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ABSTRACT

The experimental work was carried out in the summer season of 2023 at Agricultural and Bio-systems
Engineering Department, Faculty of Agriculture, Damietta University, Egypt (Latitude 31°25'35" North,
Longitude 31°39'03” East) to manufacture and develop the double ventilated solar dryer for drying chill,
lemon and tomato. The manufacture dryer consists of the solar collector which attached with the drying
chamber through 3 isolated pipes. All ambient and solar dryer conditions were measured using a locally
calibrated solar radiation, temperature and relative humidity data loggers with thermocouples, and also a
Weather Total Station. The maximum solar radiation for the dryer chamber, collector and ambient were
1000, 1000 and 1100 W/m?, respectively. The maximum temperatures for the entrance; upper, middle,
lower trays; exit; and collector were 41, 64, 62.5, 61.79, 42.29, and 83.9°C, respectively. The minimum air
relative humidity at entrance and exit slots were 11 and 13%, during the day hour of 2pm, while the
maximum air relative humidity at entrance and exit slots were 71 and 65%, during the day hour of 9am.
The decrease of moisture content ratio were decreased from 85.4, 86.6 and 88.2% fresh product to 10.46,
13.52 and 8.83% dry product in total drying time of 15, 21 and 19h for chilli, lemon and tomato,
respectively in the upper tray and air suction speed of 0.6 m/s. The drying rate were decreased after the first
hour of drying from 9.37, 8.46 and 8.32% to 5, 3.48 and 4.18% during total drying time of 15, 21 and 19h
for chilli, lemon and tomato, respectively in the upper tray and air suction speed of 0.6 m/s. The higher
values of solar collector efficiency (nc) were 74.27, 75.74 and 73.09% at the day hour of (1pm) during
three drying days of 29, 30 and 31/8/2023, respectively and 1.6 m/s air suction speed. The lower values of
(S.R.U.E) were 46.35, 46.35 and 51.90% around the day hours between (2 and 3pm) at three drying days of
26, 27 and 28/8/2023, respectively and 0.6 m/s air suction speed. The dried amount of chilli halves, lemon
slices and tomato slices for each upper tray were 32.40, 28.62 and 25.59 kg/month; 23.58, 23.58 and 20.61
kg/month and 21.33, 25.29 and 16.92 kg/month at different air suction speeds of 0.6, 1.1 and 1.6 m/s,
respectively. The solar drying cost of chilli halves, lemon slices and tomato slices for each upper tray were
10.28, 11.65 and 13.03 L.E/kg.month; 14.14, 14.14 and 16.17 L.E/kg.month and 15.63, 13.18 and 19.70
L.E/kg.month at different air suction speeds of 0.6, 1.1 and 1.6 m/s, respectively. The net present worth of
total cash income from drying of chilli, lemon and tomato under solar dryer was found to be 5250 L.E. The
benefit cost of chilli, lemon and tomato in solar dryer was found to be 17025 L.E. So, the payback period
for drying of chilli, lemon and tomato in solar dryer was found to be 98 days or (3 months and 8 days).

1. INTRODUCTION

produced by solar dryers. Solar dryers can be considered one
of the solutions to the food and energy shortages of the planet.

The earth's surface has received approximately 1014 kW of
solar energy from the sun. The energy equivalent of around 1
HP or 1 kW is supplied by one square meter of land exposed
to direct sunlight. Large-scale conversion of solar energy
involves a large investment of resources. In contrast to other
sources of electricity, solar energy has some strong
advantages. Solar radiation does not contaminate the
atmosphere or jeopardies environmental equilibrium. It
prevents serious problems such as mining, extraction and
transportation. They protect agricultural produce from insect
pests, dust and rain damage. Higher temperatures, lower
relative humidity and lower product moisture content are
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Solar dryers are mainly divided into three groups, which are:
Direct solar drying, indirect solar drying and mixed mode
solar drying. Drying refers to a process in which water is
removed from a moist material by using heat as the energy
input. The mechanism of drying is a complex phenomenon
involving combined heat and mass transfers within a
biological food material. Drying has been reported to account
for anywhere from 12% to 20% of the energy consumption in
the industrial sector, Raghavan et al. (2005). The basic
essence of drying is to reduce the moisture content of the
product to a level that prevents deterioration within a certain
period of time, normally regarded as the safe storage period,
Ekechukwu (1987). Drying involves the removal of moisture
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from the product by heating and the passage of air mass

around it to carry away the moist vapor. Drying is an energy-

intensive process because the latent heat has to be supplied to
the material to evaporate the moisture from the product.

Drying offers a means of preserving foods in a stable and safe

condition as it reduces water activity and extends shelf-life

much longer than that of fresh foods and agricultural
products. A major challenge of drying fresh foods and

