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Abstract: In this study, the finite volume method was used to evaluate the thermal performance
of a flat-plate solar collector used to dry agricultural crops. A 3D numerical model was created
and used to predict the outlet air velocities and temperatures for three inlet air velocities. When
compared with experimental measurements, the numerical predictions showed good agreement
under all testing conditions. Then, the numerical model was used to predict the internal airflow and
heat transfer characteristics of the collector. The internal baffles were found to increase the dwell time
and efficiency but also promote flow separation, which resulted in flow loss. In addition, the collector
has a transparent cover that results in a substantial heat loss, which can be mitigated by adding a
vacuum gap between the flow inside the collector and the cover. Increasing the flow rate increased
the heat loss and decreased the heat uptake, which decreased the temperature difference between the
inlet and outlet of the collector. Because the heat was lost through long-wavelength radiation via the
transparent cover and sidewalls, coating the absorber plate with black matte paint to increase the
solar radiation absorption coefficient did not improve the drying performance.

Keywords: flat-plate solar collector; drying; 3D numerical modeling; agricultural crops

1. Introduction

In tropical and subtropical countries, the most popular method for preserving agri-
cultural crops is by drying them. Drying agricultural products in many of these countries
depends on exposing them to direct sunlight. Although this method is considered to be
low cost, it has several disadvantages, the most prominent one being that these products
are affected by dust, humidity, wind, and direct sunlight, which ultimately affects their
quality and quantity as animals, birds, and insects often feed on them [1,2]. In order to
overcome the disadvantages associated with open sun drying, many experimental studies
have been implemented to dry agricultural products using several types of solar dryers.
These devices accumulate solar radiation to a dry product in a dedicated structure. Unlike
open sun drying, solar dryers can speed up the drying process by raising the air tempera-
ture, reducing the relative humidity, and increasing the air velocity in some types. It also
protects the product from atmospheric influences such as dust, insects, and birds, which
preserves its quality [3].

Solar dryers can be classified according to the air movement as passive (i.e., natural air
circulation) and active (i.e., forced convection) and according to the mode of heat transfer as
direct, indirect, mixed, and hybrid [3]. Direct solar dryers are usually developed by farmers
using locally available materials. Examples of such solar dryers include box, cabinet, and
tent dryers, which use a transparent cover to reduce heat losses and protect the drying
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crop from rain and dust. Indirect solar dryers comprise a solar collector and dryer cabinet.
The solar collector collects heat from the sun that passes onto the dryer cabinet where the
crops are dried. Mixed-mode dryers use a solar collector as well as a drying cabinet with a
transparent cover [4]. Lastly, hybrid solar dryers use the solar collector as a supplemental
heat source with another heat source, such as thermal storage, an auxiliary heating unit
(e.g., electric, biomass, gas, and diesel), geothermal power or wastewater, photovoltaics, a
heat pump, a chemical heat pump, or a dehumidification system [5–7]. Table 1 compares
the advantages and disadvantages of these types of dryers.

Table 1. Advantages and disadvantages of different types of solar dryers [3].

Dryer Type Advantages Disadvantages

Direct
Simple in construction, low cost, easy for loading

and unloading products, protects agricultural
products from dust and rain, and simple to operate.

Low capacity

Indirect
Higher drying rate than direct dryers, higher quality
of dried products, good drying efficiency suitable for

small farms
High capital cost

Passive Simple to install and low capital and running costs Low capacity
Active Shorter drying period than a passive dryer More complex and expensive than a passive dryer

Mixed
Solar energy is incident on both the solar collector
and drying chamber, high drying rate, and high

drying efficiency
High capital cost

Hybrid Can operate during the absence of solar radiation,
faster drying rate than passive and active dryers Expensive and still depends on fuel/gas

