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Abstract: In the present study, a numerical simulation and optimization combined approach
is applied to investigate the thermal performance of a solar air heater (SAH). Numerical
simulation of the solar air heater is performed based on computational fluid dynamics
(CFDs) via ANSYS Fluent 2023R1 software. The solar air heater includes a corrugated
absorber plate with a Chevron-type design. Present study was conducted in Al-Kharj,
Saudi Arabia on August 15. The optimization process is used to enhance the thermal
efficiency of the solar system. In the optimization process, several geometric parameters of
the solar air heater, including the wave height and pitch length of the corrugated absorber
plate and the height of the airflow channel under the absorber plate, have been evaluated.
The wave height is between 10 and 20 mm, the pitch length is between 50 and 90 mm, and
the channel height is between 70 and 90 mm. Therefore, the design of experiment (DOE)
and response surface methodology (RSM) are utilized to estimate temperature rise and
thermal efficiency. The thermal analysis shows that increasing the wave height, decreasing
the pitch length, and shortening the channel height enhances both the temperature rise
coefficient and the thermal efficiency.
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1. Introduction

In recent decades, the world has tended towards sustainable energy, caused by rising
environmental concerns and finite fossil energy resources. So, utilizing renewable and
sustainable energy has become a global necessity [1,2]. Compared to renewable energy
sources, solar energy has become the leading choice because of its wide availability, freeness,
and capability to be used in various applications [3,4]. Solar systems are one of the highly
efficient ways to employ solar energy sources. For example, there are different solar collector
designs, from flat plate to evacuated tube, parabolic compound to parabolic dish, etc. [5,6].
However, solar air heaters (SAHs) are known as one of the most widely used solar heating
systems [7,8]. Due to their uncomplicated design, SAHs are cost-effective and widely
popular as collection devices. These heat devices are utilized in various applications, from
heating buildings to industrial processes [9,10]. There are different types of solar air heaters
in diverse configurations. Solar air heaters are available in two design configurations:
single-pass and double-pass systems [11,12]. They can be integrated with porous media or
photovoltaic elements or used with concentrators or extended surfaces with different shapes.
Also, they can include phase change materials (PCMs), packing beds, and coated absorption
surfaces [13-15]. Numerous experimental studies have been carried out to analyze the
solar heater operation. Several experimental tests were implemented and compared based
on different design conditions and different operating conditions [16,17]. In addition,
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using computational fluid dynamics (CFDs) methods for the numerical simulation of solar
heaters and thermal analysis of their systems has become popular among researchers.
CEFD is a simulation technology to predict the behavior of a solar air heater and reach an
optimal design [18,19]. So, researchers have employed numerical modeling to analyze
hydraulic and thermal behaviors within solar heating systems. In numerical methods,
various factors, including system designs and dimensions, turbulence models, material
properties, solar radiation, different thermal conditions, etc., are studied [20-22]. The
absorber plate is a crucial component in the solar heater, which plays an essential role in
solar energy absorption and heat transfer into the airflow inside the system. Absorber
plates are designed in different configurations, and hence, different forms, shapes, and sizes
of the absorber plates are analyzed [23,24]. For example, applying artificially roughened
surfaces for absorber plates, such as transverse rectangular ribs, quarter-circle ribs, etc., can
affect convective heat transfer and thermohydraulic performance. So, several studies have
investigated the thermal behavior of the absorber plate on the system’s efficiency [25-28].
In recent studies, applying the corrugated absorber plates as an effective solution to raise
the heat exchange and develop the thermal operation of solar heaters has attracted the
attention of researchers. Corrugated absorber plates can accelerate the thermal exchange
in the airflow channel, resulting in improved system efficiency. Different corrugation
types on the absorber plates, such as V-corrugated, sinusoidal-corrugated, etc., have been
studied [29-31]. In addition, other works have been conducted on Chevron designs in
thermal systems due to generating turbulence and rising heat transmission. For example,
thermal and hydraulic characteristics are analyzed in plate heat exchangers with the
Chevron design [32,33]. In recent years, optimization studies have also played a crucial role
in developing and progressing the operating efficiency of solar heating systems. Therefore,
researchers have employed the design of experiments (DOEs) method to determine the
most effective geometric factors for solar systems optimization. In some studies, like
Reynolds [34,35], the thermal efficiency of solar heaters is optimized by evaluating several
geometric parameters such as different artificial roughness elements or operating factors.
Also, researchers have used the response surface methodology (RSM) to optimize thermal
systems. In these studies, objective parameters such as thermal efficiency are investigated
based on the values of the variable parameters by adopting the RSM technique [36,37]. After
reviewing the procedure of numerous recent studies on solar air heaters, it is motivating
to integrate different design ideas to achieve an attractive idea. So, in the present CFD
work, the initiative was taken to model a solar air heater containing an absorber plate of a
Chevron type mounted with a corrugated design on the air channel. Then, it was decided
to focus on dimensional analysis in the design of the solar air heater. The purpose of the
present study is to optimize the design of a solar air heater to significantly increase the
thermal efficiency of its system.