agricultural products is to reduce the moisture content to a

certain low level while maintaining the quality attributes such

as color, texture, chemical components and shrinkage, Orsat
et al. (2007). In conventional heating, such as hot air and
infrared drying, thermal energy is transferred from material
surface to interior due to temperature gradients. These drying
processes have low drying rates causing long drying times in
the falling rate period of drying. The long drying times at
relatively high temperatures often lead to undesirable thermal
degradation of the finished products, Zhang et al. (2006). Sun
drying is a cheap method of preserving fruits and vegetables
because it uses sunlight as its source of heat. However, it is
generally accepted that open-air sun drying has limitations
such as dust contamination, bird and rodent attacks, fungal
attacks and the risk associated with sudden rainfall on the
product being dried, Ojike et al. (2010). Sharma et al. (1994)
gave a preliminary economic analysis for an indirect type
solar fruit and vegetable dryer. The analysis stressed that the
most significant economic parameters in the lifecycle costing
of the system were the payback period and internal rate of
return. And the important and influential parameters, namely,
initial investment, fuel price, interest on fuel price, etc.
Artificial drying is high energy intensive and expensive
process. It raised the cost of final product. A systematic
approach for the classification of solar energy dryers were
also evolved, identifying two generic groups, namely, passive
or natural circulation solar energy dryers and active or forced
convection. It is fertile to get infected from foreign particles,
rain, and beast. Therefore, it is important to develop solar
dryer in third world countries to avoid the shortcoming of
natural drying, Yaldiz et al. (2001). The drying methods used
for vegetables and fruits depend on using heat in an
appropriate manner until the moisture content in vegetables
decreases to (4-6%) and in fruits to (18-22%) due to
containing a higher percentage of bound sugar, which reduces
the amount of free water available for microbial activity.

There are factors that help the success of the food drying

process such as adjusting the temperature, air speed, and

relative humidity, while controlling the drying duration. The

Arab countries, especially (Egypt and Libya) having a large

number of sunshine hours in summer and winter. Therefore,

this solar energy can be exploited to dry many agricultural
products (vegetables and fruits). So, the objectives of this
study are to:

1. Manufacture a double-ventilation solar dryer using local
materials.

2. Develop of double-ventilation solar dryer to improve
product quality and reduce production costs.

3. Study the most appropriate operational factors during
drying process to obtain the best quality of the dried
product

4. Evaluate the manufactured solar dryer from an economic
perspective.
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2. MATERIALS AND METHODS
The experimental work was carried out in the summer season
of 2023 at Agricultural and Bio-systems Engineering
Department, Faculty of Agriculture, Damietta University,
Egypt (Latitude 31°25'35” North, Longitude 31°39'03" East)
as shown in Fig. (2.1) to manufacture and develop the double
ventilated solar dryer for drying some agricultural products
under Egyptian conditions; investigate and estimate both the
performance and the dryer efficiency in both solar collector
and drying chamber during drying process. The main
experiments were carried out during the summer season of
2023 at the late August from 20/8/2023 until 31/8/2023.

Fig.(2.1): Location of experimental work according to
Google Earth 2023.

2.1. Materials:

2.1.1. Agricultural products:

Fresh red chilli (Chilli variety), Lemons (Balady variety) and
Tomatoes (080 variety) used in this study were bought from a
local market at New Damietta city, Damietta governorate,

Fig.(2.2): Fresh (Red chilli, lemon and tomato) used in the
study.

2.1.2. Solar dryer:

The solar dryer consists of two main components names:

solar collector and drying chamber, as shown in Fig. (2.3).

A. Solar collector: The solar collector is made of wood and
covered with (2 mm) Polycarbonate transparent sheet at the
top in order to concentrate the solar radiation into the inner
area. The solar collector has dimensions of (200x100%25 c¢cm)
for length, width and thickness. The solar collector consisted
of flat plate solar air heater having area of 2 m? and connected
with drying chamber using three wire support flexible thermal
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pipes with diameter of 3 inches for each. The solar air heater
has 2 mm thick serrated aluminum sheet painted with black
color to absorb the incident solar radiation. The absorber plate
was placed directly behind the transparent cover
(Polycarbonate) with a layer thickness of air heating of 10 cm,
Fig.(2.4). The air to be heated passes from two side holes
with square area of 30 cm? for each to the drying chamber
through the flexible pipes. The longitudinal axis of the solar
collector was located at the E-W direction facing the sun
shine with an inclination angle of 30°. Two sensors for both
solar radiation intensity and air temperature inside the solar
collector were fixed into its middle area to determine their
values.
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Fig.(2.4): An engineering drawing for solar dryer.

B. Solar drying chamber: The solar drying chamber is made
of wood and covered with 2 mm Polycarbonate transparent
sheet from top, bottom and lateral sides in order to increase
the drying air temperature coming from solar collector. The
solar drying chamber has dimensions of (150x100x100 cm)
for length, width and height, respectively. The solar drying
chamber consists of 15 trays distributed through three vertical
stacks; each tray has dimensions of (100x43x5 cm) for
length, width and height, respectively. The tray frame was
made of wood and the bottom side which carries the
agricultural product was a galvanized metal mesh with
rhombus in shape. The vertical distance between two trays
was (10 cm) to allow the hot air passing through the products
to be dried.

Nine sensors for solar radiation intensity, air temperature and
air humidity were fixed inside the solar drying chamber to
determine their values as following: Three sensors for air
temperature and other three sensors for air humidity were
fixed above the upper, middle and lower trays; one sensor for
product temperature and one sensor for product moisture
were fixed in the agricultural product.

The last sensor was fixed in the middle of the drying chamber
at the upper side to determine the solar radiation intensity.
The drying chamber supported with two air suction fans
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(50W) to force drying air to transfer from the solar collector
to the drying chamber through the flexible pipes, each fan has
suction diameter of (12 cm) rotating at different controlled
speeds.

2.1.3. Air temperature data logger:
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Fig.(2.5): Data logger for measuring temperature (8
ports), (Locally programed and assembled).

