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Abstract:- Development of a solar collector for drying
agricultural products, particularly vegetables, was
designed, constructed and evaluated. The primary
objective of the study was to tackle the issue prevalent in
many existing solar dryers, which are predominantly
stationary and consequently fail to optimize their power
output potential. Therefore, a solar tracking device was
formulated and constructed to trace the sun's trajectory,
ensuring the generation of the highest attainable power
and increase the energy harvested and thereby
optimizing the amount of energy received. The drying
apparatus primarily comprises a solar collector, a solar
tracking device, drying chamber and chimney The size
of the collector considered was 1219 mm x 609 mm,
comprising a single-layer glass with a thickness of 4 mm,
a black-painted aluminum absorber plate measuring 2
mm in thickness, and an insulation material with
thickness of 3 mm which was enclosed within a wooden
casing. The drying chamber was made of highly polished
wood frame and covered with plywood, consisting of
three drying trays. A 200-W wiper engine that swings a
collector configuration was adapted and this 200 watts
motor wiper makes it possible for the collector to attain
150° rotation in a full wipe. Equipped with a sensor that
is calibrated to allow a track of 30 degrees in 120
minutes; in that way, optimum and down times are
appropriately captured. In assessing the various
conducted tests, the performance parameters considered
for evaluation comprised temperature, moisture content
of the produce, collector and drying efficiencies, drying
period, and drying rate. The moisture content of okra
experienced a reduction from 87 % (w.b,), 7.0 g H20/g
solids(d.b) to 13% (w.b), 0.1 g H20/g solids(d.b)
respectively and the moisture content of pepper
experienced a reduction from 83 % (w.b), 4.89 g H20/g
solids(d.b) to 17 % (w.b), 0.03 g H20/g solids (d.b)
respectively in a span of two to four days. The drying
rate for okra was identified to be 2.00 (g H20/g solids)/h
whereas for pepper it was 0.67(g H20/g solids)/h. The
collector efficiency was identified to be 25.24 % and
Drying efficiency was also identified to be 28.67%. The
drying curves, typical of thin layer type, produced
during the drying process, followed definite pattern
irrespective of the trays in the drying chamber. With the
polynomial behaviour, their equations, typical of Okra
was y = 0.3056x° - 7.0526x + 43.633 and R? were
estimated highly with correlation coefficient (R?) ranging
from 91 to 99%, and for Pepper as: y = 0.61x? - 10.166x
+ 46.168 and R? values ranged from 83 — 94% - a
measure of theoretical correctness. These high values of
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correlation coefficients obtained from the drying curves
bore reasonable closeness between the experiment and
theory. In all, these 2nd order equation models of these
curves, described the behaviour of the drying process.
This work provided a good insight into what possibilities
local technologies can do. The products of drying
displayed showed good indices of acceptability,
attainment of shelf-life moisture content, and showing
aesthetic and commercial appeals.

l. INTRODUCTION

Heat and electricity are created when solar energy is
collected from solar radiation. When compared to other
resources and forms of energy, it is a clean, affordable,
renewable resource with lower levels of pollution (Ahmmad
et al., 2010). The primary source of energy in our solar
system is the sun. Massive amounts of energy are created by
the sun's ongoing nuclear fusion process in its core; only a
small portion of this energy reaches Earth and supports life
as we know it. All natural cycles and activities, including
photosynthesis, wind, rain, and ocean currents, are brought
about by solar radiation and are essential to life (Bahloul et
al., 2009).

One possible decentralized thermal use of solar energy
is solar drying, which is especially useful in developing
nations (Sharma et al., 2009). The process of solar drying is
commonly distinguished from "sun drying" by the utilization
of apparatus to gather solar radiation and utilize the resulting
radiative energy for drying purposes. In many nations, sun
drying is a typical method of farming and agriculture,
especially when the outside temperature exceeds 30 °C or
higher. There are a number of established drawbacks to sun
drying crops for large-scale production, including crop
damage from animals, birds, and rodents; quality
deterioration from direct sun exposure; and contamination
from dirt, dust, or debris. Additionally, this system requires
a lot of labor and time because crops need to be covered at
night and during inclement weather in order to prevent
domestic animal attacks. Because of the uneven drying
process, there is also a potential for insect infestation and the
growth of microorganisms. Solar drying systems, which dry
things inside of closed systems with greater internal
temperatures, are a development in sun drying. In addition,
direct sun exposure on days with high temperatures may
result in case hardening, a process where an outside hard
shell forms around agricultural products, trapping moisture
inside. As a result, using solar dryers allows for the efficient
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use of the sun's energy while maintaining high product
quality through careful management of radiative heat.

Around the world, farmers have been using solar
energy to dry goods including grains, fruits, meat,
vegetables, and fish to boost the quality of their produce by
reducing postharvest losses. To reduce postharvest losses,
low-cost solar dryers that are manufactured locally must be
produced using economical and efficient drying techniques
(Weiss and Buchinger, 2002).

Sun drying is the least expensive way to dry crops, but
due of the previously listed drawbacks, the dried product's
quality is much below expectations. By introducing
appropriate drying technologies, such solar collector dryers,
dried product quality can be improved and losses can be
decreased.
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Solar air collectors are largely designed to transform
incident solar energy into usable heat within the drying
chamber (Bunea et al., 2015). The utilization of solar energy
has grown in popularity in recent years. A solar panel must
be perpendicular to the radiation source in order to
maximize the amount of energy it receives. Additionally,
because the sun moves throughout the day and year, a solar
panel must be able to track its movement in order to
maximize power and increase energy harvesting.

The process of causing a solar collection surface to
shift orientation in response to the sun's movement across
the sky is known as solar tracking. While not necessary for a
solar panel to function, the absence of a solar tracker can
result in decreased performance in some applications.

Figure 1 shows the classification of solar tracker
system, while Figure 2 shows components of solar tracking
systems.