2. Methodology
2.1. Geometry Definition

The solar air heater is modeled as shown in Figure 1. The overall dimensions of this
heater are 60 cm and 110 cm. The solar air heater contains an absorber plate between the

airflow channel and the glass cover. The absorber plate of the heater is a corrugated type; it
consists of a Chevron design.
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Figure 1. View of Geometry.

2.2. CFD Methodology

In this CFD study, the numerical simulation of a solar air heater is performed via
ANSYS Fluent 2023R1 software [38]. In the solar heater system, radiation heat transfer is
significant. Therefore, the discrete ordinates (DO) radiation model is used. The present
project was implemented in Al-Kharj city at 12:00 on 15 August. So, the solar ray tracing
model was applied. Therefore, the solar radiation intensity is 897.9 w/m?.

2.2.1. Materials

The absorber plate of the solar air heater is aluminum material, and a glass cover is on
it. Table 1 describes the characteristics of materials utilized in solar heaters.

Table 1. Properties of the materials.

Properties Air Aluminum Glass
Density (kg/ m?) Equation (1) 2719 2500
Specific heat (J/kg-K) 1006.43 871 800
Thermal conductivity (W/m.K) Equation (2) 202.4 1.2
Viscosity (kg/m-s) Equation (3) - -
Emissivity - 0.9 -
Refractive index - 1 1.53

The characteristics of air are dependent on the air bulk temperature, Equations (1)—(3) [39].

0 =3.915—-0.01608 T +2.901 x 107> T> —1.941 x 1078 T3 (1)
k= (0.001521 +0.0975 T —3.332 x 107> T2) x 1073 ()
§= (1.616 4£0.0652 T — 3.029 x 10~° T2) % 107 3)

2.2.2. Boundary Conditions

The airflow temperature is considered 307.15 K, which flows at 0.2 m/s velocity
through the inlet, and a 0 Pascal pressure gauge is applied to the outlet. The turbulent
intensity is 5%, and the turbulent viscosity ratio is 10. The absorber plate is defined as an
opaque wall to absorb solar heat well. The absorptivity of the absorber plate is considered
to be 0.8. The air channel walls (including the bottom and side walls) are assumed to be



Energies 2025, 18, 1821

40f18

insulated. The glass cover is defined as a semi-transparent wall, while there is convection
heat transfer with the surrounding environment.

2.2.3. Turbulence Model

The airflow becomes turbulent under the influence of the rough wave-shaped plate.
The characteristic length is not constant due to the changing geometric dimensions of the air
channel, so the Reynolds number varies from about 2440 to 3630. The renormalization group
(RNG) k-¢ turbulent model is applied to simulate the turbulence inside the air channel.