2.1.4. Solar radiation and air humidity data logger:
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Fig.(2.6): Data logger for measuring relative humidity (6
ports) and solar radiation (2 ports), (Locally
programed and assembled).

2.1.5. Weather total station:

The weather station components were purchased from an

electrical store in Cairo city, and constructed by an electro-

engineer to measure all weather conditions at all drying test

runs. The locally weather station comprises the following

components as shown in Fig.(2.6).

- A 12-volt, 40-watt solar panel.

- Power regulation using the MAX1724EZK5a step-down
regulator to charge the battery.

- A 7.4-volt battery composed of two 3.7-volt lithium-ion
cells.

- A 5-volt regulator (LM7805).

- An Arduino Nano (ATMEGA328P).

- A Bluetooth module (HC-06).

- A 4GB SD card and SD card module.

- An ultrasonic module (HC-SR04) for rain gauge.

- An LDR module for light meter (lux).

- A'wind fan module for measuring wind speed and direction.

- An anemometer module for wind speed measurement
(meters per minute).

- A DUT22 sensor for measuring humidity and temperature.

This system continuously communicates data through a

dedicated mobile application, and data is saved at 5 minute

intervals on the SD card module for monitoring purposes.
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Fig.(2.7): Weather total station powered with solar panel,
(Locally programed and assembled).

Fig.(2.8): Weather total station beside solar dryer.

2.1.6. Electrical suction fan: Two electrical Golden Sun
220V 0.23A suction fans (12x12 cm), made in China with 50
Watts and 5000 rpm was used to intake hot air from solar
collector to the drying chamber at the adjustable speed.

2.1.7. Solar power meter: A digital solar power meter made
in TENMARS ELECTRONICS CO., LTD, TAIPEI 114,
TAIWAN, with a measuring range of solar radiation (1-1999
W/m?) with resolution of 1W was used during the
experimental treatments to determine the solar radiation
outside of the drying device and also to calibrate both Data
logger and Weather total station.

2.1.8. Anemometer: A digital anemometer made in China
with a measuring range of air speed (0.8-40 m/s) with
resolution of 0.01 + (2.0%+30) was used during the
experimental treatments to determine the air speed of the
exhausted fans.

2.1.9. Digital balance: A digital balance made in China with
a measuring range of 0-10kg + 0.1g was used during the
experimental treatments to determine the initial weight of the
agricultural product and also the decrease in weight for each
drying treatment.

2.1.10. Electrical oven: An electrical oven made in Italy,
model A3-214-535V with an accuracy of + (0.2-0.5%) was
used to record the moisture content of agricultural product.
Triple (100 g) of samples for each agricultural product were
dried in the electrical oven at 105 °C for 24 h.

2.1.11. High performance liquid chromatography,
(HPLC): The organic acids for fresh and dried agricultural
products in this study separated and simultaneously
determined by (HPLC).

2.2. Methods:

2.2.1. Drying product preparation:
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Only good quality of fresh red chilli, lemon and tomato
samples were brought from a local market in New
Damietta city during the summer season of 2023 and
checked up carefully to discard spoiled ones to prevent
contamination of these products by bacteria or fungi. Each
patch from these products was carefully washed and dried
from water. Before solar drying experiments, the products
were not treated with any chemicals and sliced as
following, as shown in (Fig.2.9).

Fig.(2.9): Sliced (Red chilies, lemons and tomatoes) before
drying process.
- Chilli: were sliced into longitudinal halves.

- Lemon: were sliced into equal thicknesses of 5mm £ 1mm.

- Tomato: were sliced into equal thicknesses of 5mm * 1mm.
Each patch with total weight of 1000 g from these
products was dried until the required final moisture
content was attained. The fresh product was located over
the tray of drying chamber having about 90% perforation.

The initial moisture content was calculated by taking three
different samples. During the experiment moisture content
was calculated at every interval of one hour during the
drying hours. The suction fan was operated for reducing of
relative humidity inside the solar dryer. The different
parameters were observed during the experiment hours at
every interval inside and outside the solar dryer. Open sun
drying method was also conducted to know the
performance of the dryer. Solar dryer was tested for its
performance in drying of these products by conducting
three sets of experiments. The tests were conducted from
09.00 to 18.00 h and the hourly data were recorded from
Data loggers and Total solar station.

2.2.2. Distribution of drying trays inside the dryer:

The full load test was conducted for evaluate the
performance of the double ventilated and forced
convection solar dryer in actual loading condition with a
single thin layer of each product. The dryer contains 9
trays; 3 trays upper, 3 trays medium and 3 trays lower;
1000 g of red chilli, lemon and tomato were placed on the
upper, medium and lower trays interchangeably, as show
in Fig.(2.10).

Tray (1)
Lemon
Tray (4)
Chilli

Tray (2)
Chilli
Tray (5)
_ Tomato
o Tray (7) | Tray (8) | Tray (9)

Tray (3)
Tomato
Tray (6)
Lemon

S Upper

Middle

Lower

Tomato | Lemon Chilli

Fig.(2.10): Locations of drying trays inside the dryer
chamber according to the original direction.