[ Classification of solar tracking system
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Fig 1 The Classification of Solar Tracker System (Source: Jamilu et al., 2019)

Fig 2 Working Elements of a Typical Sun Tracking System (Source: Sharma et al., 2016)
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» Drying of Okra and Pepper

Due to its affordable and nutritious qualities, okra,
often known as "lady finger" (Abelmoschus esculentus; see
Figure 3) is regarded as a significant vegetable crop in most
of the world. One of the most common vegetable crops
grown in tropical and warmer regions of temperate countries
is this one. According to Afolabi and Agarry (2014), the top
10 producers are Saudi Arabia, Nigeria, Iraq, Cote d'lvoire,
Pakistan, Egypt, Benin, Cameroon, and Ghana. Protein, iron,
calcium, vitamins C and A, dietary fiber, and low saturated
fat can all be found in okra (Doymaz, 2005). The essential
and non-essential amino acids found in okra are similar to
those found in soybeans. As a result, it is essential to human
nutrition (Ononogbu, 1998).

According to Shivhare et al. (2000), fresh okra has an
extremely high moisture content (88-90% wet basis), with
10% being the safe moisture content for storage. Soon after
harvest, okra begins to deteriorate, resulting in significant
post-harvest losses that seriously jeopardize food security
(Sam, 1999). Research has also demonstrated that several
tropical and subtropical crops, like okra, should not be
stored at low temperatures because they are susceptible to
rotting and discoloration from chilling damage.

The commodities are maintained using various
procedures to meet the demand throughout the year in all
locations; nevertheless, their processing may result in the
loss of some of the features that once made them appealing
to consumers.

Red pepper (Capsicum annum L.) is a spicy spice that
is typically eaten as a condiment in the form of finely
chopped flake or dried powder. The majority of peppers
grown in Nigeria are utilized in regional cuisine, particularly
stews. Capsicum annum var. Rodo, Capsicum annum var.
Tatashe, Capsicum frutescens var. Bawa, and Capsicum
frutescens var. Shombo (this variety is illustrated in Figure
4) are some of the common pepper cultivars in Nigeria.
Peppers are commonly dried to; produce spices, extend its
shelf life, stabilize the freshness of the product, reduce
storage requirements, and lower transportation expenses.

The color of dried red peppers is a crucial quality
indicator. They are much influenced by the temperature,
moisture content, and drying duration during the drying
process. Thus, understanding the drying kinetics, which
reflect the temperature, moisture content, time history of red
peppers, is crucial for designing a drying process that
minimizes any degradation in the final product's quality.

ig 3 Okra (Abelmoschus esculentus)
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Fig 4 Pepper (Capsicum frutescens var. Shombo)
1. MATERIALS AND METHODS

» Description of the Dryer

The solar collector was constructed using wood coating
to ensure minimal heat losses. The collector compartment
was made up of an absorber plate and, an air inlet vent to
conduct air into the collector compartment. The absorber
plate was made of aluminum sheet painted black for
maximum absorption of solar heat energy. The sides of the
collector were fitted with Styrofoam to ensure the minimum
loss of heat energy as it serves as insulation. The collector is
to be connected to the solar drying chamber by means of a
tube with a fan. The drying Chamber was made also of
wood and it comprises of the three chambers-trays each
made of wire mesh from galvanized iron sheets and a
chimney. The structural support of the whole drying
assembly was made from galvanized iron rods which can
withstand adverse or unfavorable weather conditions.

» Measurement (Instrumentation) and Design Procedure

The design of the solar air collector for products drying
processes is keeping many design parameters and standards
in mind. Among these design parameters are;

e Relative humidity: Determined using humidity meter.

e Temperature: Determined using thermometer and
temperature meters.

e Moisture content: Digital weighing balance was used to
measure the weight of the agricultural products (okra and
pepper) and Moisture content in dry basis (M.C. db) is
given as:

MC (d.b.) g water / g dry solids = (Wd;d)

Where: w = weight of wet material, and d = weight of
dry material

e Drying temperature: Average drying temperature, Td, of
45 9C was used.

e Amount of moisture to be removed: The formula to
calculate the total amount of moisture to be removed
(Mw) is given by Shivhare et al., (2000) as:

_ Wy (M; —Mp)

M == —wmpy @7
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Where: Mw = amount of moisture removed, Ww =
initial total weight, M; = initial moisture content on dry
basis; Mz = the final moisture content on dry basis;

o Dryer Efficiency: Dryer efficiency which is the ratio of
the energy needed to evaporate moisture from the
material to the heat supplied to the dryer was calculated
using (Dhanushkodi et al., 2014):

_ WL 100
0= 4
2.322x0.619

x 100 = 28.67%

~ 0.773x 0.570x 12.00

Where: Wy, = Weight of moisture evaporated, Kg; L =
Latent heat of evaporation of water at temperature of dryer,
KJ/Kg; I. = Solar radiation, kW/m?; A; = Area of collector,
m?; and t = Drying time

o Drying rate: Drying rate (D.R.) which is the amount of
evaporated moisture over time (Dhanushkodi et al.,
2014) was calculated as follows:

Mi_Md
N t

D.R

Where: M; = mass sample before drying; Mg = mass of
sample after drying; and t = drying time.

e Collector orientation and angle: Solar air collectors are
positioned to receive maximum sunlight, performing best
when aligned perpendicular to the solar radiation. The
ideal angle depends on the season, typically matching the
site's latitude. In this case, a collector angle of 150° was
used, and a solar tracker tilted the collector at an angle of
30° every 120 minutes. This was to prevent rainwater
buildup during wet periods.

e Collector efficiency: Solar collector’s efficiency is
defined as the ratio of heat received by the drying air to
the insulation upon the absorber surface.

