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Solar drying serves as a sustainable technique for food preservation through
solar technology intervention. The main purpose of this investigation is to design
and construct a high-performance forced convection direct-type solar dryer for
drying fish products of 20 kg capacity in a hygienic condition. For validation of
experimental results, a thermal analysis of the solar dryer has been performed
through CFD simulation using ANSYS Fluent. The performance indicators, such
as maximum drying rate, drying efficiency, and specific energy consumption, are
evaluated as 0.85 kg/hr, 63.5%, and 1.005 kWh/kg respectively, at the highest
mass flow rate of 0.019 kg/s. The coefficient of determination (R2) for drying
chamber temperature variation is found to be above 99%, indicating a good
correlation between parameters. The highest temperature of drying chamber at 1
PM from the experiment and simulation is evaluated as 60.3°C and 59.8°C
respectively. The equivalent solar heat flux is determined as 649.5 W/m2 and
646.244 W/m2 respectively. It was found that there is a close correlation between
the simulation and experiment result of temperature, with an error rate of less
than 1%, and for solar heat flux, it is between 1% to 5%. This type of dryer can be
extremely beneficial in providing sustainable energy to dry various food products
because of its economic effectiveness. The dryer is currently utilized by
fisherwomen in the coastal regions of South Odisha.

1. INTRODUCTION

Drying is an ancient food preservation technique that
removes moisture from food products. Solar energy can
be directly or indirectly used for drying applications. In
an open sun drying application, solar energy is directly
used. In an indirect drying application, hot air is
produced from solar energy for drying purposes and it is
called as solar dryer. Solar dryer operates using clean
energy resources. It is a quick and hygienic way to dry
food products as compared to the traditional method of
drying [1].

It is difficult for coastal fisherwomen to dry fish in
a sanitary manner. The existing options are costly,
unreliable and unsanitary. The coastal area of Odisha
has abundant solar energy available throughout the year
that may be utilized for drying fish. As a result, the
current investigation will assist fisherwomen in
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increasing the value of their fish product and, as a result,
increasing their profit. Solar drying includes exposing
food to sunlight as air passes over it, allowing the
moisture content of the food to be naturally removed.
The current invention is a solar dryer featuring enhanced
ventilation of hot air, thereby improving drying
performance. It is a user-friendly, affordable, and
compact direct solar dryer capable of utilizing solar
power to dry food and operated by air circulation
devices. For improved drying, a drying apparatus
employs all three heat transfer modes, such as
conduction, convection, and radiation. The dryer costs
are cheap to the fisherwomen to dry fish products more
hygienically, thereby boosting the market value of their
labour [2].

A solar dryer was developed for drying lemon
balm and rosemary through forced and natural
convection mode. The collector thermal and drying
efficiency increased within the limit of 17.20-24.75%
and 4.17- 44.23% [3]. A modified cabinet solar dryer
was constructed to dry green peas. The moisture content
was lowered by 14-15%, and efficiency and payback
period were evaluated as 10.64%, 0.47 years,
respectively [4]. An experiment was conducted on a
solar dryer for drying turmeric, which is a mixed-mode
type. The drying rate, thermal efficiency, heat transfer
coefficient, and payback period are highest for the
forced convection type [5]. An investigation was
performed on a mixed-mode solar dryer to dry cluster
figs. The overall exergy efficiency had been evaluated
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within the limit of 18.8 to 41.4% at a maximum mass
flow rate of 0.062 kg/s [6]. An experimental
investigation was performed on a solar dryer to dry dates
using the forced convection method. 11 thin-layer
drying model was used to identify the best model for
three drying methods, such as direct, greenhouse,
indirect solar drying systems. It was observed that the
greenhouse solar dryer has a faster drying rate [7]. An
experimental study was conducted on an indirect solar
dryer by utilizing baffles to dry grapes. The percentage
of moisture content was reduced from 79.8% to 14.04%
and 15.83%, respectively, by integrating the chimney
and fan respectively. The mean thermal efficiency while
utilizing fan and chimney was evaluated as 27.02% and
29.8%, respectively [8].