Loading and unloading the products into the solar dryer
was done manually. 1000 g of fresh chilli, lemon and
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tomato were placed in the open air for natural drying for
comparison purpose. The observations of the parameters
were recorded at interval of one hour starting from 9.00 h
to 18.00 h each day. By using oven drying method the
initial moisture content of fresh red chilli, lemon and
tomato were determined. The drying process was
continued till the moisture content of these products tends
to a constant value. The performance of drying unit was
evaluated in terms of moisture content variation, drying
rate, etc. For this purpose, the hourly reductions in weight
of representative sample were recorded.
2.2.3. Study variables:
- Three different agricultural crops: Chilli, Lemon and
Tomato.
- Three different drying air speeds: 0.6, 1.1 and 1.6 m/s.
- Three different tray locations: upper, middle and lower.
2.3. Measurements
2.3.1. Moisture content, wet basis, (%0):
It is the ratio between the weight of moisture in the material
and the total weight of the material (w.b), Kenneth and
Hellevang, (1995).
W =W, W ,%.....(0)
W, W, +W,
Where: W, = Total material weight (weight before drying), g
W = Dry weight of the material (weight after drying), g
W = Moisture weight in the material, g
2.3.2. Removed moisture by unit time: The moisture
removed can be calculated by extracting the moisture content
first before the drying process and then the moisture content
after the drying process and the difference between them is
equal to the amount of moisture to be expelled attributed to
the completely dry weight of the material. Weight of moisture
to be removed (evaporated) from one unit of fresh matte
(M.R), Arun and Adharsh (2014).
M p (MI - Mf)
MR=——%.....(2)
(100 - My)
Where: M, = Sample weight, kg.
M:; = Initial moisture content, %.
Mt = Final moisture content, %.
2.3.3. Drying rate:
It is the weight of fresh material producing one unit of weight
of the dried material (D.R). The drying rate is proportional to
the difference in moisture content between material to be
dried and the equilibrium moisture content. The concept of
thin layer drying was assumed for the experiments as reported
by Fudholi, et al., (2013).

w.b=

dMm
DR=—,..... 3

m ®3)
Thus we can write from equation (4) as following:
D.R = M.R , %.....(4)

3.3.4. Solar collector thermal efficiency:
The solar collector's thermal efficiency is the ratio of useful
heat gain by the collector to the energy incident in the plane
of the collector. It was determined using the following
equation (Fudholi et al. 2014):
Ne = & _ ma'Cp'(Ma.out B Ma.in) % (5)
c = = , Y.

Qi (I xAc)
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Where: nc = Solar collector thermal efficiency, %.

Qu = Heat gain, J.

Qi = Energy incident in the plane of the collector, J.

M. = Air mass flow rate, kg/s.

C, = Specific heat of the agricultural product, 1.005 J/kg.°C.
Taout= Outlet air temperature,°C.

Tain= Inlet air temperature,°C.

I+ = Intensity solar radiation, W/m2.

Ac = Area of solar collector, m2.

3.3.5. Air mass flow rate:

The air mass flow rate (m,) through the solar collector during
the drying process was calculated as follows, (Sadodin and
Kashani, 2012):

Where: An = Surface area of the suction fan, m.

v = Air speed of through the solar dryer, m/s.

pa = Density of the drying air, 1.2 kg/m®.

2.3.6. Solar radiation utilization efficiency:

The solar radiation utilization efficiency can be calculated
as a percentage ratio with divided the temperature in the
solar collector to the exhausted air temperature out from
the suction fan.

T
Ey == %.....0)

Cc
Where: T¢ = Air temperature in the solar collector, °C.
Te = Air temperature out from the suction fan, °C.
2.3.7. Solar dryer productivity:
The machine productivity was calculated during grinding
operation by the following equation:

Where: Pr = Solar dryer productivity, kg/month,

Dwm = Dry mass of product, kg,

t = Time consumed in the drying operation, month.

2.3.6. Solar drying hourly cost: The cost per hour of drying
process using the solar dryer is calculated from the following
formula by Awady, (1978).

Cy :E(i+i2+t+r)+(w.e)+m, ..... 0)

300
Where:
Table (3.1): Cost analysis of drying operation using solar
dryer.

Item Value Unit
Cr=Hourly cost 10 L.E/h
P = Price of solar dryer 15000 L.E
H =Yearly working hours 1500 hlyear
a = Life expectancy of the dryer 7 Year
i = Interest rate/year 10 %
t = Taxes, overheads ratio 6 %
r = Repairs and maintenance ratio 7 %
W = Fan power 50 W
e = Hourly kW price 1.40 L.E/KW.h
m = Monthly average wage 1500  L.E/month
300 = Monthly working hours 300 h/month
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3.3.7. Solar drying unit cost: The drying cost of the
production unit using the solar dryer is from in the following
equation:

. C 4 (L.E/month) (LEKG)..... 10)

Pr (kg/month)

Where: Cy = Monthly cost, L.E/month.
Pr = Solar dryer productivity, kg/month.
3.3.8. Payback period: The payback period is the length
of time from the beginning of the project until the net
value of the incremental production stream reaches the
total amount of the capital investment. The payback period
of the project is estimated by using the straight forward
formula, Kamble et al. (2013).

Py :é,month ...... (K]

Where, Pa= Payback period of the project.
I = Investment of the project, L.E.
E = Monthly net cash revenue, L.E.

