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Abstract: This paper presents a hybrid solar dryer with baffles disposed of on the solar collector. When
the levels of solar radiation are low, an electrical heater is used to increase the drying air temperature.
A photovoltaic system feeds the electrical heater and the fans, and it is also used to preheat the drying
air, increasing the temperature at the inlet of the solar collector. Experimental results of corn drying
indicated that the baffles augmented the energy efficiency of the system (from 23.5 to 24.9%) and the
temperature rise in the solar collector (from 13.5 to 20.2 °C), reducing the time required for the corn
to reach the final desired moisture content.
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1. Introduction

The world is facing a significant increase in the population, which entails an increase in food
production [1]. It is important not only to increase food production but also to reduce the loss and
waste of food. About one-third of the production of food for humanity is lost or wasted [2]. Reducing
food waste is an increasingly urgent challenge faced worldwide. Drying is a greatly advanced form of
food preservation, and it has been conducted since olden times [3]. The reduction in product moisture
content can reduce the action of enzymes, bacteria, fungi, and molds [4]. However, drying consumes
a huge amount of energy [5], usually from biomass, electricity, fossil fuels, natural gas, and solar
energy [6]. These thermal drying methods were responsible for about 10-20% of world energy
consumption by the industries in 2011 [7]. Solar energy is one of the most relevant renewable energy
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sources [8]. It is the major source of non-conventional energy and can be used to replace conventional
methods of drying.

In open sun drying (OSD), the products are exposed directly to solar radiation [9]. It is a cheap
method, but the products can easily be contaminated by dust, pollution, and damages from animals,
birds, or insects. Furthermore, they can suffer degradation through exposure to storms, dew, or
additional losses due to insufficient or non-uniform drying conditions [6]. Solar dryers are interesting
choices to reduce losses from OSD and are being extensively studied. Solar dryers are classified as
direct or indirect types, depending on where the solar radiation reaches. In the direct type, the solar
radiation directly reaches the products, placed inside a drying chamber. In the indirect type, the drying
air is heated by a solar collector [10]. One of the main drawbacks of solar dryers is their dependence
on weather conditions. To minimize or overcome this disadvantage, hybrid solar dryers use additional
energy from other sources. The additional energy is provided by different sources. A new configuration
of a hybrid dryer, consisting of a solar-gas collector and a drying chamber, was proposed and built
by [11]. When the dryer operated in solar mode, the thermal efficiency was 42%, in gas mode, 37%,
and in hybrid mode, 40%. A numerical analysis of a hybrid geothermal PCM flat plate solar collector
dryer was developed by [12]. The dryer presented superior efficiency and productivity, but the authors
described high initial costs and a long payback period. A solar-biomass hybrid greenhouse dryer was
developed and built in Kenya [13]. Banana slices were dried in the dryer operating in three different
modes: solar, biomass, and solar-biomass, with average hourly exergy efficiencies of 65, 59, and 67%.
A forced convection solar dryer using solar energy and electrical energy was used to assess the drying
of apple peels [14]. The authors evaluated the influence of the temperature and volumetric rate of the
drying air on the energy efficiency of the system, concluding that the energy efficiency increases with
the temperature and with the reduction of the airflow rate. Solar energy can be employed as an
additional energy source in photovoltaic (PV) panels. An indirect solar dryer was used to dry green
chili and okra [15]. PV panels are used to run the inlet fans. A hybrid solar greenhouse dryer coupled
to a PV system and solar collectors was evaluated in Saudi Arabia to dry tomatoes [ 16]. A photovoltaic-
thermal (PVT) hybrid solar dryer using evacuated tube collectors was studied by [17] to dry cassava
in India.

An additional energy source is important to ensure a continuous energy supply to the drying air,
promoting uniform drying conditions. The thermal efficiency of the dryer can be enhanced through
geometric modifications, such as the inclusion of fins or baffles. The drying of cassava roots chips in
an indirect solar dryer was evaluated by [18], comparing the results with and without the inclusion of
a solar collector. The effect of increasing the path of the drying air by integration of four black painted
transverse fins was evaluated by [19]. A CFD analysis was performed by [5] to identify the influence
of fins on the thermal storage system of an indirect dryer, comparing the results of the system with and
without fins. A numerical analysis was also accomplished by [3], evaluating an indirect solar dryer
without thermal energy storage (TES), with TES having a phase change material (PCM), and with TES
with fins and PCM. A numerical and experimental analysis of the influence of square-spiral fins on a
quadruple-flow solar air collector was performed by [8]. Performance tests of solar drying were
performed, and the authors concluded that the developed system was successful in improving energy
capture by the solar collector. A numerical and experimental study of the influence of perforated baffles
in the solar collector of a dryer was conducted by [20]. The system was studied with parallel-pass with
zero, single and double baffles. For the drying of celery root, the system operating with double baffles
presented a higher average and maximum instantaneous thermal efficiency. A V-grooved solar
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collector with baffles was used to increase the performance of a solar cabinet dryer for drying potato
chips [21]. The results were compared with a flat plate solar collector in the dryer. It was observed an
increase in the efficiency of the system with the solar collector with baffles.