A vertical solar dryer was developed to dry ginger.
Drying rate, thermal, exergy efficiency, and payback
period are higher for the forced convection mode in
comparison to the natural type [9]. A performance study
was conducted on a forced convection -electro-
hydrodynamic solar dryer to dry pineapple slices. A
novel approach, such as the integration of corona
voltage and stainless-steel pins, so that thermal
efficiency reached up to 36.94% [10]. An assessment of
an indirect solar dryer had been executed to dry banana
slices in forced convection method. The maximum
average collector and drying efficiencies for four tests
are evaluated as 60, 80, 40, 10%, and 6.9, 6.9, 5.5, 5.7%
respectively [11]. A comparison assessment of a
modified and direct type cabinet solar dryer was
performed for drying green peas. The efficiency and
payback period for the modified cabinet solar dryer have
been evaluated as 10.64% and 0.47 year respectively, at
an air flow rate of 0.0406 kg/sec [12]. An investigation
was conducted on solar dryer integrated with an
evacuated-type collector for drying Nile Tilapia slice
fish. The average air temperature inside the drying
chamber ranged between 44 and 75°C [13]. An
assessment of a solar tunnel dryer was conducted to dry
tomato slices under forced and natural convection mode.
There is 55.6% of reduction in drying period with
respect to the open sun drying process. The energy and
exergy efficiency of drying was evaluated as 7.01% and
69.73% respectively [14]. A performance assessment of
a solar dryer for drying mullet fish under forced and
natural convection modes was conducted. The maximum
percentage of moisture lowered in the forced convection
type was 36%, while it is 22% for the natural type [15].
An experimental assessment was conducted on an
indirect solar dryer for drying various vegetables and
fruits. Moisture content was reduced by 16,11, 37, and
18% for apple, orange, tomato, and banana. Drying
efficiencies were evaluated for the above food products
as 6.36, 4.50, 2.82 and 3.25% respectively [16]. An
indirect forced convection solar dryer with three-sided
flat plate collector was developed for drying tilapia fish
fillets of varying fillet thickness. Drying time was
reduced by 53.3% and 61.11% as compared to the open
sun drying process [17]. A mixed-mode forced
convection-type solar dryer was developed for drying
grapes. An accuracy of 17% is achieved for determining
the final weight of dried products [18]. A double slope
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solar dryer was developed for drying kola fish in three
modes: open sun drying, natural, and forced convection
solar drying process. The drying time was reduced by 4
hours in the case of forced convection as compared to
natural convection type [19]. A cost-effective parabolic-
type solar dryer was developed for drying kola fish in
Oman. The drying efficiency was calculated as 77.9%,
and it required 3 days for drying 20 kg of fish products
[20]. An experimental study was conducted on a
greenhouse solar dryer covered with polyethylene.
Drying temperature was achieved as 35 to 64°C, and
drying period was reduced by 3 to 4 days as compared to
the natural sun drying process [21].

A CFD simulation was conducted to identify the
best solar drying parameters for preserving product
quality. Computational fluid dynamics modelling is a
type of mathematical approach used to ensure consistent
airflow, humidity, and temperature inside the drying
chamber. The use of CFD modelling is essential in
attaining optimal drying performance and effective dryer
design. CFD modelling is recommended for selecting
the optimum solar dryer [22]. Using ANSYS software,
an investigation on an indirect solar dryer under forced
convection mode was conducted. Various simulation
outputs, including velocity contour, the highest
temperature of the collector outlet, and the absorbing
plate, were recorded for each mass flow rate of air [23].
Several configurations of a solar dryer through CFD
simulations were evaluated to assess their effectiveness.
They carried out a simulation incorporating various
factors to achieve an energy-efficient solar grain dryer
[24]. Using an auxiliary heater, a computational fluid
dynamics investigation of a cabinet solar dryer was
executed. The simulation was performed at a drying
temperature of 318K [25]. Both CFD and experimental
research on an indirect solar dryer were carried out,
incorporating an iron mesh to process pepino fruit. The
thermal efficiency was increased using mesh
modification, and the average drying efficiency was
determined as 23.08% [26]. A greenhouse solar dryer
was developed to dry 100 kg of water Hyacinth. The
overall efficiency was determined as 63% at a maximum
temperature of 59°C [27]. A solar cabinet dryer
integrated with phase change material, such as 12.5 kg
of paraffin (n-docosane)-kerosene composite, was
investigated. Thermal efficiency was improved by 50%
using thermal storage material [28].