3. RESULTS AND DISCUSSIONS
3.1. Solar radiation at air suction speeds of (0.6, 1.1 and
1.6 m/s):

It was observed from Fig.(3.1) that the solar radiation
during all the days of the experiment was of similar values.
The maximum solar radiation for the dryer chamber,
collector and ambient were 1000 W/m?, 1000 W/m? and
1100 W/m?, respectively. It was also observed that
maximum solar radiations were around the day hour of
(2pm) which was recorded the maximum solar radiation.
These results agree with Samreen et al. (2017), who
reported that the solar radiation was a minimum in
morning increased to reach maximum at 1.00 pm, later it
followed  decreasing trend till the  evening.
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Fig.(3.1): Solar radiation
in ambient, collector and
drying chamber during
drying time at different air
suction speed of 0.6, 1.1
and 1.6 m/s.
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3.2. Air temperature degrees at different air suction
speeds of (0.6, 1.1 and 1.6 m/s):

It was observed from Fig.(3.2) that the maximum
temperatures for the entrance; upper, middle, lower trays;
exit; and collector were 41°C, 64°C, 62.5°C, 61.79°C,
42.29°C, and 83.9°C, respectively. While the difference
between air temperature at the upper tray and the lower one
was about 2.21°C at the day hour of (2pm).
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However, the air temperature in the dryer was a little more
60°C to be suitable for drying agricultural products. A similar
result was reported by Kumi et al. (2020) for an indirect type
of dryers, the temperature rise in the dryer reached a
maximum of above 50°C. This result also agree with Basunia
et al., (2013) mentioned that, raising temperatures above
60°C can be harmful for vegetables and can induce loss of
volatile nutrients through the excessive loss of moisture.

3.3. Air relative humidity at different air suction speeds

of (0.6, 1.1 and 1.6 m/s):

It was observed from Fig.(3.3) that the minimum air relative
humidity at entrance and exit slots were 11% and 13%,
during the day hour of 2pm, while the that the maximum air
relative humidity at entrance and exit slots were 71% and
65%, during the day hour of 9am. The results show also that
air relative humidity was increased after the day hour of 2pm
to 38% and 43% at the same places at the day hour of (6pm).
It was observed that there is always an inverse relationship
between the relative humidity of the air and its temperature.
These results agree with Samreen et al. (2017), reported that
the relative humidity of the dryer was found to be less than
that of ambient relative humidity due to the high temperature
prevailing inside the dryer.
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3.4. Decrease of moisture content ratio during drying

time:
Concerning to the effect of air suction speed on the decrease
of moisture content ratio and the total required drying time,
the results in Fig.(3.4) that show that the decrease of moisture
content ratio were decreased from 85.4%, 86.6% and 88.2%
fresh product to 10.46%, 13.52% and 8.83% dry product in
total drying time of 15h, 21h and 19h for chilli, lemon and
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tomato, respectively in the upper tray and air suction speed of
0.6 m/s. Whereas the decrease of moisture content ratio was
decreased to the same dry product ratio in more total drying
time of 19h, 24h and 24h for chilli, lemon and tomato,
respectively in the upper tray and air suction speed of 1.6 m/s.
Relating to the effect of tray location on the decrease of
moisture content ratio and the total required drying time, the
results in Fig.(3.4) that show also that the decrease of
moisture content ratio were decreased from 85.4%, 86.6%
and 88.2% fresh product to 10.46%, 13.52% and 8.83% dry
product in total drying time of 15h, 21h and 19h for chilli,
lemon and tomato, respectively in the upper tray and air
suction speed of 0.6 m/s. Whereas the decrease of moisture
content ratio was decreased to the same dry product ratio in
more total drying time of 27h, more than 29h and 20h for
chilli, lemon and tomato, respectively in the lower tray and
the same air suction speed of 0.6 m/s. It was observed that the
drying process for chilli, lemon and tomato took less than 3
days to be completed. Similar results were reported by Kumi,
et al. (2020), where the solar dryer recorded total drying

time of 35 h.
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Fig.(3.4): Effect of air suction speed and tray location on
the decrease of moisture content ratio for different
agricultural products.

3.5. Drying rate per hour during drying time:

Concerning to the effect of air suction speed on the drying
rate, the results in Fig.(3.5) that show that the drying rate
were decreased after the first hour of drying from 9.37%,
8.46% and 8.32% to 5%, 3.48% and 4.18% during total
drying time of 15h, 21h and 19h for chilli, lemon and tomato,
respectively in the upper tray and air suction speed of 0.6 m/s.
Whereas the drying rate was decreased from 10.93%, 9.23%
and 8.32% to 3.94%, 3.04% and 3.31% in more total drying
time of 19h, 24h and 24h for chilli, lemon and tomato,
respectively in the upper tray and air suction speed of 1.6 m/s.

20

These observations agree with Kumar et al. (2020) who
reported that the drying rate was found to be higher during the
initial stages of drying when the product surface has enough
moisture to evaporate (constant rate period). It decreased
towards the end of drying once its surface is depleted with
moisture (falling rate period).
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Fig.(3.5): Effect of air suction speed and tray location on
the drying rate for different agricultural products.