Even though solar dryers are beneficial for drying agricultural produce, a proper
and optimal solar dryer design is required to improve product drying, save energy, and
lower the cost of dried goods [8]. Solar dryer efficiency has been enhanced by numer-
ous techniques, including changing the collectors’ structural design [8–12], operating
conditions [11,12], glass cover type [11], and geometry and material of absorber plate
(Lu et al.) [9,13,14]. Several studies have used numerical simulations to optimize the ther-
mal efficiency of flat-plate solar dryers. Bei et al. [10] used numerical simulations to analyze
the operating conditions of flat-plate solar collectors in series and discussed the impact
of the tube spacing and diameter on the thermal efficiency and water yield per unit area
under the unsteady heat transfer condition. Kong et al. [12] optimized the thermal per-
formance of a flat-plate solar collector by establishing a steady-state mathematical model
and by analyzing the effects of operating, environmental, and structural parameters on the
instantaneous efficiency. Lu et al. [13] introduced an efficiency factor and built a mathe-
matical model for flat-plate solar collectors, which they used in computer simulations to
study the impact of the absorber plate material and geometry on the thermal performance.
Alvarez et al. [15] used the finite element method to establish a mathematical model of a
bellows-type flat-plate solar collector, which they compared with experimental results for
verification purposes. Dagdougui et al. [11] conducted simulations to analyze the impact
of the glass cover type and layers on top of the collector on the heat loss. They optimized
the design of the collector in terms of the size and the tube diameter and spacing. They
also determined the optimal mass flow of the working fluid by setting an objective function
that maximized the collector efficiency and outlet temperature. Molero Villar et al. [16]
performed numerical simulations to analyze the thermal performance of parallel-pipe flat-
plate solar collectors under the condition of non-uniform flow. Selmi et al. [17] compared
the numerical and experimental results of solar collectors. Hu et al. [9] established a nu-
merical model, which they used to explore the effects of different operating and structural
parameters on the thermal efficiency of flat-plate solar collectors. Manoram et al. [14]
performed a CFD study on the influence of V-shaped struts and their relative roughness
pitch parameter on the thermal efficiency of solar collectors as well as Nusselt number
and friction factor. Singh et al. [18] studied an indirect-type solar dryer. A CFD simulation
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was employed to model and simulate the solar dryer to obtain the dynamic and thermal
performances of the dryer at different mass flows. Furthermore, Behera et al. [19] discussed
the design and analysis of a hybrid-type solar dryer for drying tomatoes and bread toast.
A CFD simulation was performed using the ANSYS Fluent Workbench (2021 R2), which
was then validated using experimental results. Iranmanesh et al. [20] performed a CFD
simulation and experimental investigation of a solar cabinet dryer equipped with a heat
pipe evacuated tube solar collector and thermal storage system to obtain the thermal per-
formance and efficiency. Moreover, the CFD simulation of the thermal storage and drying
systems was performed to predict the thermal behavior of the fluid inside the storage
system with and without PCM with higher precision (R2 > 0.95).

Two common numerical techniques used for the solution of fluid-based partial dif-
ferential equations are as follows: the finite element method (FEM) and finite volume
method (FVM). Both methods are based on discretizing the domain and developing a
global assembled solution to the given problem [21]. However, FVM is better suited to
problems concerned with the conservation of mass, energy, or momentum, such as fluid-
based problems. Moreover, this is in addition to the flexibility of FVM at handling complex
shapes compared with FEM, with less issues related to conversion. FVM is also based on
the integral form of the conservation laws rather than their differential form. This results in
more accuracy and stability for sharp gradients inside a domain, which is more suitable for
fluid dynamics simulations. FVM can be computationally more expensive than FEM and
needs finer discretization at the corners. Thus, FVM is justified for the current modeling
of the flat solar collector when considering the achieved accuracy and simplicity of the
developed model.

In this study, the finite volume CFD method was used to investigate the thermal per-
formance of a flat-plate solar collector for drying agricultural crops. A baffle-type flat-plate
solar collector was fabricated, and the thermal performance was measured under different
conditions of inlet air velocities and under different environmental conditions of surround-
ing temperature and relative humidity. Then, a 3D numerical model was developed and
compared with the experimental results for validation. The model was then applied to
evaluate the internal airflow and heat transfer characteristics of the solar collector.

2. Methodology
2.1. Experiment
2.1.1. Structure of the Flat-Plate Solar Collector

Figure 1 shows the fabricated flat-plate solar collector, which had dimensions of
0.6 × 0.6 × 0.1 m. Five internal baffles, each with a length of 0.09 m, were set evenly to
divide the collector into six channels to increase the dwell time of the airflow and improve
the heat-collecting efficiency. A single acrylic glass cover with an emissivity coefficient of
0.92 was set 0.1 m above the absorber plate with a thickness of 6 mm. The absorber plate,
sidewalls, and baffles were all composed of aluminum with a solar radiation absorption
coefficient of 0.30. In the second stage of the experiment, the collector was coated with
black matte paint, which increased the solar radiation absorption coefficient to 0.95 (±0.02).
An electrical air blower was attached to the outlet of the collector to suck air through a
circular inlet duct with a diameter of 0.076 m and force it along the serpentine path before
it exited from the outlet.