Collector’s efficiency was calculated using the
following equation (Leon et al., 2002).
VaXpXAT XC.
Dc: aXxXp 14
Ac xl¢
_0.0217x0,12X293.15X1840
B 0.57x 773

=25.24%

Where: 1D = Collector’s efficiency; Va = Volumetric
flow rate of air (m%/s); p = Density of air (kg/m®); AT =
Temperature elevation (K); C, = Specific heat capacity of
air (J / kg.K); Ac = Area of solar collector (m?); and I; =
Solar insolation on collector surface (W/m?).

o Thermal efficiency: Thermal efficiency for the collector
as given by Ekoja (2019);

n= (pdAdVd) Cp (To - Tamb)

X 100
o, TIAp
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_ (1.2x0.004246 x 0.0217 x 184 x 299)

X
0.8x0.7x0.72 x 304 100

= 49.6%

Where: pg = Density of air at dryer inlet (or collector
outlet) of the Collector; Aq = Area of cross section of dryer
inlet of the collector; V4 = Velocity of air at dryer inlet of
the collector; C, = Specific heat capacity of air at dryer
inlet; T, = Collector outlet temperature (dryer inlet
temperature) of the collector; Tamw = Ambient air
temperature; o,= Absorptivity of collector; t = Solar
Transmittance of glass; | = Solar radiation (w/m?); and A, =
Absorber plate area;

» Experimental Design

The measurements were repeated four times with four
different sizes. Collected data were subjected to a
completely randomized block design (CRBD). Mean values
were further analyzed using analysis of variance (ANOVA)
in split-plot factorial design involving CRBD.

» Experimental Analysis

The values of the coefficient of determination (R?), and
root mean square error (RMSE) were used to determine the
quality of the drying model. The highest R? values and the
lowest RMSE were selected to estimate which drying curve
is the best (lbrahim et al., 2009).

» Experimental Procedure and Evaluation

The weight of the material to be dried, temperature,
humidity, and sun insolation were among the characteristics
examined during the solar dryer evaluation. Temperature
meters and Thermo-hygrometers were used to measure the
ambient temperature, the temperature and humidity inside
the dryer and collector, and both. A solar power meter was
used to measure the solar insulation. Before placing the
product in the dryer, its original weight was determined
using a weighing balance scale. Produce was removed from
the dryer every two hours to check moisture content or
weight loss once the drying process began.

Loaded test of the solar dryer was carried out using
fresh okra and pepper. Okra and pepper samples of four
sizes (5mm, 7mm, 10mm and 12mm) were used to carry out
the drying process. The slices, above 100 grams for each
treatment were weighed and distributed uniformly in three
layers in the sample trays, and then dried in hot air dryer. A
12 volt battery was used to power the tracking system, the
electrical circuit comprising the LDR, servo motor, resistor
and battery was connected to the power output of the wiper
motor. The circuit moves the collector box to the direction
of the sun as the LDR moves with the intensity of the
sunlight. The hot air drying was carried out by drying the
samples at average air temperature of 40°C and a constant
air velocity of 1 m/s. The weighed slices were kept in steel
plates to complete the drying process. Sample moisture
losses were tracked every two hours. Okra and pepper
samples were removed from the dryer and weighed at
different times during the experiment to get the moisture
loss of the drying samples. The samples' moisture loss was
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calculated using a digital electronic balance with a 0.01 g
precision. The weight of water contained in a specific
weight of dry solids was calculated as the moisture content
using a dry basis (Mercer, 2014). In order to get more
precise results, the trials were repeated. The average values
were then used. Until no more weight loss was noted, the
drying process was maintained. Every two hours, data on
solar radiation, the surrounding temperature and humidity,
the temperature of the drier, and the temperature of the
collector output were recorded.

I1. RESULTS AND DISCUSSION

The monitored data from the tracking collector are
illustrated in Figures 5 — 12.

Plate 1 depicted an indigenously made solar tracking
collector with peculiarities as: 200 watts motor wiper that
can attain 150-degree rotation in a full wipe. Equipped with
a sensor that is calibrated to allow a track of 30 degrees in
120 minutes according to Khavrus and Shelevytsky (2010),
in that way, optimum and down times meant for drying
crops - okra and pepper vegetables were appropriately
captured.

The drying curves produced during the drying process
(as shown in the Figures below) followed definite pattern
irrespective of the trays in the drying chamber a similar
value was reported by Timruwork (2015). With the
polynomial behaviour, their equations were estimated with
high correlation coefficient (R?) ranging from 92 to 98%, a
measure of theoretical correctness. In all, these 2nd order
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equation models of these curves, described the behaviour of
the drying process.

The psychometric characteristics of the air for the
drying process during No-Load Test showed temperature at
average of 37C, average ambient humidity of 25.75%,
average collector temperature of 61°C, average solar
radiation of 773W/m? spanning an insolation hour of 9 and
sometimes 12 hours.

Plate 1 Pictorial View of the Dryer

Table 1 Sample Analysis of Moisture Content of Okra Slice (5mm)