From the earlier research, it was found that very
few experimental and CFD studies were conducted on a
direct-type solar dryer for drying fish in forced
convection mode. These research gaps motivate further
thermal performance evaluation of the direct-type solar
dryer through experimental and CFD studies for drying
fish. Therefore, utilizing an integration of both
experimental and computational approaches, the current
study aims to comprehensively evaluate the thermal
performance of a direct-type solar fish dryer operating
under the forced convection method. By integrating
CFD- based flow and heat transfer analysis, the study
aims to address the existing research gap. The objective
of this study is to develop a direct type forced
convection solar fish dryer and to evaluate performance
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indicators such as drying efficiency, drying rate,
moisture content, and specific energy consumption. A
non-linear regression analysis was conducted between
drying chamber temperature and time. A CFD model has
been developed to simulate the temperature distribution
inside the drying chamber. A grid-independent test has
been carried out to ensure improved accuracy and
repeatability of numerical outcomes. Both simulation
and experimental data have been validated. After the
experimental procedure was undertaken, the dryer was
delivered to the fisherwomen based at Markondi village,
which is about 30 km from the city of Berhampur, South
Odisha.

2. EXPERIMENTAL SET UP AND PROCEDURE

Before the solar dryer is manufactured, an appropriate
dimension of every component is determined. The 3D
model is then generated using CATIA software based on
the known geometries of the dryer. The experimental
setup was constructed after the 3D model had been
designed. To produce the solar dryer, materials are
bought from the local market. The university mechanical
workshop is used where the parts of the dryer are
fabricated, assembled, and installed. The dryer was
made from 20 kg of aluminium sheet with a thickness of
2.5 mm. Using a pipe cutter and sheet-bending
operation, aluminium sheets are first cut to the desired
size. Following that, a 5 mm hand drill is used to drill
the sheets. All of the sheets are joined according to their
measurements using mild steel angle frames, and then
the sheets are riveted using a riveter. The drying
chamber is a rectangular box made of stainless steel that
measures 1 m x 0.5 m X 0.5 m. The drying chamber wall
is where the door's hinge is located. The door can be
opened and closed with a steel tower bolt. To support
the trays inside the drying chamber, three L-shaped mild
steel frames are riveted to the vertical walls on either
side.

The device consists of an enclosed method, a
drying chamber, several perforated holders to retain
drying material, and multiple solar-powered air blowing
methods to provide effective moisture removal. To
speed up the heated air circulation inside the drying
chamber and the moisture removal process, 4 nos. of
direct current (DC) fans operated by a solar panel were
installed. The schematic diagram and CATIA model of
the direct-type solar dryer is depicted in Figures 1 and 2.
In this study, drying of various types of fish products is
carried out inside the drying chamber. It was constructed
using an aluminium sheet embedded with SS304 grade
stainless steel perforated trays. Experimental data have
been collected by drying fish. Operational training was
provided to the fisherwomen. The major devices of solar
dryer are the drying chamber, solar panel, and DC
blowers. The drying chamber designed as a rectangular
enclosure sized 1mx0.5mx0.5m, was fabricated using
commercial-grade aluminium sheet (2.5 mm thickness).
Provisions are made with a series of air circulation
devices powered by a solar photovoltaic panel along the
side walls of the dryer. Four holes with a diameter of 60
mm are drilled to secure the 6V DC fan. According to

the experimental setup, a plurality of blower's aid in air
admission and egress. A set of blowers (forced draught
fans) are supplied at the upper part of the dryer wall to
supply air into the system across the food trays, while
additional blowers (induced draft fans) are positioned at
the lower part to remove moist air from the device using
the plurality of blowers. Furthermore, the fans ensure
that air is properly circulated throughout the drying
chamber. The device is included with a 20W
Photovoltaic panel and battery (12V, 10A) for powering
four DC fans. This panel has been integrated with the
dryer to power four 6V DC fans, two of which are
induced draught fans and the other two are forced
draught type. The solar panel is oriented at 19° to the
south as per the latitude of Gopalpur (19°18'13.44"N,
84°57'52.72"E). The dryer is black coated and heated by
solar energy that directly falls on it. Four trays are
perforated for optimal ventilation and evenly distributed
inside the dryer with 110 mm spacing.

prd

QOO

QOO

8 8 8 Power supply

OO O to the fan
20W Solar panel

Fig. 1. Schematic diagram of Solar dryer.

Fig. 2. A & B: 3D model of direct-type solar dryer 1. DC
blower 2. Solar panel 3. Battery, 4. Trays.

Table 1. Specification of different electrical
Components.

Parameter Specifications

Prnax=20W, V=12V

Photovoltaic panel
Maximum power point

tracking (MPPT) charge 12V, 10A
controller

DC blower 3W,12V,06 A
Battery 12V,7.2 Ah

www.rericjournal.ait.ac.th
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Fig. 3. Experimental setup of solar dryer. A. Drying
chamber, B. Solal panel, C. Treys, D. DC blowers.