Literature survey reveals the use of PV panels in several hybrid solar dryers, but it is scarce in the
combined use of PV panels and baffles. Also, the generated energy by the PV system is generally
employed only to run an electric heater and/or fans. In this paper, the energy provided by the PV system
feeds an electrical heater and fans, but the PV module is also employed to increase the drying air
temperature, which is not seen in the literature. An analysis of corn grains inside this dryer is presented
in [22], with a special focus on the First Law of Thermodynamics. The analysis was improved,
including an assessment of the system by the Second Law of Thermodynamics in [23]. In a subsequent
analysis [9], the dryer was assessed using different control volumes in the analysis, concluding that the
control volume defined plays an important role in the efficiency values. In the present work, the dryer
was modified to incorporate baffles in the solar collector. Experimental tests were conducted during
the summer for the system with and without baffles operating in Belo Horizonte, Brazil (latitude 19.9°S
and longitude 43.8°W), and the drying curves of corn and the energy efficiency of the system were
compared.

2. Materials and methods
2.1. Experimental setup

The solar dryer was designed and installed in Belo Horizonte, Brazil (19.9°S latitude and 43.8°W
longitude), which has an Aw (Equatorial savannah with dry winter) climate, according to the Koppen-
Geiger climate classification [24,25]. The experimental tests were conducted in the summer, on two
consecutive days. On the first day, the system operated with baffles, and on the second day, without
baffles.

The dryer consists of fans, a PV system, a solar collector, and a drying chamber (Figure 1). The
width is 1000 mm, the length is1800 mm and the height is 500 mm. The PV system is composed of a
PV module, a charge controller, and two batteries, and it feeds the fans, allowing the system to operate
without any input of external electricity. The solar collector is composed of an absorber plate and
baffles.
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Figure 1. Schematics of the dryer.

The airflow enters the system forced by the fans and flows inside a duct under the PV module, in
which it is heated by the module bottom surface enabling the drying air to reach the solar collector
with a temperature higher than the ambient temperature. Furthermore, it is well known that high
surface temperatures reduce PV efficiency [26]. The heat transfer from the PV surface by the drying
air has beneficial effects of increasing its efficiency [27]. After the PV, the air enters the solar collector
and is heated by the absorber plate. The purpose of the baffles is to increase the heat transfer area,
increasing the system efficiency. The drying air is directed to the drying chamber where the drying
products are placed in trays. The wet airflow leaves the system through a circular tube.

16 kg of hybrid corn grains, hard type, with an initial moisture content of 20% w.b., were
employed in the experiment. The initial wet basis moisture content was determined by inserting a
sample of the products in a stove at 105 °C, for a period of 24 h, and evaluating the mass before and
after this period.

The temperature of the airflow and the wall temperatures were measured using K-type
thermocouples. The inlet and outlet air humidity were measured using humidity sensors (AKSO,
AK174 model). The mass flow rate was determined based on the inlet airflow velocity, measured using
an ICEL (NA-4870) anemometer. The solar radiation was measured using a pyranometer (Hukseflux
thermal sensor, SR05, DA2 model). The samples of corn were weighted with a digital electronic
balance (Toledo, 9094 model). An uncertainty analysis was performed based on [28], and the results
are shown in Table 1.
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Table 1. Uncertainty analysis.

Measured variable Expanded uncertainty
Temperature (k-type thermocouple) +2.2°C

Temperature (Thermo-psychrometer) 10.5%

Relative humidity +3% RH

Solar radiation +1%

Mass tlg

Velocity +3%

Initial moisture content +1%

Instantaneous moisture content 2%

2.2. Mathematical model

The conservation equations for mass and energy are given by [29].

(mda)in = (mda)out = Myq (D

WinMgq + (mstHzo)p = WoutMgqa (2

Maa> Ma)in, Maa)out » (mstHzo)m’ (mStHzo)out and (mstHZO)pare, respectively, the

mass flow rate of the dry air, of the dry air at the inlet and outlet of the drying system, and of the
humidity of the product. w;,, and w,,; are, respectively, the air absolute humidity at the inlet and
outlet of the drying system.

Neglecting the mechanical work in the process, the First Law of Thermodynamics is given by [30]:

Q=Zm(h+%v2+gz)—zm<h+%v2+gz) 3)

out in

where 1 is the mass flow rate, h is the specific enthalpy, v is the velocity, and z is the height. Q
represents the heat transfer, determined by the solar radiation transferred to the system by the PV
module, the absorber plate, and the top surface of the drying chamber.