2.3. Governing Equations

General equations are solved for the airflow, including continuity, momentum, and
energy, as presented in Equations (4)-(6) [40].
The continuity equation is as follows:

om 9o oW
5% oy T =0 4)

The momentum equation is as follows:

Oy~ 9P 9 o OH 20 9w\ 9
axi (P”z”) - axi + axi <I’l<ax] + axi 351] axl BI axi (pulu]) (5)

The energy equation is as follows:

d 5} d oT
35 Petti) = _E)Tci(pui) * o <keffaxi> (6)

The overall radiative transfer equation (RTE) at position r and direction s is presented
according to Equation (7), where w is the solid angle and I is the radiation intensity based
on position (r) and direction (s).

dl(??) L 4 4 . .
7 ) = an2? &/ 7 \o(s s
pn +(a+as)1(r s) = an"— + ") I(r s)CD(s s)dw (7)

In the present simulation, the discrete ordinates (DOs) model is used to solve the
radiation equation for a finite number of discrete solid angles. Every solid angle is related
to a vector direction (s) in the global Cartesian coordinate system. In other words, the DO
radiation model converts Equation (7) into a transport equation for the radiation intensity in
spatial coordinates (X, Y, Z), computing individual transport equations for every directional
vector (s). Thus, the DO radiation model accounts for the radiative transfer equation as a
field equation, according to Equation (8) [41].

v.(1(73)3) + a+o1(73) =T 4 & /i (73)e(3)w ®
0

Radiative heat transfer between surfaces is considered according to Equation (8).
The absorber plate only absorbs and reflects radiation heat, while the cover glass allows
radiation rays to pass through partially.

2.4. Performance Parameters

For the solar heater evaluation, the thermal parameters are studied, such as thermal
efficiency and the temperature rise coefficient.
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Thermal efficiency is measured by the ratio of usable heat absorption in the air into
the incident solar energy on the absorber plate. The thermal efficiency of the solar heaters,
useful heat gain, and incident solar radiation are computed according to Equations (9)—(11),

respectively [42,43].
Nin = 3—1: )
Qy = it Cop AT = rityCpp (Tpo — T ) (10)
Q. =14, (11)

where my is the mass flow rate, Tf is the temperature of the air, I is the solar radiation
intensity, and Ay, is the area surface of the absorber plate.

The temperature rise coefficient is a dimensionless parameter that indicates the ratio
of temperature gain to the inlet air temperature (according to Equation (12)) [43].

=L _f (12)

2.5. Grid Study

The unstructured mesh is applied to the model domain. A view of the mesh is shown
in Figure 2.
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Figure 2. View of mesh.

The grid independence process is implemented based on air temperature at the channel
outlet. For this, calculations are run in the cases with different cell numbers. As shown in
Table 2, the mesh becomes independent in the 1,500,000-element case.
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Table 2. Grid independence tests.
Number of Elements 500,000 1,000,000 1,500,000 2,000,000
Air temperature at outlet 322.1 322.0 321.8 321.8

3. Validation

A study by [39] has investigated the performance of a solar air heater. In the mentioned
study, a solar air heater having a circular perforated absorber plate is analyzed. CFD
analysis has been conducted on the solar heater utilizing the DO radiation model and solar
ray tracing approach. Different case studies have been investigated based on the number
of vents and the diameter of the vents. So, a numerical simulation was performed based
on one of the case studies (having 24 vents with 8 mm diameter) in the reference article
by [39]. Then, the results obtained from the present numerical work are compared with the
reference article based on thermal efficiency. The comparison of the results of the present
work with the results of the article is shown in Figure 3 and Table 3.

1

0.9 A
:a 0.8 l-"..-"‘l.- ______ A
CH R Y e AT
¥ T e A
b= , * ........... &
= 0.7 *__.:.-"" """"
£ =&+ present work
Z 06 K-
= ---A---paper work

0.5 A

0.4

0 3,000 6,000 9,000 12,000 15,000 18,000 21,000 24,000

Reynolds Number

Figure 3. Comparison between present study and reference paper [39].

Table 3. Comparison between present study and reference paper [39].

Reynolds Thermal Efficiency Thermal Efficiency Error
Number Present Study Reference Paper Percentage
3000 0.5949 0.5237 13.58
6000 0.6864 0.6697 2.49

9000 0.7203 0.7443 3.21
12,000 0.7433 0.7913 6.06
15,000 0.7650 0.8286 7.67
18,000 0.7884 0.8610 8.43
21,000 0.8151 0.8918 8.59

4. Results and Discussion

In this CFD work, the effects of three geometric parameters on thermal performance have
been studied. These input parameters include the wave height of the corrugated absorber
plate, the pitch length of the corrugated absorber plate, and the height of the channel under
the absorber plate, which are shown in Figure 4. It is assumed that the wave height is 10 to
20 mm, the pitch length is 50 to 90 mm, and the channel height is 70 to 90 mm.
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Pitch Length

N

Channel Height

Pitch Length

‘Wave Height Channel Height I

Figure 4. View of geometric parameters.