The dryer is installed in an area free from shade to
get the highest solar irradiance falling on the drying
chamber before starting the experiment. The experiment
has been conducted during May from 10 AM to 4 PM.
As the dryer is portable, it can be located as per the
maximum availability of solar radiation. This
experiment involved testing 5 kilograms of fish within
the drying chamber. Before the drying process, some
pre-processing of fish is considered for preservation
purposes. The fish are properly washed and cut as per
the requirements of dried fish. The fish is mixed with
salt and turmeric. Before putting the fish inside the
chamber, it is warmed up for thirty minutes. An equal
number of fish are placed in four perforated trays. The
experiment took two days to complete, incorporating 6
hours of drying period. The initial and final weight of
fish has been recorded at one-hour intervals. For
comparative assessment, some fish are placed outside of
dryer for conventional drying purposes.

The specification of each electrical component has
been given in Table 1. The experimental setup of the
solar dryer was illustrated in Figure 3 and is being
utilized by fisherwomen in the coastal regions of
southern Odisha as part of technology-driven and
market-connected initiatives for sustainable livelihood

Table 2. Description of Measuring Instruments

security. It has been implemented in Markandi village,
located about 30 km from Berhampur city in Odisha,
with support from Voluntary Integration for Education
and Welfare of Society (VIEWS), a development NGO
(non-governmental organization) dedicated to improving
the livelihood security of fisherwomen in South Odisha.
The installation of the solar dryer is represented in
Figure 4.

Savitri Amma, from Divya Jyoti Mahila Vikash of
Markandi village, used to dry the fish on the ground, as
a result of which the dried product sometimes had sand
contamination, and there was concern about losses
caused by birds and other animals. However, with the
adoption of the solar dryer, she could dry fish under
more hygienic conditions. She began marketing the
solar-dried fish in polypacks under the brand "Divya
Jyoti" at Rs 75 per kilogram, whereas previously it sold
for Rs 30—40 per kilogram. The dryer was utilized by
Savitri as well as other women in the fishing community
who were previously drying fish using conventional
techniques. "It has become the basis of their income,"
says Savitri.

Fig. 4. Installation of solar dryer at Berhampur city in
Odisha.

2.1 Measuring Instruments

To ensure high accuracy, calibrated instruments were
used for experimental measurements. A KUSAM-
MECO, KM-909 digital anemometer (0-30 m/s, least
count 0.3 m/s) was used to measure air velocity within
the drying system, a KUSAM-MECO, KM919
hygrometer (1% to 99%, least count 2.5%) was used to
measure humidity inside the drying chamber and a MT-
5 infrared thermometer (-40°C =~ 550°C, least count
2°C) was used to measure temperature. A Kipp & Zonen
CMP11 pyranometer (0-2000 W/m? least count 1 W/m?)
was used to monitor incident solar radiation, ensuring
accurate measurement of the solar energy input to the
system. The details of measuring instruments have been
represented in Table 2.

Parameter/ Measurement Instrument Used & Model Specification/ Range Least Count
Velocity of the air KUSAM-MECO,KM-909 Digital Anemometer 0-30 m/s 0.3 m/s
Temperature MT-5 Infrared Thermometer -40°C~550°C 2°C
Relative humidity KUSAM-MECO, KM919 Hygrometer 1.0% ~99.9% RH. 2.5%
Solar radiation Kipp & Zonen CMP11 Pyranometer 0-2000 W/m? 1 W/m?

www.rericjournal.ait.ac.th
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2.2 Uncertainty Analysis in Measurements

In this study, a variety of instruments were used to
measure various parameters (Y), each of which had
measurement errors. Since it gives an indication of the
accuracy and reliability of the experimental results,
quantification of these uncertainties is essential for
appropriate data interpretation and analysis. The root-
sum-square (RSS) method [29] was used to calculate the
overall uncertainty, which is stated as:

b= [0 (2] e ()

ax, ' ax,"? X, ™
where Uy is the uncertainty in the calculated parameter
Y, xq,x,, ..., xpare the independent measured variables,
and Uy, Uy, .., Uy, represent their respective
uncertainties. The uncertainty parameters have been
given in Table 3.

(M

Table 3. Uncertainties of parameters.