2.1.2. Experimental Setup

The solar collector was installed in an open area near the College of Agricultural
and Marine Sciences at Sultan Qaboos University, Oman (23.5896◦ N, 58.1735◦ E). The
experiment was run in two different stages. In the first stage, the polished absorber plate
was used as is. In the second stage, the absorber plate was coated in black matte paint. For
both stages, the solar collector was run at three different inlet air velocities: 1.14, 1, and
0.41 m/s. Each velocity was tested on a different date, as shown in Figure 2.
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Figure 2. Experimental setup for the flat-plate solar collector: (a) polished absorber plate and
(b) absorber plate coated with black matte paint.

During the experiment, the average wind and heat flux were collected from the
weather station at Sultan Qaboos University. Twelve thermocouples (TT-T-22-SLE-1000,
OMEGA Norwalk, CT, USA) were used to measure the air temperature and surface tem-
perature at different locations of the solar collector (six thermocouples inside each channel,
two thermocouples on the surface of the absorber plate, two thermocouples at the inlet and
outlet of the collector, and two thermocouples on the surface of the transparent cover). The
thermocouples were connected to a data logger (CR3000, Campbell Scientific, Logan, UT,
USA), which recorded the temperature data every 20 min. To eliminate the effect of direct
solar radiation on the temperature measured by the thermocouples, they were protected
by perforated housing composed of polystyrene foam material that still allows air to pass
through. A flange bilge-type centrifugal air blower (TMC, Eveleigh, NSW, Australia) was
used to circulate air inside the collector. The blower was rated at 12 V dc, 36 W, and had a
maximum air induction of 150 m3/h. It was installed at the inlet of the collector. A motor
velocity-controlling circuit was developed to control the blower power and thus the inlet
air velocity into the collector. Figure 3 shows the relationship between the blower input
power and inlet air velocity inside the collector. The air velocity inside the collector was
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measured using a digital anemometer (HHF-SD1, OMEGA, Norwalk, CT, USA). Table 2
lists the specifications of the measuring devices used in the experiment.
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Table 2. Specifications of measurement devices used in the experiment.

Measurement Device Parameter Model Company/Country Precision

Thermocouple Temperature TT-T-22-SLE-1000 OMEGA/Norwalk/CT/USA ±1 ◦C
Digital anemometer Air velocity HHF-SD1 OMEGA/Norwalk/CT/USA ±(5% of reading + 0.1 m/s)
Wind speed sensor Wind speed 034B-ET Campbell Scientific/Logan/UT/USA ±1.1% of true reading

Pyranometer Heat flux CS305-ET Campbell Scientific/Logan/UT/USA ±5% for daily total radiation
Temperature/RH probe Relative humidity HMP60-ETS Campbell Scientific/LoganUT/USA ±5% of reading

2.2. Numerical Model
2.2.1. Geometry and Mesh

A three-dimensional numerical model of the flat-plate solar collector was developed.
The actual dimensions of the geometry were used, and a mesh of the fluid domain was
created in ANSYS FLUENT V12.0 with a hexahedron structure, as shown in Figure 4. The
total grid number after the grid independence test was set to 16,904.
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2.2.2. Turbulence, Boundary Conditions, and Material Properties

The airflow inside the collector was considered turbulent. Hence, the realizable k–ε
turbulence model was selected for the inlet velocities of 1.14 and 1 m/s, and a laminar
flow was considered for the inlet air velocity of 0.41 m/s. The air was considered an in-
compressible ideal gas, and the density was calculated by using the Boussinesq hypothesis.
The walls were treated as stationary and no-slip boundaries. Table 3 presents the specific
boundary conditions for each wall and the material properties. The numerical model was
based on the following assumptions:

• Heat losses from the lateral and bottom sides can be disregarded.
• The baffles and lateral sides are adiabatic, and no heat transfer occurs between the

baffles and absorber plate.
• The effects of the measurement sensors on the flow field can be disregarded.
• No air leaks.
• The collector chamber is perpendicular to the heat flux (i.e., solar radiation).