4.1. Thermal Analysis

Figure 5 shows the temperature distribution on the absorber plate at different wave
heights. In these cases, the pitch length and the flow channel height are assumed to be
constant. The results show that in the lower wave height, the absorber plate has a higher
temperature. In other words, when the wave height is higher, air flow under the absorber
plate inside the channel becomes more turbulent. As a result, the absorber plate has more
heat transfer with the airflow inside the channel, and as a consequence, the temperature of
the absorber decreases.
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312 325 338 351 365
L=
Temperature (K)

Figure 5. Contours of temperature on absorber plate. (a) Wave height = 10 mm, (b) wave height = 15 mm,
(c) wave height = 20 mm.

Figure 6 shows the temperature distribution on the absorber plate in different pitch
lengths. In these cases, the wave height and the flow channel height are assumed to be
constant. The results show that in the higher pitch length, the absorber plate has a higher
temperature. In other words, when the pitch length is lower, air flow under the absorber
plate inside the channel becomes more turbulent. As a result, the absorber plate has more
heat transfer with the airflow inside the channel, and as a consequence, the temperature of
the absorber decreases.

31 324 338 352 366
L
Temperature (K)

Figure 6. Contours of temperature on absorber plate. (a) Pitch length = 50 mm, (b) pitch length = 70 mm,
(c) pitch length = 90 mm.
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Figure 7 shows the temperature distribution on the absorber plate in different heights
of the flow channels. In these cases, the wave height and the pitch length are assumed to be
constant. This means that the plate absorber has a constant effect on the airflow turbulence.
Therefore, the results show that the influence of the channel height on the temperature of

the absorber plate isn’t considerable.

313 326 339 352 366
HE il
Temperature (K)

c. 90 mm

Figure 7. Contours of temperature on absorber plate. (a) Channel height = 70 mm, (b) channel
height = 80 mm, (c) channel height = 90 mm.

4.2. Optimization

After independent analysis of the input parameters, including wave height, pitch
length, and channel height, the simultaneous analysis of them is investigated. The present
work aims to achieve the best value for each input parameter to obtain the optimal design
state. Therefore, the optimization process has been conducted using ANSYS Workbench
2023R1 software.

First, the design of experiment (DOE) tool is used to provide several design points.
These design points are a set of sample values according to the range variation of three input
parameters (wave height, pitch length, and channel height). In the present work, 15 design
points are produced based on the central composite design (CCD) algorithm [44,45]. The
central composite design (CCD) is utilized to optimize thermal performance in solar air
heaters because this method allows for investigating parametric interactions with fewer
experiments and has better predictive capabilities for modeling the behavior of complex
thermal systems. Then, the output parameters are obtained at each of the design points.
These output parameters include the temperature rise coefficient of the air and the thermal
efficiency of the solar heater. These design points are shown in Table 4.

Next, the response surface methodology (RSM) is used to estimate the value of the
output parameters (i.e., temperature rise coefficient and thermal efficiency) in the entire
range of input parameters [44,45]. In other words, RSM obtains the output values in the
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entire range based on the output values of each sample design point. In the present work,
RSM operates based on the genetic aggregation algorithm. This algorithm is the most
common method used in optimization processes.

Figure 8 shows 2D plots of temperature rise coefficient variation and thermal efficiency
variation based on the wave height for different pitch lengths. Figure 8 shows that the
lower the pitch length, the higher the temperature rise coefficient and thermal efficiency.
Also, the wave height increase causes an increase in the temperature rise coefficient and
thermal efficiency in the entire range of the pitch lengths. This is because increasing the
wave height and decreasing the pitch length causes the airflow inside the channel to have
more opportunity for heat transfer due to promoting mixing in greater contact with the
absorber plate. So, by increasing wave height at a low pitch length, the temperature rise
reaches up to 0.0532 and the thermal efficiency up to 30.69%.