. ) ) Drver Temp. 'C Weight of Sample, g Doy sk Mnilsnu? Solar Dnyer Humidity %
How Ambient | Ambient Chimney (2 H:0vg solidls) -
" | Temp.'C | Humidity | humidity % | - Ty - o3| T T 5 | datlon | o
emp : . Teay 1 | Teay2 |Tray 3| Teay ] | Teav2 | Travd | Teavl | Teav2  Teay3 | wd | Teavl | Trav2 | Tray 3
(bottom) | (niddle) | (top) | (bottom) | (middle) = (top) | (hottom) | (middle) | (top) (hottom) | (middle) | {top)
| Dy 1
10:00 33 26 30 6 40.5 06 | 425 425 42.5 15 13 15 799.1 28 8 2
12:00 23 P4 by b 434 4.6 [ 269 265 71 438 43 442 849.1 3 H 25
14:00 20 19 25 0 432 443 231 03 M2 402 e | 38 901.3 20 il 22
16:00 i 30 35 30 397 409 | 231 199 213 362 298 | 36 5114 il 3 33
| Day 2
10:00 13 17 20 17 366 375 11 108 11 12 116 12 9243 19 19 20
12:00 20 19 13 0 43 4.5 ¢ 9.1 9 0.3 0.54 0.8 913 2l 2l P
14:00 30 3] M il 46.6 475 11 74 13 0.44 048 | 046 §92 N 33 33
16:00 i 26 il 26 444 434 6.4 6.3 6.7 0.8 0.3 (.34 12 2% ] 2
| Day 3
10:00 20 19 pi] 0 386 383 ig 59 56 0.16 018 | 012 7511 2 A n
12:00 29 30 30 30 41 413 5.6 5.7 55 0.12 0.14 0.1 830.7 i 9 2
14:00 26 25 26 M 476 48 36 56 53 0.12 0.12 0.1 933.8 23 23 26
16:00 18 17 18 17 437 438 36 i 53 0.12 0.12 0.1 6559 17 17 17
| Day 4
10:00 30 3l 32 il 396 394 36 bl 5.3 (.12 0.12 0.1 798.9 3l 3l 32
12:00 23 26 26 6 434 435 36 56 53 0.12 0.12 0.1 9164 23 23 26
14:00 i 2 2l 2l 482 483 36 56 53 0.12 0.12 0.1 926.9 21 2l 21
16:00 20 19 19 20 44 442 36 36 33 0.12 0.12 0.1 8991 19 19 19
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Hour | Ambient | Ambient Chimney Dryer Temp. °C Weight of Sample, g Dry Basis Moisture Solar Dryer Humidity %
Temp. Humidity humidity (2 H,O/g solids) Radiation
’c % % Tray1 Tray2 | Tray3 | Trayl Tray 1 Tray 1 Tray1 Tray2 | Tray3 W/m? Tray 1 Tray2 | Tray3
(bottom) | (middle) | (top) | (bottom) | (bottom) | (bottom) | (bottom) | (middle) | (top) (bottom) | (middle) | (top)
Day 1
10:00 29.13 15 21 33.6 34.0 34.1 75.6 75.6 75.6 6.20 6.20 6.20 641.2 19 19 20
12:00 375 1 4 424 43.0 42.6 60.2 36.2 60.3 4.73 435 4.74 8576 1 1 1
14:00 | 400 1 5 4.1 445 443 364 49.6 35.6 437 T2 430 901.1 1 1 1
16:00 38.6 1 3 43.7 442 438 501 47.7 502 377 3.54 378 628.0 1 1
[ Day2
10:00 32.0 3 4 36.6 36.8 36.8 383 38.0 382 2.65 2.62 2.64 669.3 2 2 3
12:00 39.0 1 4 402 402 407 303 302 302 1.89 . 1.88 809.1 1 1 1
14:00 40.2 1 3 427 429 434 276 278 217 1.63 1.65 1.64 8216 1 1 1
16:00 371 1 2 40.9 40.7 40.9 235 235 235 1.24 1.24 1.24 5201 1 1 1
| Day 3
10:00 30.0 14 17 34.1 35.0 352 154 155 155 0.47 0.48 0.48 7211 15 15 16
12:00 36.0 1 2 40.3 414 417 12.1 122 12.0 0.15 0.16 0.14 808.7 1 1 1
14:00 40 1 1 422 42.9 43.0 11.8 119 11.6 0.12 0.13 0.10 879.6 1 1 1
16:00 35 1 1 379 378 378 11.7 11.7 113 0.11 0.11 0.08 6713 1 1 1
| Day 4
10:00 30 14 17 341 35.0 352 11.7 11.7 113 0.11 0.11 0.08 7211 15 15 16
12:00 36 1 1 403 414 417 11.7 11.7 113 0.11 0.11 0.08 798.7 1 1 1
14:00 40 1 1 422 42.9 43.0 117 11.7 113 0.11 0.11 0.08 867.7 1 1 1
16:00 35 1 1 379 378 378 117 11.7 113 0.11 0.11 0.08 636.5 1 1 1
Table 3 Sample Analysis of Moisture Content of Okra Slice (10mm)
How | Ambient Ambient Chimney Dryer Temp. °C Weight of Sample, g Dry Basis Moisture Solar Dryer Humidity %
Temp. Humidity humidity (g H:0/g solids) Radiation
I % % Tray 1 Tray2 | Tray 3 | Tray 1 Tray2 | Tray3 | Tray 1 Tray 2 | Tray 3 Win? Tray 1 | Tray 2 | Tray 3
(bottom) | (middle) | (top) | (bottom) | (middle) | (top) | (bottom) | (middle) | (top) (bottom) | (midle) | (top)
Day1
10:00 35 32 35 36.7 38.8 41.1 99.7 99.7 99.7 8.32 8.32 832 711.7 33 33 34
12:00 40 13 18 41.1 41.8 42.1 85.7 84.8 82.8 7.01 6.93 6.74 932.2 15 15 16
14:00 37 18 24 41.6 42.6 438 717 725 67.2 5.70 5.78 5.28 883.2 20 21 22
16:00 35 17 23 40.5 409 40.9 574 59.6 56.6 4.36 4.57 429 743.1 19 20 21
Day 2
10:00 312 31 34 38.1 382 38.9 404 404 377 2.78 2.78 252 626.9 32 32 33
12:00 40.0 27 31 41.6 43.0 43.0 337 333 31.6 2.15 211 1.95 915.2 28 28 29
14:00 41.0 22 25 46.0 46.4 46.5 292 29.9 280 1.73 1.79 1.62 9223 23 23 24
16:00 36.0 20 26 40.1 405 403 251 25.7 238 135 140 1.22 813.0 21 22 23
Day 3
10:00 35 28 31 36.5 37.0 38.0 18.8 19.0 17.8 0.76 0.76 0.66 862.9 29 29 30
12:00 43 17 22 43.0 44.9 44.9 17.2 17.6 16.1 0.61 0.64 0.50 920.9 19 19 20
14:00 45 11 15 46.0 46.3 47.0 14.6 14.7 13.9 0.36 0.37 0.30 913.1 12 12 13
16:00 39 10 14 40.8 41.0 421 13.8 13.9 13.1 0.30 0.30 022 798.2 12 12 13
Day 4
10:00 357 45 46 35.8 36.6 37.1 13.2 13.4 12.7 0.23 0.25 0.19 494.3 43 43 44
12:00 33 39 42 40.7 40.6 41.0 12,5 12.7 122 0.17 0.19 0.14 822.1 40 40 41
14:00 44 15 19 43.5 46.1 47.1 11.8 11.9 11.8 0.10 0.11 0.10 900.4 16 16 17
16:00 36 11 15 39.8 38.6 37.1 11.8 11.9 11.8 0.10 0.11 0.10 731.1 12 12 13
Table 4 Sample Analysis of Moisture Content of Okra Slice (12mm)
Hour | Ambient | Ambient | Chimney Dryer Temp. °C Weight of Sample, g Dry Basis Moisture Solar Dryer humidity %
Temp. | Humidity | humidity (g H20/g solids) Radiation
oc % Tray1 Tray2 | Tray3d | Trayl Tray2 | Trayd | Trayl Tray2 | Tray3J Wimn? Tray 1 Tray2 | Tray3
(bottom) | (middle) | (top) | (bottom) | (middle) | (top) | (bottom) | (middle) | (top) (bottom) | (middle) | (top)
Day1
10:00 28 14 17 324 32.6 329 80.2 80.2 80.2 5.97 5.97 5.97 640.0 15 15 16
