natarajan 2017), when studying the drying Kinetics of saffron, observed that when the equilibrium humidity between the
sample and the drying air was reached, there was no further change in the sample mass.
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To assess the drying duration, two analyzes were performed. The first considered the final moisture content of corn
equal to 15.8% (minimum value achieved in natural open sun drying). In this case, the natural open sun drying time was
44% longer than drying using the dryer. The second analysis assumed, at best, that dry corn would naturally reach a
moisture content of 13.5% with 32 hours of drying (at 15: 30h of the day after the start of the test). Considering this
premise, the natural open sun drying time would be 78% longer than when drying using the solar dryer.

The initial and final moisture content of the corn, on a humid basis, are recorded in Table 2.

Table 2. Corn moisture content (wet basis).

Corn moisture content (%)
Initial Final
Solar dryer 22.5 12.8
Natural open sun drying 22.5 15.8

Corn mass measurements for the determination of the moisture content were carried out between 7:30 am and 5:30
pm and interrupted until 7:30 am the next day, when a final product moisture assessment was carried out. It was observed
that there was no moisture absorption during the night by the dry corn in the dryer, nor naturally, since the moisture
content remained the same. This stability of the moisture presented by the corn, mainly in natural drying, was attributed
to the low relative humidity of the air that remained below (62.4 + 1.9)%, presenting an average of 49% at night (17: 30h
to 7: 30h).

Another fundamental point of the drying process is the control of the air flow temperature, which should not exceed
90° C in order to preserve the physical integrity and nutritional quality of the corn kernels, that is, the quality achieved
by the product. The drying air temperature did not exceed 90 ° C at any time during the day. The airflow and ambient
temperature values obtained for the drying air are shown in Fig. 5.
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Figure 5. Drying temperature and ambient temperature

It can be seen (Figs. 3 and 5) that the airflow temperature varies according to solar irradiation. This effect can be seen
at 1:30 pm, when there is a sudden drop in solar radiation and, as a consequence, in the air temperature in the dryer. In
addition, the airflow temperature in the dryer reaches up to 38.9°C higher than the ambient temperature.

The drying efficiency of the system was calculated, obtaining the value of (6.1 + 0.1)% for reducing the moisture
content of the corn from 22.5% to 12.8%. It is worth noting that this same dryer, before the introduction of complementary
equipment, was studied by other researchers, such as (SILVA 2014), who dried ore with an average drying efficiency of
2.5%. In (Oliveira 2014), bananas were dried under different conditions, with initial and final moisture levels around 78%
and 58%, respectively, reaching an average drying efficiency of 4.1% and a maximum of 6%. The results of the first tests
allowed the author to make adjustments to the process (maximum load and minimum mass flow), increasing the drying
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efficiency to 18.8%. In (Ferreira, Gongalves, and Maia 2014), the same dryer was used to dry solid waste from the steel
wire industry. The initial and final humidity of the product were 70% and 30%, respectively. The drying efficiency varied
from 5.2% to 7.2% and, as stated by the authors, the efficiency achieved was of the same order of magnitude as similar
solar dryers; although it has been stated that the comparison of dryer efficiencies is not relevant, since the operating
conditions and product characteristics have a significant influence on drying efficiency and they were not similar.

It is worth mentioning that the greater the amount of dough and or the greater the moisture content of the product to
be dried, the greater the drying efficiency. In the case of corn, the initial moisture content is relatively low when compared
to other products, since it should only be harvested after reaching physiological maturity. At this stage, the corn is between
30 and 38% moisture content. However, the harvest must happen when the corn reaches between 18 to 25% of moisture
if it is submitted to the drying process before being stored (Magalhées and Durées 2006).

5. CONCLUSIONS

In this study, an experimental analysis of the drying of corn grains in a sustainable mixed active solar dryer.

It was observed a direct relation between solar irradiation and ambient temperature.

The greater the drying temperature, the greater the air's ability to remove water from the product. As the product dries,
less humidity is available to be eliminated making it more difficult to remove. At the beginning of the drying process, the
moisture content of the product and the drying efficiency are high.

The drying process was compared to natural open sun drying. It was observed that the drying efficiency of the dryer
was 6.1% and the duration of natural open sun drying was approximately 44% higher than drying with the dryer, for a
final product moisture of 15.8%.
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