Parameters Tolerance
Solar radiation +/- 5 W/m?
Temperature +-02°C
Mass +/- 0.05 gram
Relative Humidity +-2.5%
Velocity +/- 3%

3. RESULT ANALYSIS AND DISCUSSION
3.1 Temperature Variation of Solar Drying Chamber

In order to evaluate the drying efficiency and drying rate
of solar dryer, temperatures inside the drying chamber
are measured between 10 AM and 4 PM with uniform
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Fig. 5. Temperature variation within drying chamber for
lst, 2nd’ 3rd day.

time gaps for three days, and the dryer was kept in a
shadow-free position for testing purpose. On the Ist,
2nd, and 3rd day inside the chamber, the highest
temperatures are recorded at 1 PM as 60.3°C, 58.8°C
and 59.8°C respectively while atmospheric temperature
is 36.7°C, 36.1°C, and 37°C respectively. Two exhaust
fans are utilized to remove the damp air from the
chamber. The hot air flows through the perforated trays,
eliminating moisture from the food by using two sets of
blowers at the inlet.

Figure 5 shows the residual plot of drying chamber
temperature for three consecutive days with respect to
time. In order to determine the best fit curve by a third-
degree polynomial, a nonlinear regression analysis using
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MATLAB R2024a has been conducted on experimental
data. The coefficient of determination (R2) values for
the 1st, 2nd, and 3rd day is obtained as 99.5%, 99.47%,
and 99.3% respectively, which shows that there is good
correlation between parameters. The norm of residuals
for the Ist, 2nd, and 3rd day is determined as 1.4807,
1.66 and 1.893 respectively.

3.2 Testing of Solar Dryer

Several kinds of fish such as small Shrimps, Mullet have
been dried to examine the performance. The initial, final
mass, percentage of mass reduction and drying rate of
fish samples has been compared and presented in Figure

w
I

0 1 2 3 4 5
Hour
—&—Inital mass in Forced convection solar dryer, kg

-#—Final mass inForced convection solar dryer, kg

6 and 7. The variety of fish during the drying period for
the solar dryer is illustrated in Figure 8. The percentage
of mass reduction under forced convection, open sun
drying, and natural convection solar drying is
determined to be 50, 22, and 41%, respectively. The
maximum drying rate for a forced convection solar dryer
is higher (0.85 kg/hr.) than that of natural convection
and open sun drying (0.6 kg/hr. and 0.48, respectively)
when a 5-hour drying period has been taken into
consideration. It is found that dried fish processed in a
solar dryer has better quality and higher nutritional
content than fish dried using open solar drying methods.

Mass in kg

0 1 2 3 4 5
Hour
—&—Inital mass in open sun drying. kg
- Final mass in open sun drying. kg

A. Forced convection solar drying

B. Open sun drying

Fig. 6. Initial and final mass of mangoes for five hours during the drying process.

0.9 -

0.7 1

0.5 1

Drying rate (kgthr)

03

0.1 T T
0 1 2

W Open sun drying A natural convection solar dryer ¢

T T |
3 4 ]
Forced convection
solar dryer

Fig. 7. Comparison of drying rate of forced convection, natural convection and open sun drying process.

Fig. 8. Varieties of fish A. small Shrimps, B. Mullet dried during drying operation.
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Fig. 9. Solar radiation intensity variation with ambient
temperature for the 1%, 2", 374 day.

3.3 Variation of Solar Radiation Intensity and
Ambient Temperature

The periodic variation in ambient temperature and solar
radiation intensity during three consecutive experimental
days is illustrated in Figure 9. It has been shown in a
graph that solar radiation rises in the morning, peaking
between 12 PM and 2 PM, and then progressively falls
in the afternoon. The optimal conditions for solar drying
were indicated by the maximum solar radiation recorded
during the experiment, which ranged between 500 and
700 W/m?. A similar trend was observed for ambient
temperature. Throughout the day, the outside
temperature increased gradually, peaking in the

afternoon (usually between 32 and 37°C) before falling
in the afternoon. This directly affects the heat transfer
rate of the drying chamber.

The drying system demonstrated improved thermal
conditions on periods with higher and more constant
solar radiation, which led to higher drying air
temperature and a faster rate of moisture evaporation.
On the other hand, lesser solar intensity led to lower
thermal input, which reduced drying rate.

By reducing the relative humidity of the air and
increasing its moisture-carrying capacity, the effect of
ambient temperature further enhanced the drying
process. The best drying conditions were produced by
the combination of maximum solar radiation and higher
ambient temperature, especially during noon, which is
known to be the most efficient drying period of the day.