The numerical model was solved by using the commercial software of ANSYS FLUENT
V12.0. FVM was used to discretize the governing equations. The second-order upwind
scheme was used to discretize the energy and momentum equations, and the first-order
upwind scheme was used to discretize the turbulent kinetic energy and dissipation rate.
The SIMPLE algorithm was used to find the numerical solution.

Table 3. Boundary conditions and material properties.

Location Boundary Condition Material Property

Inlet Velocity inlet -
Outlet Pressure outlet -

Absorber plate Heat flux
Cp = 900 J/(kg K)
ρ = 2.719 g/cm3

λ = 202.4 W/(m K)

Transparent cover Mixed boundary condition
Cp = 1260 J/(kg K)
ρ = 1.185 g/cm3

λ = 0.19 W/(m K)

Baffles Heat flux = 0 W/m2
Cp = 900 J/(kg K)
ρ = 2.719 g/cm3

λ = 202.4 W/(m K)
Air - Boussinesq approximation

Cp = Specific heat capacity, ρ = density, λ = thermal conductivity.

2.2.3. Mesh Sensitivity Analysis

The mesh size of the elements was determined according to the error percentages of
the predicted outlet temperature and velocity. Table 4 presents the input parameters of the
three inlet air velocities. The outlet temperature and outlet air velocity were computed at
different mesh sizes of 1.2–6 cm for the different inlet air velocities. The error percentages
of the outlet air velocity and temperature were then calculated as follows:

Error % (Outlet Air Temperature) =
|Tout(Experiment)− Tout(Model)|

Tout(Experiment)
× 100 (1)

Error % (Outlet Air Velocity) =
|Vout(Experiment)−Vout(Model)|

Vout(Experiment)
× 100 (2)

Table 4. Input parameters for different inlet air velocities.

Input Parameters
Inlet Air Velocity (m/s)

1.14 1 0.41

Inlet temperature (◦C) 34.66 36.25 37.15
Heat flux (W/m2) 319.36 778.63 806.35

Heat transfer coefficient (W/m2 K) 20.39 16.39 19.60
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2.2.4. Model Validation

For model validation, simulations were carried out to predict the outlet temperature
and velocity, and the predicted values were compared with the experimental results. The
input parameters used for the steady-state simulation were collected by running the flat-
plate solar collector at different inlet velocities and inlet temperatures on different days.
The simulation conditions were set to mimic the measured data collected from 11:00 a.m.
to 5:00 p.m. The solar flux of the heat collector plate in the simulation was taken as the
solar radiation intensity through the 6 mm thick glass cover corrected by the emissivity
coefficients of the glass cover and absorber plate. The convective heat transfer coefficient for
the external airflow over the glass cover surface was estimated by using the experimental
correlation of McAdams [22]:

hext = 5.7 + 3.8u (3)

where hext is the convective heat transfer coefficient for the external flow (W/(m2 K)) and u
is the wind velocity (m/s). The other input parameters (i.e., solar radiation and average
wind velocity) of each experimental date were retrieved from a nearby weather station at
Sultan Qaboos University. Table 5 presents the measured and calculated input parameters
for different inlet air velocities with the polished absorber plate. Table 6 presents the input
parameters after the absorber plate was coated with black matte paint.

Table 5. Measured and calculated parameters with the polished aluminum absorber plate at different
inlet air velocities.

Inlet Air
Velocity

(m/s)
1.14 1 0.41

Time Heat Flux
(W/m2)

Heat
Transfer

Coefficient
(W/m2-K)

Inlet Air
Temperature

(◦C)
Heat Flux

(W/m2)

Heat
Transfer

Coefficient
(W/m2-K)

Inlet Air
Temperature

(◦C)
Heat Flux

(W/m2)

Heat
Transfer

Coefficient
(W/m2-K)

Inlet Air
Temperature

(◦C)

11:00 a.m. 762.7 18.2 37.1 778.6 16.4 36.3 773.8 14.4 38.5

12:00 p.m. 850.2 21.0 37.0 861.6 18.1 37.3 850.7 20.6 37.4

1:00 p.m. 859.8 22.4 35.6 875.2 21.7 37.0 868.6 21.0 37.1

2:00 p.m. 792.3 23.0 35.8 820.5 22.2 35.8 806.4 19.6 37.2

3:00 p.m. 618.4 24.3 35.1 695.8 21.9 35.5 691.6 19.9 37.3

4:00 p.m. 516.7 23.3 34.8 528.2 20.3 35.7 521.0 20.4 36.8

5:00 p.m. 319.4 20.4 34.7 326.6 18.2 36.0 312.9 18.6 36.1

Note: Average of measurements taken for the 3 days of 17 July, 29 July, and 15 September 2019.