The energy efficiency 7, is the ratio between the energy expended and the energy provided to
the system:

Youe M (h + %vz + gz) — Yinth (h + %vz + gz)
= (Am + A + AG )
A, A, and A. represent, respectively, the areas of the PV module surface, the absorber plate,
and the top of the drying chamber. G is the solar irradiation.
For each product, the drying curve defines the drying characteristics for that product at specific
conditions, showing the drying rate or moisture content versus drying time.
The initial wet basis moisture content can be expressed as [7]:
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_ (msp)i - (msp)e
p = ) ()

W

(msp)i and (mSP)e represent, respectively, the initial mass and the final mass of the sample

placed in the oven. The instantaneous wet basis moisture content is given by [31]:

(mp)i
(my) X

(mp)i and (mp)x are, respectively, the initial and the instantaneous product mass.

W =1-

x (100 — W) (6)

3. Results and discussions

Figure 2 presents the incident solar radiation and ambient temperature. The sky was partially overcast
during the tests. On the first test (with baffles), the maximum solar radiation reached was 1040 W/m?, with
an average value of 805 W/m?. The maximum ambient temperature was 37 °C, with an average of 32 °C.
On the second test (without baffles), the maximum solar radiation was 1110 W/m?, with an average
value of 752 W/m?. The maximum ambient temperature was 38 °C, with an average of 34 °C. During
the tests, the average velocity at the system inlet and volumetric flow rate were, respectively, 2.6 m/s
and 0.010 m%/s.
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Figure 2. Solar radiation and temperatures.

The temperatures in the solar collector inlet and outlet are also shown in Figure 2. It can be seen
that, as expected, the drying air temperature increases through the solar collector. For the first day, it
was observed a sudden decrease of the solar radiation, decreasing the ambient temperature and the
inlet and outlet solar collector temperatures. Even with the lower values of incident solar radiation in
the afternoon, the system operating with baffles obtained higher temperatures at the solar collector
outlet. It is worth mentioning that the temperature rise was higher for the system with baftles (20.2 °C,
compared with the system without baffles, 13.5 °C), as indicated in Figure 3. For both tests, the
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temperature rise was small at the beginning of the day. With the increase of the solar radiation levels,
the temperature rise in the solar collector increased.
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Figure 3. Rise temperature inside the solar collector.

The drying curves are shown in Figure 4. The moisture content (wet basis) is presented in a
nondimensional form, with the ratio between instantaneous moisture content and the initial moisture
content versus drying time. In the initial period, when the surface of the products is saturated and
evaporation occurs unceasingly [7], the rate at which the moisture is removed is mostly dependent on
the ambient conditions and the initial moisture content of the products [32]. The small variation of the
drying rates at the beginning may be attributed to the small variation in the temperature inside the
drying chamber at the beginning of the drying test in both tests. The initial moisture content of the
products was higher in the test without baffles, explaining the initial higher rates for this test. After the
middle of the day, the solar radiation levels dropped in the test with the baffles, reducing the
temperature at the inlet of the solar collector. However, the inclusion of baffles increased the heat

remotion from the baffles, increasing the temperature inside the solar collector and increasing the
drying rate.
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Figure 4. Drying curves.

The energy efficiency is presented in Figure 5. The energy efficiency depends mainly on the
variation of the enthalpy from the inlet to the outlet and the incident solar radiation. The average
energy efficiency was higher for the dryer with baffles (24.9%), when compared to the dryer without
baffles (23.5%). In the morning, the temperature rise in the solar collector is slightly higher in the test
with baffles. However, as the solar radiation is significantly higher, the instantaneous efficiency
decreases. In the late morning and afternoon, the temperature rise was higher, increasing the efficiency.
Occasional drops in the efficiency may be attributed to the presence of clouds. The highest values of
efficiency found are attributed to sudden falls of the solar radiation, as seen in Figure 2. The energy
efficiency values are consistent with the literature values. A comprehensive review of the energy
efficiency of solar dyers was performed by [6], describing values from 21 to 69%. The drying of
apple slices and mint leaves in a double-pass solar air dryer resulted in energy efficiencies varying
between 2.20% and 26.46% [33]. An average efficiency of 53% was found for the drying of mango
slices in an indirect forced convection solar dryer [34]. It is important to highlight, however, that the
energy efficiency depends on the type of solar dryer and the dried product.
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Figure S. Energy efficiency.

4. Conclusions

13:20 14:40

This work presents experimental results of a hybrid solar dryer, coupled to a PV system, used to
dry corn. It was assessed the effect of the use of baftles in the solar collector. Results indicated that the
use of baffles increased the temperature rise of the air in the solar collector, increasing the drying air
temperature. For an average solar radiation of approximately 780 W/m?, the temperature rise in the
solar collector increased from 13.5 °C to 20.2 °C when using the baffles. It resulted in a higher average
energy efficiency of the system (from 23.5 to 24.9%), and in a reduction of the drying time. It can be
concluded, therefore, that the use of baffles improved the performance of the dryer, with low costs

Increase.
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