3.4 Performance Indicators of Solar Dryer

The effectiveness of the dryer is affected by the mass
flow rate of dry air circulating within the chamber. It is
determined from the psychometric relationship from
Equations (2) and (3) [30]. By considering dry bulb
temperature and relative humidity at inlet (36°C, 63%)
and outlet (43°C, 75%), specific humidity of air at inlet
and outlet has been obtained as 0.02387 and 0.0425 kg
of water/ kg of dry air respectively from Equations (2)
and (3).
Relative humidity of air at the inlet of dryer,

=2 2)
? "R
Specific humidity of air at inlet and outlet of the dryer,
0.622P,
=5 3)
t v

Where, P,, P, P;is the partial pressure of water vapour,
at fully saturated air and atmospheric pressure of air
respectively.

Mass of dry air is evaluated as 684.3 kg by using
Equations (4) and (5). Mass of water to be removed is
calculated as 12.75 kg from Equation (4) [28].

M..
flsh(mfinal—minitial) (4)

M =
100 — mﬁnal

Amount of water to be eliminated from the fish product,
Where, Mjsh, Mpnat, Miniiar is the initial mass of fish
product (20 kg), final (20%) and initial moisture content
(71%) respectively. Mass of dry air,

M

A ©

Mdryair =
Mass flow rate of dry air per second is evaluated as
0.019 kg/sec by taking into consideration 10 hours of
drying time.

The drying rate, drying
efficiency, specific energy consumption, the general
steady state energy balance equation are evaluated by
using Equations (6)-(12) [31]. The maximum drying rate
is calculated as 0.85 kg/hr using Equation (6).

M(t+dt) - M(t) (6)
dt
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where, My+ay and M, are moisture content of food
products at the time period #+d¢ and ¢ respectively.

. . _ M, xL
Drying ef ficiency = IxIxt @)

where M, is the mass of water to be removed from food
products (12.75 kg), L is the latent heat of vaporization
(2260 J/kg), A is the area of the drying chamber (1 m?), I
is solar radiation intensity (700 W/m?), and ¢ is drying
time (18 hours). Drying efficiency is calculated 63.5%
by using Equation (7).

Specific energy consumption (SEC) is the amount
of energy required to remove 1 kg of moisture from the
food products. Specific energy is calculated as 1.005
kWh/kg by using Equation (8).

Erotar IXAXt+PXt

SEC = =
M, M, ®)

where, Ero:q; 1S total energy i.e. sum of total solar
energy and electrical energy (energy required to power
DC blower).

The general steady state energy balance equation
(E) is defined as the sum of energy required for heating
air and total heat loss (Qiss). It is calculated by using
Equations (9), (10) and (11). Total energy balance
equation,

E= Quseful + Qoss )

Total heat loss is sum of conduction, convection and
radiation heat loss.

Qloss = Qconduction + QconuectionJr Qradiation (10)

E =1y X Cy(Top = T)) + My, X L + Qpss (11)

where, m, = mass flow rate of dry air (kg/s)
C, = Specific heat of air (J/kg. K)

Ty, T; = outlet and inlet temperature (K)
M,, = Moisture removal rate (kg/s)

3.5 Comparison of Findings with Similar Research

The present study on forced convection direct-type solar
dryer was evaluated in terms of drying efficiency, drying
temperature, and the results were compared with similar
systems as reported in the literature. The data has been
represented in Table 4. The results demonstrate that, in
comparison to many existing configurations, the system
that was developed has improved thermal performance
and moisture removal capacity. The drying efficiency
and drying temperature of the present study have been
evaluated as 63.5% and 60.3°C, respectively. Previous
studies have generally recorded drying -efficiencies
between 10% and 35% and drying temperatures between
30 and 65°C. The considerably higher efficiency in the
current study can be attributed to increased heat transfer
due to controlled airflow, lower thermal losses, and
better utilization of incident solar radiation.

Overall, the comparative analysis demonstrates that
the present solar dryer's improved efficiency, faster
drying rate, and shorter drying time all indicate the
system design is thermally efficient and appropriate for
real-world drying applications, similar to comparable
systems documented in the literature.