Table 6. Measured and calculated parameters with the absorber plate coated by black matte paint at
different inlet air velocities.

Inlet Air
Velocity

(m/s)
1.14 1 0.41

Time Heat Flux
(W/m2)

Heat
Transfer

Coefficient
(W/m2-K)

Inlet Air
Temperature

(◦C)
Heat Flux

(W/m2)

Heat
Transfer

Coefficient
(W/m2-K)

Inlet Air
Temperature

(◦C)
Heat Flux

(W/m2)

Heat
Transfer

Coefficient
(W/m2-K)

Inlet Air
Temperature

(◦C)

11:00 a.m. 588.9 14.5 28.3 591.2 13.5 27.9 588.9 14.5 29.0
12:00 p.m. 671.5 14.2 30.5 682.0 12.5 31.8 671.5 14.2 31.6
1:00 p.m. 670.1 16.2 34.9 705.6 14.9 33.8 670.1 16.2 36.0
2:00 p.m. 630.7 20.2 34.2 624.8 17.6 33.6 630.7 20.2 34.4
3:00 p.m. 527.2 21.4 32.2 533.2 18.9 34.9 527.2 21.4 35.4
4:00 p.m. 367.4 21.9 30.1 363.7 19.2 32.9 367.4 21.9 32.5
5:00 p.m. 177.7 21.0 28.3 186.0 18.0 29.2 177.7 21.0 28.9

Note: Average of measurements taken for the 3 days of 9 and 22 December 2019 and 22 January 2020.

3. Results and Discussion
3.1. Mesh Selection

Figure 5 shows the effect of the mesh size on the error percentage of the outlet temper-
ature. At an inlet air velocity of 0.41 m/s, the error percentage remained steady regardless
of mesh size. At an inlet air velocity of 1 m/s, the error percentage decreased from 7% at a
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mesh size of 6 cm to 0.2% at a mesh size of 1.2 cm. At an inlet air velocity of 1.14 m/s, the
error percentage decreased from close to 2% at a mesh size of 6 cm to 0.9% at a mesh size of
1.2 cm. Figure 6 shows the effect of the mesh size on the error percentage of the outlet air
velocity. Reducing the mesh size from 6 cm to 1.2 cm decreased the error percentage from
100% to 6.1%, 4.8%, and 2.5% for inlet air velocities of 1.14, 1, and 0.41 m/s, respectively.
Because a mesh size of 1.2 cm resulted in the smallest error for both the outlet temperature
and air velocity, the mesh size of the model was set to 1.2 cm.
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Figure 5. Error percentage of the outlet temperature according to mesh size at different inlet air
velocities (note: average of measurements taken for the 3 days of 17 July, 29 July, and 15 Septem-
ber 2019 at 5:00 p.m., 11:00 a.m., and 2:00 p.m. for inlet air velocities of 1.14 m/s, 1 m/s, and
0.41 m/s, respectively).
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Figure 6. Error percentage of the outlet air velocity according to mesh size at different inlet air
velocities (note: average of measurements taken for the 3 days of 17 July, 29 July, and 15 Septem-
ber 2019 at 5:00 p.m., 11:00 a.m., and 2:00 p.m. for inlet air velocities of 1.14 m/s, 1 m/s, and
0.41 m/s, respectively).

3.2. Model Validation
3.2.1. Outlet Temperature

Tables 7 and 8 present the experimental and predicted values outlet temperatures at
different inlet air velocities with the polished and black matte absorber plates, respectively.
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Figures 7 and 8 show the error percentages of the measured and predicted outlet tempera-
tures with the polished and black matte absorber plates, respectively. With the polished
absorber plate, the maximum error percentages were 4.2% (at 4:00 p.m.), 6% (at 3:00 p.m.),
and 7.8% (at 5:00 p.m.) for inlet air velocities of 1.14, 1, and 0.41 m/s, respectively. With
the black matte absorber plate, the maximum error percentages were 4.4% (at 2:00 p.m.),
8.5% (at 5:00 p.m.), and 7.1% (at 5:00 p.m.), for inlet air velocities of 1.14, 1, and 0.41 m/s,
respectively. Overall, the error percentages between the measured and predicted output
temperatures remained below 10% throughout the measurement period. With the polished
absorber plate, the average error percentages at the different inlet air velocities were 1.5%,
2.4%, and 4.3%, respectively, while the average error percentages with the black matte plate
were 3.2%, 3.9%, and 4.4%, respectively. The error percentage was lowest at the highest air
inlet air velocity with both the polished and black matte absorber plates. The black matte
absorber plate resulted in a higher average error percentage than the polished absorber
plate at all inlet air velocities.