Regarding to the effect of tray location on the drying rate, the
results in Fig.(3.5) that show that the drying rate were
decreased after the first hour of drying from 9.37%, 8.46%
and 8.32% to 5%, 3.48% and 4.18% during total drying time
of 15h, 21h and 19h for chilli, lemon and tomato, respectively
in the upper tray and air suction speed of 0.6 m/s. Whereas
the drying rate was decreased from 4.68%, 4.62% and 6.8%
t0 2.77%, 2.28% and 3.97% in more total drying time of 27h,
29h and 20h for chilli, lemon and tomato, respectively in the
lower tray and the same air suction speed of 0.6 m/s. These
results agree with Samreen et al. (2017) found that the drying
rate of top, middle and bottom trays first increases and the
trend decreases as the drying time increases. And also, agree
with Hossain et al. (2015) reported that, the drying rate of the
upper tray was higher than that of the lower tray because the
upper tray temperature was higher than the lower tray.

3.6. Solar collector efficiency, (nc) (%0):

Fig.(3.6) shows the collector efficiency against drying time.
The maximum values were 74.27, 75.74 and 73.09 % at
constant air suction speed of 1.6 m/s at three drying days of
29, 30 and 31/8/2023, respectively. While the minimum
values were 28.69, 27.66 and 23.64 % at constant air suction
speed of 0.6 m/s at three drying days of 26, 27 and 28/8/2023,
respectively. For all the three days, it was observed that, the
highest percentage of collector efficiency occurred at (1pm)
which usually the hottest time of the day. These results agree
with Fadhel et al. (2012) reported that the maximum value of
solar collector were 50% at the clear day and 14.2% at cloudy
day around 11am to 1pm.
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3.7. Solar radiation utilization efficiency, (S.R.U.E) (%6):

The solar radiation utilization efficiency (S.R.U.E) which
solar energy can be converted into more useful forms is one
of the most important parameter concerning its utilization as
available source of energy. The (S.R.U.E) was found to be at
lower levels when the difference between air temperature at
exit slot and collector is small. So, that the (S.R.U.E) was in
high levels at earlier and late drying hours. Fig.(3.7) show
that the lower values of (S.R.U.E) were 46.35%, 46.35% and
51.90% around the day hours between (2pm and 3pm) at
three drying days of 26, 27 and 28/8/2023, respectively and
0.6 m/s air suction speed. On the other hand, the higher values
of (S.R.U.E) were 68.67%, 66.74% and 62.66% at 9am, and
were 74.15%, 57.77% and 52.26% at 6pm in the same drying
days, respectively. Meanwhile, the lower values of (S.R.U.E)
were 43.98%, 45.80% and 44.78% around the day hours
between (2pm and 3pm) at three drying days of 20, 21 and
22/8/2023, respectively and constant air suction speed of 1.1
m/s. On the other hand, the higher values of (S.R.U.E) were
62.13%, 62.91% and 70% at 9am, and were 56.28%, 52%
and 51.68% at 6pm in the same drying days, respectively.
Whereas the lower values of (S.R.U.E) were 43.32%, 47.53%
and 46.27% around the day hours between (2pm and 3pm) at
three drying days of 29, 30 and 31/8/2023, respectively. On
the other hand, the higher values of (S.R.U.E) were 77.92%,
80.80% and 77.56% at 9am, and were 49.68%, 53.55% and
51.92% at 6pm in the same drying days, respectively. These
results agree with Chevli et al. (2016), reported that the
collector efficiency ranges from 20% to 43% and temperature
rise was between 25 and 30 °C. And also agree with Prakash
and Satyanarayana (2014) found the efficiency of the
collector ranged from 42.18 to 71.4% with an average value
of 35 % at a drying air flow rate of 0.01kg/s.
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3.8. Solar dryer productivity, (kg/month):

Relating to the effect of agricultural product type on solar
dryer productivity, Fig.(3.8) show that the dried amount of
chilli halves, lemon slices and tomato slices for each upper
tray were 32.40, 28.62 and 25.59 kg/month; 23.58, 23.58 and
20.61 kg/month and 21.33, 25.29 and 16.92 kg/month at
different air suction speeds of 0.6, 1.1 and 1.6 mfs,
respectively. The difference between trays productivity for
the upper trays were due to the type of agricultural products
which have different structure and dry matters.
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Fig.(3.8): Solar dryer productivity for three different
agricultural crops at different tray locations in
drying chamber and different air suction speeds.

Concerning to the effect of air suction speed on solar dryer
productivity, Fig.(3.8) also indicated that the increase in
air suction speed from 0.6 m/s to 1.6 m/s measured at the
upper tray for chilli halves, lemon slices and tomato slices
leads to decrease the tray productivity from 32.40 to 25.59
kg/month, from 23.58 to 20.61 kg/month and from 21.33
to 16.92 kg/month, respectively. Decreasing tray
productivity with increasing air suction speed may be
attributed to more amount of hot air delivered from the
upper slots causing a decrease in air temperature inside the
drying chamber.

As to the effect of tray location on solar dryer productivity,
Fig.(3.8) illustrated that the upper tray recorded higher
productivity than the lower one for all dried products. For
chilli halves, the productivity of the upper tray was 32.40,
28.62 and 25.59 kg/month decreasing to 18.00, 21.15 and
19.44 kg/month at different air suction speeds of 0.6m 1.1
and 1.6 m/s, respectively. While for lemon slices, the
productivity of the upper tray was 23.58, 23.58 and 20.61
kg/month decreasing to 14.58, 17.10 and 12.69 kg/month
at different air suction speeds of 0.6m 1.1 and 1.6 m/s,
respectively. And for tomato slices, the productivity of the
upper tray was 21.33, 25.29 and 16.92 kg/month
decreasing to 20.25, 21.33 and 15.24 kg/month at different
air suction speeds of 0.6m 1.1 and 1.6 m/s, respectively.
Increasing the upper tray productivity comparing with the
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lower one at the same other conditions may be due to the
upper tray exposed to more solar radiation through the
transparent upper side of drying chamber. So the total heat
gains for the upper tray always more than the lower tray.
3.9. Solar drying cost, (L.E/kg.month):