12:00 36 1 2 415 42.0 42.1 63.2 64.1 62.4 4.50 4.57 443 867.1 1 1 1
14:00 40 1 2 434 44.0 44.2 49.3 49.8 48.1 3.29 333 3.18 9014 1 1 1
16:00 37 1 2 42.0 423 42.4 32.0 32.2 32.8 2.69 1.78 1.80 628.4 1 1 1
Day2
10:00 30 11 16 34.8 35.1 35.3 20.4 20.4 20.3 0.77 0.77 0.77 589.7 12 13 14
12:00 35 1 3 40.7 41.6 41.8 19.9 20.0 19.7 0.73 0.74 0.71 7313 1 1 1
14:00 39 1 2 43.4 44.5 44.7 16.9 16.9 16.7 0.47 0.47 0.45 8413 1 1 1
16:00 34 1 1 29.8 40.2 40.2 14.8 143 14.1 0.29 0.24 0.23 703.7 1 1 1
Day3
10:00 30 12 17 33.0 33.2 34.4 14.5 142 14.0 0.26 0.23 0.22 746.8 14 14 15
12:00 31 1 2 383 39.5 41.2 14.4 14.1 13.9 0.25 0.23 0.21 670.2 1 1 1
14:00 39 1 1 41.1 414 41.6 14.2 14.0 13.8 0.23 0.23 0.20 7383 1 1 1
16:00 38 1 1 37.1 41.6 37.6 13.9 13.9 13.6 0.21 0.21 0.18 501.1 1 1 1
Day 4
10:00 28 12 16 329 31.7 33.1 12.8 12.7 12.5 0.11 0.10 0.09 746.8 14 14 15
12:00 32 1 1 38.8 39.0 41.1 12.3 12.2 12.1 0.07 0.06 0.05 810.2 1 1 1
14:00 39 1 1 42.1 42.0 42.7 12.3 12.2 12.1 0.07 0.06 0.05 8383 1 1 1
16:00 31 1 1 35.0 383 374 12.3 12.2 12.1 0.07 0.06 0.05 581.1 1 1 1
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How | Ambient | Ambient | Chimney Diver Temp. °C Weight of Sample, g Dry Basis Moisture Solar Drver Humidity %
Temp. | Humidity | humidity (g HyO/g solids) Radiation
i¢ % % Trayl | Teay2 |Tray3 | Trayl | Tray2 | Tray3 | Trayl | Tray2 | Tray 3 Win? Trayl | Tray2 | Tray3
(bottom) | (middle) | (top) | (bottom) | (middle) | (top) | (bottom) | (middle) | (top) (bottom) | (middle) | (top)
Day 1
10:00 34 3 § 396 398 39.6 46 46 46 5.13 5.13 5.13 695.8 b 5 6
12:00 40 1 4 422 422 426 238 25 240 217 233 2.20 829.9 1 1 1
14:00 39 1 4 427 434 437 153 144 149 1.04 0.92 1.00 707.1 | 1 1
16:00 37 1 3 409 40.7 408 10.8 106 10.1 044 041 035 5203 1 1 1
Day2
10:00 29 3 6 349 353 353 8.1 8.2 8.0 0.08 0.09 0.07 1175 4 4 5
12200 | 366 l 2 402 418 418 78 79 79 0.04 0.05 0.05 811.6 | 1 1
14:00 | 393 l | 433 440 440 11 78 78 0.03 0.04 0.04 824.1 | 1 1
16:00 | 357 1 1 398 40.0 40.1 71 17 78 0.03 0.03 0.04 380.0 1 1 1
Day3
10:00 29 b 9 336 340 34.1 76 17 17 0.01 0.03 0.03 6412 7 7 8
12:00 37 l | 424 430 426 76 17 17 0.01 0.03 0.03 837.6 | 1 1
14:00 39 1 1 447 451 449 7.6 17 17 0.01 0.03 0.03 889.2 1 1 1
16:00 38 1 1 437 442 438 7.6 17 17 0.01 0.03 0.03 628.0
Table 6 Sample Analysis of Moisture Content of Pepper Slice (7mm
Hour | Ambient | Ambient | Chimney Dryer Temp. *'C Weight of Sample, g Dry Basis Moisture Solar Dryer Humidity %
Temp. | Humidity | humidity (2 H,0/g solids) Radiation
' % % Trav 1 Tray2 | Tray3 | Trayl | Tray2 | Tray3 | Trayl Tray2 | Tray3 Wim? Tray 1 Tray2 | Tray3
‘ (bottom) | (middle) | (top) | (bottom) | (middle) | (top) | (bottom) | (middle) | (top) (bottom) | (middle) | (top)
Dayl
10:00 30 13 19 312 331 332 363 36.3 36.3 312 3.12 3.12 740.8 15 15 16
12:00 3l 1 6 400 394 413 341 363 330 21 293 259 670.1 1 1 1
14:00 39 1 b] 411 413 41.8 233 284 247 175 209 1.68 730.1 1 1 1
16:00 37 1 5 39.2 39.8 39.6 16.9 191 172 0.84 1.08 0.87 498 6 1 1 1
| Day?
10:00 33 3 8 381 331 332 123 133 132 034 047 043 701.9 6 6 7
12:00 37 1 4 401 394 413 109 117 108 0.18 027 0.17 7814 l 1 1
14:00 41 1 3 411 413 419 106 109 10.7 0.1 0.18 0.16 §99.9 l 1 1
16:00 33 1 3 39.2 39.8 39.6 9§ 10.2 10.0 0.07 0.11 0.09 7118 1 1 1
‘ Dayl
10:00 | 29 16 20 332 333 33.3 9.6 10.0 9.6 0.04 0.09 0.04 760.1 17 17 13
1:00 | 3% 1 2 402 411 . 94 9.8 94 0.02 0.07 0.02 800.3 l 1 1
14:00 | 42 1 2 45 49 45.0 94 9.6 94 0.02 0.04 0.02 901.1 1 1 1
16:00 | 32 1 1 39.7 40.2 40.5 94 9.6 94 0.02 0.04 0.02 736.1 1 1 1
Table 7 Sample Analysis of Moisture Content of Pepper Slice (10mm)
Ambient | Ambient o Dryer Temp. °C Weight of Sample, g Dry Basis n"F"““’ Solar Dryer humidity %
Hour | Temp. | Humidity, “‘f'“"“’f (g H0g solids) Radiation
e v " | humidity % | Trayl | Tray2 | Tray3 | Trayl | Tray2 | Tray3 | Trayl | Tray2 | Tray3 Win? *| Trayl | Tray2 | Tray3
(bottom) | (middle) | (top) | (bottom) | (middle) | (top) | (bottom) | (middle) | (top) (bottom) | (middle) | (top)
Day1
10:00 37 13 19 304 39.8 398 64.1 64.1 64.1 439 430 439 787.6 13 15 16
12:00 40 2 7 43 441 441 524 35 516 34 3.62 3.34 943.6 3 3 4
14:00 43 1 4 45.8 46.1 46 428 474 434 26 298 263 912.6 1 1 1
16:00 43 1 3 422 425 43 3.1 39.1 36.2 1.87 229 2.04 738.1 1 1 1
Day2
10:00 32 20 26 36.3 363 371 42 29 26.5 1.03 144 123 882.7 yy) n 3
12:00 39 16 2 41.2 414 42 22 26.9 234 0.87 1.26 1 928.1 17 18 19
14:00 40 3 7 432 433 # 21 25 2 0.76 11 0.83 931.2 4 4 5
16:00 34 1 4 40 40.1 40.1 201 236 20.7 0.69 098 0.74 4353 1 1 1
Day3
10:00 30 26 30 332 333 345 19 21 18.7 0.6 0.76 057 746.8 27 27 28
12:00 31 20 24 383 394 413 186 203 18.3 0.36 0.72 0.54 672.1 2] 22 23
14:00 39 4 9 41.1 413 413 18 19.7 17.7 031 0.75 049 728.1 3 6 7
16:00 38 4 9 395 39.8 396 175 193 174 047 0.62 0.46 494 6 6 7
Day 4
10:00 30 3 6 332 334 339 149 151 147 0.25 027 0.4 647 4 4 5
12:00 32 1 6 413 418 42 134 13.8 134 0.13 0.16 0.13 711.8 1 1 1
14:00 34 1 5 432 433 #4 13 134 129 0.09 0.13 0.08 8233 1 1 1
16:00 29 2 5 40.1 39.8 403 125 124 124 0.03 0.04 0.04 691.4 3 3 3
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Table 8 Sample Analysis of Moisture Content of Pepper Slice (12mm)