Table 7. Experimental and predicted outlet temperatures with the polished absorber plate at different
inlet air velocities.

Inlet Air
Velocity

(m/s)
1.14 1 0.41

Experiment Model Experiment Model Experiment Model

Time Tout (◦C) Tout (◦C) Error% Tout (◦C) Tout (◦C) Error% Tout (◦C) Tout (◦C) Error%

11:00 a.m. 40.8 40.9 0.3 41.9 41.9 0.0 53.1 54.6 3.0
12:00 p.m. 41.0 41.3 0.8 43.3 43.1 0.5 52.1 53.8 3.3
1:00 p.m. 40.6 39.9 1.7 43.0 42.9 0.3 52.0 53.8 3.5
2:00 p.m. 39.6 39.5 0.4 42.6 41.2 3.2 52.3 52.9 1.1
3:00 p.m. 41.0 39.9 2.8 42.8 40.2 6.0 47.9 50.8 6.0
4:00 p.m. 40.3 38.6 4.2 41.3 39.2 5.1 44.5 46.9 5.4
5:00 p.m. 36.2 36.2 0.1 37.4 38.1 2.0 39.3 42.3 7.8

Table 8. Experimental and predicted outlet temperatures with the absorber plate coated by black
matte paint at different inlet air velocities.

Inlet Air
Velocity

(m/s)
1.14 1 0.41

Experiment Model Experiment Model Experiment Model

Time Tout (◦C) Tout (◦C) Error% Tout (◦C) Tout (◦C) Error% Tout (◦C) Tout (◦C) Error%

11:00 a.m. 32.8 32.1 2.0 32.1 32.1 0.1 39.9 37.7 5.6
12:00 p.m. 33.8 34.8 3.0 34.6 33.4 3.5 42.6 41.6 2.4
1:00 p.m. 34.4 35.9 4.3 35.2 35.3 0.4 43.7 45.3 3.8
2:00 p.m. 33.5 35.0 4.4 34.7 34.7 0.1 42.5 41.3 2.8
3:00 p.m. 31.6 32.9 4.1 33.5 35.6 6.3 39.6 41.1 3.9
4:00 p.m. 30.1 30.5 1.4 30.8 33.4 8.3 34.6 36.4 5.2
5:00 p.m. 27.5 28.5 3.6 27.2 29.5 8.5 28.8 30.8 7.1
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Figure 7. Error percentage of the outlet temperature with the polished absorber plate at different
inlet air velocities.
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Figure 8. Error percentage of the outlet temperature with the absorber plate coated with black matte
paint at different inlet air velocities.

3.2.2. Outlet Air Velocity

Table 9 presents the experimental and predicted outlet air velocities at different inlet
air velocities. The error percentages at inlet air velocities of 1.14, 1, and 0.41 m/s were 6.1%,
4.8%, and 2.5%, respectively. The error percentages were below 7%, which indicates good
agreement between the measured and predicted values. Thus, the experimental results
confirmed the validity of the numerical model.
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Table 9. Error percentage of the experimental and predicted outlet air velocities.

Inlet Air Velocity
(m/s)

Outlet Air Velocity
(m/s)