The solar drying cost is highly affected by the solar dryer
productivity, which affected with the parameter mentioned
in (Solar dryer productivity title), and also affected with
solar dryer materials, price of solar dryer, yearly working
hours, life expectancy of the dryer, interest rate/year, wage
for labor, taxes, overheads ratio, repairs and maintenance
ratio, monthly working hours, fan power, hourly kW price
and monthly average wage. The fixed and variable costs
were represented in from (Awady, 1978) equation.
Regarding to the effect of agricultural product on solar
drying cost, Fig.(3.9) show that the solar drying cost of
chilli halves, lemon slices and tomato slices for each upper
tray were 10.28, 11.65 and 13.03 L.E/kg.month; 14.14,
14.14 and 16.17 L.E/kg.month and 15.63, 13.18 and 19.70
L.E/kg.month at different air suction speeds of 0.6, 1.1 and
1.6 m/s, respectively. The difference between trays solar
drying cost for the upper trays were due to the type of
agricultural products which have different dry matters
productivities. Relating to the effect of air suction speed
on solar dryer productivity, Fig.(3.9) indicated also that
the increase in air suction speed from 0.6 m/s to 1.6 m/s
measured at the upper tray for chilli halves, lemon slices
and tomato slices leads to increase the solar drying cost
from 10.28 to 13.03 L.E/kg.month, from 14.14 to 16.17
L.E/kg.month and from 15.63 to 19.70 L.E/kg.month,
respectively. Increasing solar drying cost with increasing
air suction speed may be attributed to the decrease in solar
productivity since the hourly operating cost was fixed at
about 10 L.E/h.
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Fig.(3.9): Drying cost for three different agricultural
crops at different tray locations in drying
chamber and different air suction speeds.

Concerning to the effect of tray location on solar drying
cost, Fig.(3.9) illustrated that the upper tray recorded lower
drying cost than the lower one for all dried products. For
chilli halves, the drying cost of the upper tray was 10.28,
11.65 and 13.03 L.E/kg.month increasing to 18.52, 15.76
and 17.15 L.E/kg.month at different air suction speeds of
0.6m 1.1 and 1.6 m/s, respectively. While for lemon slices,
the drying cost of the upper tray was 14.14, 14.14 and 16.17
L.E/kg.month increasing to 22.86, 19.49 and 26.27
L.E/kg.month at different air suction speeds of 0.6m 1.1 and
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1.6 m/s, respectively. And for tomato slices, the drying cost
of the upper tray was 15.63, 13.18 and 19.70 L.E/kg.month
increasing to 16.46, 15.63 and 21.41 L.E/kg.month at
different air suction speeds of 0.6m 1.1 and 1.6 mfs,
respectively. Decreasing drying cost for the upper tray
comparing with the lower one at the same other conditions
may be due to that the upper tray recorded high drying
productivity than the lower ones.

3.10. Payback period, (month):

The production worth for chilli, lemon and tomato are
presented in Table (3.2). The net present worth of total cash
income from drying of chilli, lemon and tomato under solar
dryer was found to be 5250 L.E. The benefit cost of chilli,
lemon and tomato in solar dryer was found to be 17025 L.E.
The payback period for drying of chilli, lemon and tomato
in solar dryer was found to be 98 days or (3 months and 8
days). Therefore, it was concluded that drying of chilli,
lemon and tomato in solar dryer found to be economical as
it showed more profit rate of 1.63, 2.62 and 4.46 %, for
chilli, lemon and tomato, respectively. Drying agricultural
production in solar dryer seems to be economical because
the solar energy is freely available throughout the year thus
no additional expenditure was incurred for air heating.

Production value, (L.E/month)
Agric.
Fresh product Dry product
Product Profit
Unit cost, | Amount, | L.E/ Amount, | Unit cost, L.E/ Rate, %

L.E/kg | kg/month | month | kg/month L.Ekg month
Chilli 20 45 900 22.62 G5 1470 1.63
LEmon; 15 45 675 17.70 100 1770 2.62
Tomato 10 45 450 19.15 105 2010 4.46

2025 5250

These results agree with Kamble et al. (2013) reported that,
the benefit cost ratio in solar cabinet dryer was found to be
1.11. The payback period for drying of chilli in solar cabinet
dryer was found to be 7 month and 11 day. The drying in
solar cabinet dryer seems to be economical because solar
energy is freely available throughout the year thus no
additional expenditure was incurred for air heating.

4.10. Quality of dried products:

Fig. (4.36) show some photos of the dried chilli, lemon and

Chilli Lemon Tomato
Fig.(3.10): Photos of dried chilli, lemon and tomato
using the developed solar dryer.