. . . ) e " . Dry Basis Moisture ) . o
Hour A-IIEI:}:I]:;I.N Ii,“;ﬁ;:;, I(ill:nu::dn:i Dryer Temp. 'C Weight of Sample, g (g HyOlg solids) R:;:::Dm Dryer Humidity %
’c % % Tray 1 Tray2 | Tray3 | Trayl Tray2 | Tray3 | Trayl Tray2 | Tray3 Wim? Tray 1 Tray2 Tray 3
(bottom) | (middle) | (top) | (bottom) | (middle) | (top) | (bottom) | (middle) | (top) (bottom) | (middle) (top)
Day1
10:00 [ 35 9 13 39 401 [ 401 70 70 70 408 408 | 498 | 7016 11 11 12
12:00 | 39 1 4 29 $B2 | B34 | 83 592 | 513 | 398 406 39 9213 1 1 1
14:00 | 41 1 3 456 461 | 461 | 487 97 | 486 | 316 325 | 315 | o414 1 1 1
16:00 | 37 1 3 1 01 2 401 04 | 413 | 18 262 | 253 | 782 1 1 1
Day2
10:00 | 34 8 3 3856 392 | 392 | 306 028 | 309 162 18 164 | 6996 10 10 1
12:00 | 49 1 3 25 928 | #9 | 287 301 292 14 157 15 8134 1 1 1
1400 | £ 1 3 $9 42 | M7 27 284 | 269 131 14 13 8891 1 1 1
16:00 | 378 1 2 408 41| 412 | 254 26 54 117 12 | 117 | 7218 1 1 1
Day3
10:00 [ 29 13 19 334 332 | 333 | 202 01 196 | 073 089 | 068 | 6801 15 16 17
12:00 | 36 1 2 411 21 | 43 196 203 184 | 068 074 | 057 | 717
14:00 | 38 1 2 $4 443 4 179 183 175 | 0% 036 03 8114
16:00 | 35 2 416 413 2 163 171 163 | 039 046 | 039 | 7104
Day 4
10:00 28 9 13 324 324 323 15 159 148 0.28 0.36 0.26 670.1 10 10 11
12:00 32 1 2 40.9 413 414 138 142 137 0.18 021 0.17 751.1 1 1 1
14:00 | 39 1 1 33 d41 | M5 121 12 19 | o0m 004 | 002 | 8817 1 1 1
16:00 | 35 1 1 388 401 | 401 119 119 19 | o0 002 | 002 | 7232 1 1 1
Table 9 Moisture Content of the Drying Okra and Pepper Slices Over Time
Okra Pepper
Time, h Size 1 Size 2 Size 3 Size 4 Size 1 Size 2 Size 3 Size 4
Optimum time, 5.75 5.41 7.61 5.24 3.67 3.94 3.90 4.48
T1 1.08 2.26 2.45 0.75 0.07 0.32 1.12 1.58
0.13 0.32 1.54 0.23 0.03 0.05 0.63 1.71
0.12 0.1 0.69 0.08 0.20 0.23
Down time. T 3.55 3.99 5.03 2.55 0.70 1.34 2.39 2.85
2 0.38 1.44 1.54 0.36 0.04 0.13 0.80 1.25
0.12 0.11 0.33 0.22 0.03 0.03 0.54 0.46
0.12 0.1 0.1 0.06 0.07 0.03
Table 10 ANOVA Analysing the Moisture Content of the Drying Okra Slices over Time
Source df Ss ms F-cal F-tab
5% 1%
CFM 1 90.3168
Blocks 3 115.6337 38.5446* 22.1343 9.28 29.5
Factor A 1 5.9168 5.9168™ 3.3977 10.1 34.1
Error (a) 3 5.22415 1.7414
Main plot 7 126.7747
Factor B 3 6.83815 2.2794** 33.57 3.16 5.09
AB 3 3.7274 1.2425" 18.299 3.16 5.09
Error(b) 18 1.222 0.0679
Total 31 138.5402
ns = not significant @P<5% and 1%; ** = highly significant @ P<1%; * = significant@ P<5%
Table 11 ANOVA Analysing the Moisture Content of the Drying Okra Slices over Time
Source Df ss ms F-cal F-tab
5% 1%
CFM 1 42.82682
Blocks 3 29.89811 9.9660™ 6.2005 9.28 29.5
Factor A 1 4.986817 4.9868"™ 3.1026 10.1 34.1
Error (a) 3 4.822006 1.6073
Main plot 7 39.70693
Factor B 3 6.236683 2.0789™ 1.1234 3.16 5.09
AB 3 0.16095 0.05365™ 0.0289 3.16 5.09
Error(b) 18 33.3093 1.8505
Total 31 47.47478
ns = not significant @ all levels of probability
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» Experimental Drying of Okra Slice @ 5mm Size