Outlet Air Velocity
(m/s) Error%

Experiment Model

1.14 0.49 0.46 6.1
1 0.42 0.4 4.8

0.41 0.18 0.18 2.5

3.3. Internal Flow and Heat Transfer Characteristics of the Flat-Plate Solar Collector

The model was used to analyze the internal flow and heat transfer characteristics of
the collector. The following input parameters were set: an inlet air velocity of 1.14 m/s,
heat flux of 762.7 W/m2, heat transfer coefficient of 18.2 W/m2-K, and inlet air temperature
of 37.1 ◦C. The streamlines and temperature contours were mapped at the midsection of the
flat-plate collector (z = 0.05 m) to minimize the influence of the solid walls. Figure 9a shows
that the flow pattern in the collector was simple and directional. Flow separation occurred
when the airflow was deflected 180◦ at the ends of the baffles, especially at the 90◦ internal
corners, which resulted in flow loss in the first three channels. The temperature distribution
was significantly influenced by the flow pattern. Figure 9b shows that the temperature of
the airflow gradually increased as it moved along the channels. The temperature of the
airflow was higher in channels 4–6 because the flow separation was reduced inside these
channels, and the airflow became more directed.
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3.4. Effect of the Inlet Air Velocity

The change in temperature between the inlet and outlet (∆T) of the collector was
analyzed at different inlet air velocities. Figure 10 shows that ∆T was lowest at an inlet
air velocity of 1.14 m/s with a maximum value of 5.9 ◦C at 3:00 p.m. At an inlet air
velocity of 1 m/s, the maximum ∆T was 7.2 ◦C at 3:00 p.m. At an inlet air velocity of
0.41 m/s, the ∆T was largest with a maximum value of 15.2 ◦C at 2:00 p.m. These results
indicate that ∆T increased with decreasing inlet air velocity because of the increased heat
gain absorbed by the airflow inside the collector compared with heat loss through the
transparent top cover. Theoretically, according to Equation (4), an increase in air flow
increases the thermal efficiency of the device; however, this is negated by a decrease in
outlet air temperature caused by the brief duration of heat exchange between the air and
absorber plate. This result concurs with that of Dagdougui et al. [11], who discovered
that the average temperature of the water exiting the solar heater decreases as the water
flow increases. According to the authors, to address this issue, the optimal flow rate of
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the working fluid must be determined based on the system’s size and design objectives
to achieve the highest outlet fluid temperature with the highest thermal efficiency. This is
possible via optimization procedures.
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Figure 10. Change in temperature (∆T) at different inlet air velocities.

3.5. Solar Collector Efficiency

The thermal efficiency of a flat-plate solar collector can be described as a function of the
absorber area, incident radiation, and useful power [23], which can be affected by factors
such as the geographic location, collector size, and humidity, velocity, and temperature of
the surrounding air [24]. The thermal efficiency of the collector was calculated for both the
polished and black matte absorbers:

η = ma cp (Tout − Tin)/Ac I (4)

where η is the thermal efficiency (%), ma is the airflow rate (kg/s), cp is the specific heat of
air (J/kg K), Tout is the outlet air temperature (◦C), Tin is the inlet air temperature (◦C), Ac
is the area of the collector (m2), and I is the solar radiation (W/m2).

Figure 11 shows the thermal efficiency curves with the polished and black matte
absorbers at different inlet air velocities. At an inlet air velocity of 1.14 m/s, the collector
with the polished absorber had a thermal efficiency of 0.2 between 11:00 a.m. and 2:00 p.m.,
which increased to 0.34 and 0.39 at 3:00 p.m. and 4:00 p.m., respectively. The collector with
the black matte absorber had a thermal efficiency of 0.2 between 11:00 a.m. and 12:00 p.m.,
which then decreased with time and reached −0.15 at 5:00 p.m. At an inlet air velocity
of 1 m/s, the thermal efficiency of the collector with the polished absorber had a thermal
efficiency of 0.2 between 11:00 a.m. and 2:00 p.m., which increased to 0.28 and 0.29 at
3:00 p.m. and 4:00 p.m., respectively. The collector with the black matte absorber had a
thermal efficiency of 0.2 at 11:00 a.m., but the efficiency decreased to −0.3 at 5:00 p.m. At
an inlet air velocity of 0.41 m/s, the thermal efficiency of the collector with the polished
absorber had a thermal efficiency of 0.23 at 11:00 a.m., which decreased to 0.12 at 5:00 p.m.
The collector with the black matte absorber had a thermal efficiency of 0.23 at 11:00 a.m.,
which decreased to 0.009 at 5:00 p.m. The results revealed that the black matte absorber
plate with higher emissivity exhibited lower thermal efficiencies than the rough polished
aluminum plate. This result is consistent with Tao et al. [25], who found that increasing the
emissivity of the absorber plate of a flat-plate solar collector reduced its thermal efficiency
due to the increase in thermal radiation losses back to the top cover. This is also consistent
with the findings of Kong et al. [12] and Dagdougui et al. [11], who discovered that the
solar collector’s top heat loss was reduced when a second cover was added; furthermore,
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combining Plexiglas and glass improved the collector’s efficiency. Furthermore, utilizing
a double-layered transparent cover with a vacuum gap between layers would enhance
insulation and reduce heat transfer between the absorber plate and the transparent cover,
thereby reducing losses in our design.
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3.6. Effects of Environmental Conditions