To determine the quality of the dried agricultural product,
the main organic acids were analyzed and calculated using
the (HPLC) system in the Center for Excellence in Research
of Advanced Agricultural Sciences (CERAAS), Damietta
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University, according to the procedures of (Tusseau et al.
1986). The results in Figs.(3.11) occurred from (HPLC)
show that the concentrations of some important organic
acids in both fresh and dried chilli, lemon and tomato. It was
observed that the Oxalic, Malic, Ascorbic, Lactic, Acetic
and Citric acids concentrations (mg/g) in dried chilli were
always higher than the same organic acids concentrations
(mg/g) in fresh chilli especially Malic, Lactic and Citric
acids which were increased by 76.67, 99.65 and 88.90 %,
respectively.
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Fig.(3.11): (HPLC) analysis of some important organic
acids for fresh and dried chilli, lemon and tomato
using the developed solar dryer.

While, it was observed that the Oxalic, Malic, Ascorbic,
Lactic, Acetic and Citric acids concentrations (mg/g) in
dried lemon were always higher than the same organic acids
concentrations (mg/g) in fresh lemon especially both Malic
and Citric acids which were increased by 98.65 and 93.13
%, respectively. Moreover, it was observed that the Oxalic,
Malic, Ascorbic, Lactic, Acetic and Citric acids
concentrations (mg/g) in dried tomato were always higher
than the same organic acids concentrations (mg/g) in fresh
tomato especially Lactic, Acetic and Citric acids which were
increased by 99.76, 93.95 and 91.11 %, respectively.

4. SUMMARY AND CONCLUSSION

The experimental work was carried out in Agricultural and
Bio-systems  Engineering Department, Faculty of
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Agriculture, Damietta University, Egypt (Latitude
31°25'35" North, Longitude 31°39'03” [East) to
manufacture and develop the double ventilated solar dryer
for drying some agricultural products under Egyptian
conditions. From the obtained results during the summer
season 2023 for solar drying chilli, lemon and tomato, it
could be concluded that:

1.

The maximum solar radiation for the dryer chamber,
collector and ambient were 750 W/m2, 750 W/m? and 825
W/m?, respectively.

. The maximum temperatures for the entrance; upper,

middle, lower trays; exit; and collector were 41°C, 64°C,
62.5°C, 61.79°C, 42.29°C, and 83.9°C, respectively.

. The minimum air relative humidity at entrance and exit

slots were 11% and 13%, during the day hour of 2pm,
while the that the maximum air relative humidity at
entrance and exit slots were 71% and 65%, during the day
hour of 9am.

. The decrease of moisture content ratio were decreased

from 85.4%, 86.6% and 88.2% fresh product to 10.46%,
13.52% and 8.83% dry product in total drying time of 15h,
21h and 19h for chilli, lemon and tomato, respectively in
the upper tray and air suction speed of 0.6 m/s. Whereas
the decrease of moisture content ratio was decreased to the
same dry product ratio in more total drying time of 19h,
24h and 24h for chilli, lemon and tomato, respectively in
the upper tray and air suction speed of 1.6 m/s.

. The drying rate were decreased after the first hour of

drying from 9.37%, 8.46% and 8.32% to 5%, 3.48% and
4.18% during total drying time of 15h, 21h and 19h for
chilli, lemon and tomato, respectively in the upper tray and
air suction speed of 0.6 m/s. Whereas the drying rate was
decreased from 10.93%, 9.23% and 8.32% to 3.94%,
3.04% and 3.31% in more total drying time of 19h, 24h
and 24h for chilli, lemon and tomato, respectively in the
upper tray and air suction speed of 1.6 m/s.

. The higher values of solar collector efficiency (nc) were

74.27, 75.74 and 73.09% at the day hour of (1pm) during
three drying days of 29, 30 and 31/8/2023, respectively
and 1.6 m/s air suction speed.

. The lower values of (S.R.U.E) were 46.35%, 46.35% and

51.90% around the day hours between (2pm and 3pm) at
three drying days of 26, 27 and 28/8/2023, respectively
and 0.6 m/s air suction speed. On the other hand, the
higher values of (S.R.U.E) were 68.67%, 66.74% and
62.66% at 9am, and were 74.15%, 57.77% and 52.26% at
6pm in the same drying days, respectively.

. The dried amount of chilli halves, lemon slices and tomato

slices for each upper tray were 32.40, 28.62 and 25.59
kg/month; 23.58, 23.58 and 20.61 kg/month and 21.33,
25.29 and 16.92 kg/month at different air suction speeds of
0.6, 1.1 and 1.6 m/s, respectively.

. The solar drying cost of chilli halves, lemon slices and

tomato slices for each upper tray were 10.28, 11.65 and
13.03 L.E/kg.month; 14.14, 14.14 and 16.17 L.E/kg.month
and 15.63, 13.18 and 19.70 L.E/kg.month at different air
suction speeds of 0.6, 1.1 and 1.6 m/s, respectively.

10. The net present worth of total cash income from drying

of chilli, lemon and tomato under solar dryer was found
to be 5250 L.E. The benefit cost of chilli, lemon and
tomato in solar dryer was found to be 17025 L.E. The
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payback period for drying of chilli, lemon and tomato in
solar dryer was found to be 98 days or (3 months and 8
days).

11. The concentrations of organic acids (mg/g) in dried
chilli, lemon and tomato were always higher than the in
the fresh. For chilli, Malic, Lactic and Citric acids
concentrations were increased by 76.67, 99.65 and 88.90
%, respectively. For lemon, both Malic and Citric acids
concentrations were increased by 98.65 and 93.13 %,
respectively. For tomato, Lactic, Acetic and Citric acids
concentrations were increased by 99.76, 93.95 and 91.11
%, respectively.
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