Table 4. Comparison of findings for present study with similar research

Reference Testing condition Type Drying chamber temp (°C)  Drying efficiency (%)
Present Sample: Fish verities; Forced convection 60.3 63.5%
study Mass: 20 kg; Time: 18 h direct type solar
dryer
[32] Sample: Mushroom slices;  Forced convection 43.8 67.66
Time: 9 h solar dryer
[33] Sample: Mango; Indirect type 52 30.9
Mass: 24 kg; Time: 24 h  forced convection
solar dryer
[34] Sample: Guava slices; Indirect type 47.5 6.84
Mass: 800 gm; Time: 14 h  forced convection
solar dryer
[35] Sample: ivy gourd; Indirect type 32-62 7.8
Mass: 800 gm; Time: 13 h  forced convection
solar dryer
[36] Sample: Banana; Direct forced 63.5 22.38
Mass: 1000 gm; Time: 9 h  convection dryer
[37] - Forced convection - 35

direct dryer

4. CFD MODEL

A three-dimensional computer-aided design model of
the dryer was designed utilizing the proper dimensions
through CATIA V5 software. This model is
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subsequently imported into ANSYS Workbench (2021
R2) for study, applying suitable boundary conditions.
The system as a whole is exposed to the environment,
and the domain is considered to be in a steady state with
a constant temperature. Different turbulence models
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anticipate the impact of turbulence flow in CFD
modelling. Four distinct types of turbulence models are
used for the solar dryer simulation study. The models
are (i) standard k-¢, (ii) the RNG #k-¢, (iii) Realizable k-¢,
and (iv) Reynolds stress. Among the above turbulence
models, the k-¢ model is adopted as it is appropriate to
capture turbulence in flow areas with slight pressure
gradient variations. The problem is analyzed under
steady-state conditions, considering a turbulent flow
model. This model is the simplest, with only initial
boundary conditions to be defined. The characteristics of
turbulence in the flow are described by two transport
equations, such as £ and ¢ where k and ¢ stand for
turbulent kinetic energy and kinetic energy dissipation
rate, respectively [38]. A three-dimensional geometry
model of solar dryer is shown in Figure 10. The
necessary steps in the simulation process are

summarized below in the form of a flow diagram, as
illustrated in Figure 11.

000 4350 0700(m)
i 0525

Fig. 10. 3D model of solar dryer

N
Modelling of hybrid solar dryer
using CATIA V5
J
y \
Converting to .igs or .step file
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ANSYS Workbench R21.2
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Fig. 11. Flow diagram of simulation steps.
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Fig. 12. Meshing of solar dryer.

4.1 Mesh Generation

Discretization of the model is one of the important steps
for any simulation study. The model's meshing method
determines how accurate the results are. In the present
work, a fine meshing of the model has been adopted for
the CFD analysis using tetrahedral elements. A grid-

independent test has been performed to get an optimum
value of nodes and elements. The total value of nodes
and elements found from this test is obtained as 44672
and 229036 respectively. Table 5 specifies the details of
the meshing parameters for the CFD model. The
discretized model of the dryer, consisting of tetrahedral
elements, has been presented in Figure 12.
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Table 5. Meshing properties.

Variable

Value

Sizing mesh

Growth range

Size of element

Size of target Element
Average surface area
Inflation Algorithm
Mesh metric
Number of nodes
Number of elements
Type of element
Transition ratio
Element skewness

Coarse
Default (1.2)

(1.9 m)
Default (5.6%°2 m)
1.173e-002 m?
Pre
None
532418
255834
Tetrahedral type
0.272
0.95

Table 6. Boundary conditions and fluid properties.

Input parameter Value
Mass flow rate of air 0.1 kg/s
Air velocity at entry section of the collector 2.86 m/s
Temperature of air at entry section of the drying chamber 302K
Latitude and longitude 20.29°N, 84.89°E
Density of air 1.225 kg/m?
Density of aluminium 2719 kg/m®
Thermal conductivity of air 0.0242 W/mK
Specific heat of air 1006.43 J/kgK
Specific heat of aluminium 871 J/kgK
Thermal conductivity of aluminium 202.4 W/mK
Solar transmissivity factor of glass 1
Absorptivity of the solar ray 0.8
Numbers of iteration 100

4.2 Boundary Conditions

Three-dimensional steady-state conditions were used as
the basis for the simulation used in this work. Reynolds
number is one of the important parameters and decides
the use of a suitable model in the simulation. As
Reynolds number is found to be greater than 2000 in this
study, a turbulence model such as this is most
appropriate. A constant mass flow rate of air of 0.1 kg/s
is being maintained for the fluid flows through the dryer.
It is expected that air's thermophysical characteristics,
such as density, thermal conductivity, and specific heat,
remain constant. The boundary conditions include the
mass flow rate, velocity, and air temperature at the
collector inlet. Values of boundary conditions and fluid
properties have been presented in Table 6.