• Figures 12–14 show the effects of the surrounding air temperature on the thermal
efficiency of the solar collector with both the polished and black matte absorbers at
different inlet air velocities. At all inlet air velocities, the thermal efficiency showed a
negative correlation with the surrounding air temperature with both types of absorbers.
In other words, the thermal efficiency decreased with increasing temperature of the
surrounding air. This is consistent with Equation (4) because a small ∆T reduces
thermal efficiency and vice versa. However, this contradicts the results reported
by Kong et al. [12], who discovered that a high ambient temperature significantly
increases the solar collector’s thermal efficiency. This discrepancy in results could
be attributed to the different solar collector designs and experimental conditions
employed in the two studies. Figures 15–17 show the effects of the relative humidity
on the thermal efficiency. For the collector with the polished absorber, the thermal
efficiency decreased as the relative humidity increased. For the collector with the black
matte absorber, the thermal efficiency increased with the relative humidity. However,
the collector showed a higher thermal efficiency with the polished absorber than with
the black matte absorber for a given temperature and relative humidity. The highest
thermal efficiency was obtained at an inlet air velocity of 1.14 m/s. This is because a
higher inlet air velocity increases the volumetric airflow rate inside the collector, which
increases the flow resistance and hence the convective heat transfer coefficient. This
increases the rate of heat gain through the airflow from the absorber plate and reduces
heat loss through radiation from the transparent cover. High ambient temperature and
relative humidity were found to decrease the collector’s thermal efficiency. This can
be explained by considering that air with a high humidity has a higher heat capacity
than air with a low humidity, necessitating a greater amount of heat energy to raise
its temperature.
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4. Conclusions

• A 3D numerical model of a flat-plate solar collector was developed and validated. The
validated model was then used to analyze the flow and heat transfer characteristics
of the collector. The design of the flat-plate solar collector used in this study was
distinct from the ones developed and tested in the literature (closed-tube collectors
in [16,17] and a corrugated channel with a high surface area in [15]), featuring the use
of baffle-type channels that direct the working air through the flat-plate solar collector,
with air being in direct contact with the bottom absorber plate and top transparent
cover. Furthermore, unlike previous studies, this study also investigated the effect of
three inlet air velocities (air flow rates) and the surrounding relative humidity on the
thermal efficiency of the flat-plate solar collector.

• The results showed that the internal baffles of the solar collector increased the air dwell
time inside the channels of the collector and improved its thermal efficiency. However,
they also caused flow separation, which resulted in flow losses in the first three
channels. Optimizing the width of the first channel can improve the heat exchange
between the absorber plate and airflow and thus improve the thermal efficiency of the
solar collector. The results also indicated that the transparent cover through which
the collector acquired heat was also the primary source of heat loss, with an average
loss of −45.30 W/m2 as calculated by the numerical model. This is due to longwave
radiation emitted from the absorber plate back through the transparent cover as well
as heat loss from improperly insulated sidewalls. To address this issue, utilizing a
double-layered transparent cover with a vacuum gap between layers would enhance
insulation and reduce heat transfer between the absorber plate and the transparent
cover, thereby reducing losses in our design. This study also revealed that increasing
the inlet air velocity (or flow rate) increases the flow resistance. Thus, the convective
heat transfer coefficient increases as more heat radiated from the absorber plate is
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absorbed by the air as opposed to being lost, resulting in an increase in the thermal
efficiency of the collector. However, the experimental results demonstrated that ∆T
decreases as the flow rate increases due to an increase in heat loss, which reduces
heat gain. The results also demonstrated that high ambient temperature and relative
humidity were found to decrease the collector’s thermal efficiency. Finally, increasing
the absorber plate’s emissivity with black matte coating did not enhance its thermal
efficiency. Conversely, it was determined in every experiment that the thermal efficacy
of the black matte-coated absorber plate was lower than that of the rough polished
aluminum absorber plate.
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