From Table 1, 42.5 gm, 42.5 gm, 42.5 gm, were loaded
onto trayl, tray2 and tray3 of the drying chamber and after
an insolation time of 14 hours in 3 days, weights of 5.6gm,
5.6 gm and 5.5gm of the samples were recorded, accounting
for 86.8%, 86.8%, and 87% weight reduction across the
three trays. The drying curves in Figure 5 showed a
polynomial behaviour of 2" order equations represented as:
y = 0.3056x? - 7.0526x + 43.633 for trayl and correlation
coefficient, R2 = 0.9293; y = 0.2952x2 - 6.7477x + 41.521
for tray2 (R2 = 0.9153) and y = 0.3042x? - 7.0041x + 43.167
for tray3(R2 = 0.933).

» Drying of Okra Slice @ 7mm Size

From Table 2, 75.6 gm, 75.6 gm, 75.6 gm, were loaded
onto trayl, tray2 and tray3 of the drying chamber
respectively and after an insolation time of 12 hours in 4
days, and solar radiation of 748.3W/m?, weights of 11.7 gm,
11.7 gm and 11.3 gm of the samples were recorded,
accounting for 84.5%, 84.5%, and 85% weight reduction
across the three trays. The drying curves in Figure 6 showed
a polynomial behaviour of 2" order equations represented
as: y = 0.4313x%? - 11.391x + 85.231 for trayl and
correlation coefficient, R2 = 0.991; y = 0.4054x?2 - 10.728x +
81.2 for tray2 (R? = 0.9846) and y = 0.4272x? - 11.343x +
85.032 for tray3 (R2 = 0.9914). One immediate observation
is that with the increase in slice thickness, weight loss
percentage reduced over the drying period, this in in
agreement with Forson, et.al. (2007) findings.

» Drying of Okra Slice @10mm Size

From Table 3, 99.7gm, 99.7gm, 99.7gm, were loaded
onto trayl, tray2 and tray3 of the drying chamber
respectively and after an insolation time of 12 hours in 4
days, and average solar radiation of 748.3W/m?, weights
of11.8 gm, 11.9 gm and 11.8gm of the samples were
recorded, accounting for 88.2%, 88.1%, and 88.2% weight
reduction across the three trays. The drying curves in Figure
7 showed a polynomial behaviour of 2" order equations
represented as: y = 0.634x? - 16.149x + 112.77 for trayl and
correlation coefficient, R2 = 0.9865; y = 0.6269x? - 16.039x
+ 112.79for tray2 (R? = 0.9859) and y = 0.6448x? - 16.174x
+ 110.74 for tray3 (R2? = 0.9835). In this slice size, there is a
significant weight reduction and higher values of correlation
coefficient.

» Drying of Okra Slice @12mm Size

From Table 4, 80.2gm, 80.2gm, 80.2gm, were loaded
onto trayl, tray2 and tray3 of the drying chamber
respectively and after an insolation time of 12 hours in 4
days, and average solar radiation of 720.9W/m?, weights of
12.3gm, 12.2gm and 12.1gm of the samples were recorded,
accounting for 84.7%, 84.8%, and 84.9% weight reduction
across the three trays. The drying curves from Figure 8
showed a polynomial behaviour of 2" order equations
represented as: y = 0.5782x? - 13.272x + 83.971 for trayl
and correlation coefficient, Rz = 0.9202; y = 0.5853x? -
13.432x + 84.66for tray2 (R2 = 0.9224) and y = 0.5799x? -
13.298x + 83.713 for tray3 (R2 = 0.9239). In this slice size,
there is also a weight reduction and higher values of
correlation coefficient.
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» Experimental Drying of Pepper Slice @ 5mm Size

As in the experimental drying of Okra in the preceding
section, the psychometric characteristics of the air for the
drying process of pepper slice are specified on Table 5.
Initial weights of 46 gm, 46 gm, and 46gm were weighed
onto the three trays of the drying chamber at the average
solar radiation of 708.5 W/m?. When drying was completed
after an insolation time of 9 hours in 3 days, final weights
recorded for the 3 trays were 7.6gm, 7.7gm and 7.7 gm
respectively. This accounted for a weight reduction of 66.95
%, 66.52 % and 66.52 %. Figure 9, a polynomial behaviour
of 2" order equations represented were obtained a follow: y
= 0.61x? - 10.166x + 46.168 with a correlation coefficient R
= 0.8416 for trayl; y = 0.6172x? - 10.262x + 46.468 for
tray2 with R? = 0.8406, while tray3 has y = 0.614x? -
10.188x + 46.075 (R? = 0.8333).