4.3 Fluid Flow Analysis

Various simulation results, such as temperature,
velocity, mass flux, and solar heat flux, have been
obtained from the simulation study. The temperature
contour for the drying chamber is illustrated in Figure
13, with the air mass flow rate and velocity at 0.1 kg/s
and 2.86 m/s, respectively, during the period of
maximum solar radiation. The contour indicates that the
maximum temperature is 59.8°C just at the base of the
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drying chamber. However, the temperature varies in
various parts of the drying chamber.

Corresponding simulation results for velocity, mass
flux and solar heat flux, are depicted in Figures 14.
Inside the drying chamber, maximum values of velocity,
mass flux, and solar heat flux are determined to be
20.085 m/s, 0.33 kg/sm?, and 624 W/m? respectively, at
a mass flow rate of 0.1 kg/s.

4.4 Mesh Independency Test

By changing the mesh size and level of refinement,
a mesh independence test can be performed to generate
numerical results that are more accurate and consistent
[39]. In ANSYS Workbench 2021R2, the dryer unit's 3D
CAD model has been imported for a steady-state
thermal investigation. According to Figure 15, four-node
tetrahedral elements are used to discretize the model. To
manage the element size and accuracy of the solution, a
mesh independence test has been conducted. Sequential
mesh modifications have been carried out, with the
element number increasing gradually from 188673 to
266039. Figure 15 shows that the curve becomes
virtually flat for the final three meshing, with the
solution variations for the drying chamber temperature
being less than 1%. Therefore, meshing with 255,834
elements and 532,418 nodes was adopted to improve
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solution accuracy, yielding a drying temperature of 4.5 Comparative Analysis of Experimental and
332.8 K. Simulated Outcomes of the Drying Chamber

Findings from a comparison analysis evaluating solar
heat flux from experiments and simulations are shown in
Figure 16. Observations for the aforementioned
parameters were measured hourly between 10 AM and 4
PM. The highest solar heat flux at 1 PM recorded from
the experiment and simulation is determined as 633 and
624 W/m?, respectively. From the comparison graph, it
is found that there is a minimum error rate of 1% at 10
A.M. and maximum error rate of 5% at 4 P.M. occurred
and it is a good correlation between the simulation and
experiment results.

340
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Fig. 15. Mesh independent test of drying chamber
temperature.
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Fig. 16. Comparison of experimental and simulation
results.

5. CONCLUSION

e The improved forced convection direct type
fish solar dryer achieved drying efficiency and

- =i drying rate as 63.5% and 0.85 kg/h
respectively, demonstrating efficient use of
Fig. 14. A. Velocity contour, B. Mass flux contour, C. Solar incident solar energy.

heat flux contour of solar dryer.
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e The percentage of mass reduction under forced

convection, open sun drying, and natural
convection solar drying is determined to be 50,
22, and 41%, respectively, demonstrating an
enhanced moisture removal rate due to
improved convective heat transfer rate.

e According to the experimental results, the
drying chamber temperature increase of 20—
25°C over ambient is essential for faster drying
rates.

e The market value of the conventional way of
drying tiny prawns is 350 INR per kg; however,
the sale of prawns dried in solar dryer has a
70% advantage over traditional methods with
prices up to 450 INR.

e A nonlinear regression analysis using
MATLAB R2024a has been conducted on the
experimental data. The coefficient of
determination (R2) values for the 1st, 2nd, and
3rd day is obtained as 99.5%, 99.47%, and
99.3% respectively, which shows that there is
good correlation between parameters.

e The Computational Fluid Dynamics (CFD)
simulations closely matched experimental
results, evaluating the model's effectiveness in
predicting airflow and temperature variation
within the dryer. There is strong consistency
between the simulated and experimental
temperatures, maintaining an error rate below
1%; for solar heat flux, the variation is within
the range of 1-5%.

The forced convection direct-type solar fish dryer
demonstrated

significantly improved thermal

performance compared to traditional open sun drying
methods, leading to reduced drying time and improved
product quality.

Further study can be extended by evaluating

performance under different climate conditions and
drying various food products. The experimental study
can be further conducted by using thermal energy
storage systems (TES) to facilitate drying at night or
during periods of insufficient solar radiation. CFD
modelling can be improved by including transient
analysis.
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