» Drying of Pepper Slice @7mm Size

From Table 6, 56.3gm, 56.3gm and 56.3gm were
loaded onto trayl, tray2 and tray3 of the drying chamber
respectively and after an insolation time of 9 hours in 3
days, and average solar radiation of 746 W/m?, weights of
9.4gm, 9.6gm, 9.4gm, of the samples were recorded,
accounting for 83.3 %, 82.9 %, and 83.3 % weight reduction
across the three trays. The drying curves in Figure 10
showed a polynomial behaviour of 2™ order equations
represented as: y = 0.61x? - 10.166x + 46.168 for trayl and
correlation coefficient, Rz = 0.8416; y = 0.6172x? - 10.262x
+ 46.468 for tray2 (R? = 0.8406) and y = 0.614x? - 10.188x
+ 46.075 for tray3 (R? = 0.8333).

» Drying of Pepper Slice @10mm Size

Initial weights of 64.1 gm, 64.1 gm, and 64.1 gm were
weighed onto the three trays of the drying chamber (see
Table 7) at the average solar radiation of 755.9 W/m?. When
drying was completed after an insolation time of 12 hours in
4 days, final weights recorded for the 3 trays were 12.5gm,
12.4gm, and 12.4gm respectively. This amounted to a
weight reduction of 80.5 %, 80.7 % and 80.7 %. Figure 11, a
polynomial behaviour of 2" order equations represented as
y = 0.343x? - 8.5648x + 66.215 with a correlation coefficient
R2 = 0.933for trayl; y = 0.2934x? - 7.9606x + 68.067 for
tray2 with Rz = 0.9618, while tray3 has y = 0.3305x? -
8.4229x + 66.534 (R2 = 0.9526).

» Drying of Pepper Slice @12mm Size

From Table 8, 70.0 gm, 70 gm, 70 gm were loaded
onto trayl, tray2 and tray3 of the drying chamber
respectively and after an insolation time of 12 hours in 4
days, and average solar radiation of 774.8 W/m?, weights of
11.9gm, 11.9gm, 11.9gm, of the samples were recorded,
accounting for 66%, 66%, and 66% weight reduction across
the three trays. The drying curves from Figure 12 showed a
polynomial behaviour of 2" order equations represented as:
y = 0.3306x? - 8.9482x + 73.626 for trayl and correlation
coefficient, R2 = 0.9712; y = 0.3103x? - 8.6694x + 74.093
for tray2 (R? = 0.9782) and y = 0.3315x? - 8.982x + 73.712
for tray3 (R? = 0.9759).For pepper drying at slice sizes of 5
mm and 7 mm, the correlation of coefficient values R?
ranged from 0.833 to 0.994 while these values changed from
0.962 to 0.978 for slices of 10 mm and 12 mm. However,
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insolation drying time was more for slice sizes of 10 mm
and 12 mm.

» Mean Analysis of Optimum and Down Times

Optimum and Down times of moisture removal were
analyzed and compared. ANOVA was conducted and mean
used for the effects of those times in drying down the
moisture. Mean values of these parameters were considered
for variations utilizing analysis of variance (ANOVA) in
split-plot factorial design involving CRBD. Tables 10 and
11 are the ANOVA tables detailing the comparison between
optimum time and the down time. While Table 10 represents
ANOVA analyzing the moisture content of the drying okra
slices over time, Table 11 showed ANOVA analyzing the
moisture content of the drying pepper slices over time. The
result on Table 11 showed Factor A (the 2 different times)
not significant (ns)@P<5% and 1%; while Factor B (4 slice
sizes) was highly significant @ P<1%. However, mean
analysis results on Table 11 indicate ns = not significant
effects of the 2 factors considered @ all levels of probability
but having the down time for Pepper appearing more
significantly in removing moisture and attaining shorter
drying time than the optimum times in the insolation period.

V. CONCLUSION AND RECOMMENDATIONS

» Conclusion

Development of a solar collector for agricultural
products drying that can be used for drying vegetables was
designed, constructed and evaluated using materials readily
available in the market. A solar tracking device was
designed and developed to trace the sun's trajectory,
ensuring the generation of the highest attainable power and
increase the energy harvested and thereby optimizing the
amount of energy received. A prototype of a tracker
controlled solar collector/dryer was also designed and
produced.

The dryer performance was evaluated using okra and
pepper. In assessing the various conducted tests, the
performance  parameters considered for evaluation
comprised temperature, moisture content of the produce,
collector and drying efficiencies, drying period, and drying
rate.

The moisture content of okra experienced a reduction
from 87 % (w.b,), 7.0 g H20/g solids (d.b) to 13% (w.h), 0.1
g H.O/g solids(d.b) respectively and the moisture content of
pepper experienced a reduction from 83 % (w.b), 4.89 g
H,O/g solids(d.b) to 17 % (w.b), 0.03 g H.O/g solids (d.b)
respectively in a span of two to four days.

The drying rate for okra was identified to be 2.00 (g
H,O/g solids)/h whereas for pepper it was 0.67(g H.O/g
solids)/h, The collector efficiency was identified to be 25.24
% and drying efficiency was also identified to be 28.67%.

The drying curves, typical of thin layer type, produced
during the drying process, followed definite pattern
irrespective of the trays in the drying chamber. With the
polynomial behaviour, their equations, typical of Okra was y
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= 0.3056x? - 7.0526x + 43.633 and R? were estimated highly
with correlation coefficient (R?) ranging from 91 to 99%,
and for Pepper as: y = 0.61x? - 10.166x + 46.168 and R?
values ranged from 83 — 94% - a measure of theoretical
correctness. These high values of correlation coefficients
obtained from the drying curves bore reasonable closeness
between the experiment and theory. In all, these 2nd order
equation models of these curves, described the behaviour of
the drying process.

This work provided a good insight into what
possibilities local technologies can do. The products of
drying displayed showed good indices of acceptability,
attainment of shelf-life moisture content, and showing
aesthetic and commercial appeals.

» Recommendations
Building upon the outcomes of this study, the
following recommendations are necessary;

e Research of this weather sensitivity can do better in
periods of relative high insolation.

e More of wiper types and capacities could be explored.

e Funding can be a problem getting this prototype to the
market.
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