Table 4. Design points in the design of experiments (DOEs).

Input Parameters Output Parameters
Case No. Wave Height Pitch Length Channel Height Temperature Thermal
(mm) (mm) (mm) Rise Coefficient Efficiency (%)
1 15 70 80 0.0479 27.631
2 10 70 80 0.0454 26.178
3 20 70 80 0.0511 29.468
4 15 50 80 0.0497 28.615
5 15 90 80 0.0470 27.239
6 15 70 70 0.0533 27.912
7 15 70 90 0.0422 27.365
8 10.935 53.739 71.87 0.0525 27.195
9 19.065 53.739 71.87 0.0581 30.160
10 10.935 86.261 71.87 0.0511 26.479
11 19.065 86.261 71.87 0.0556 28.792
12 10.935 53.739 83.13 0.0420 26.685
13 19.065 53.739 83.13 0.0470 29.900
14 10.935 86.261 83.13 0.0410 26.019
15 19.065 86.261 83.13 0.0448 28.473

Figure 9 shows the 3D plots of the variation in the temperature rise coefficient and
thermal efficiency based on the wave height and pitch length, respectively. Figure 9
confirms that increasing the wave height and decreasing the pitch length lead to an air
temperature increase and thermal efficiency augment.
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Figure 8. 2D plot based on wave height and pitch length. (a) Temperature rise coefficient,
(b) thermal efficiency.
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Figure 9. 3D plot based on wave height and pitch length. (a) Temperature rise coefficient,
(b) thermal efficiency.

Figure 10 shows 2D plots of temperature rise coefficient variation and thermal effi-
ciency variation based on the channel height for different wave heights. Figure 10 shows
that the higher the wave height, the higher the temperature rise coefficient and thermal
efficiency. Also, the channel height increase causes a decrease in the temperature rise
coefficient and thermal efficiency in the entire range of the wave heights. This is because
by shortening the channel height and, as a consequence, decreasing the size of the inte-
rior of the channel, heat distribution in the air is formed rapidly. So, by increasing the
channel height at a low wave height, the temperature rise drops to 0.0405 and the thermal
efficiency to 25.88%.
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Temperature Rise Coefficient
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Figure 10. 2D plot based on wave height and channel height. (a) Temperature rise coefficient,
(b) thermal efficiency.
Figure 11 shows the 3D plots of variation of the temperature rise coefficient and
thermal efficiency based on the wave height and channel height, respectively. Figure 11
confirms that increasing the wave height and decreasing the channel height leads to an air
temperature increase and thermal efficiency augment.
g -
£ £
: 1
3 o
= ]
: z
& S
=
0.041 0.058
temperature coefficient rise thermal efficiency
@) (b)

Figure 11. 3D plot based on wave height and channel height. (a) Temperature rise coefficient,
(b) thermal efficiency.

Figure 12 shows 2D plots of temperature rise coefficient variation and thermal effi-
ciency variation based on the channel height for different pitch lengths. Figure 12 shows
that the lower the pitch length, the higher the temperature rise coefficient and thermal
efficiency. Also, the channel height increase causes a decrease in the temperature rise
coefficient and thermal efficiency in the entire range of the pitch lengths. So, by decreasing
channel height at a low pitch length, the temperature rise reaches up to 0.0572 and the
thermal efficiency up to 28.84%.
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Figure 12. A 2D plot based on pitch length and channel height. (a) Temperature rise coefficient,
(b) thermal efficiency.

Figure 13 shows the 3D plots of variation in the temperature rise coefficient and
thermal efficiency based on the pitch length and channel height, respectively. Figure 13
confirms that decreasing the pitch length and decreasing the channel height leads to an air
temperature increase and thermal efficiency augment.

Thermal Efficiency (%)

temperature coefficient rise thermal efficiency

(a) (b)

Figure 13. 3D plot based on pitch length and channel height. (a) Temperature rise coefficient,
(b) thermal efficiency.

Input parameters, including wave height, pitch length, and channel height, have
unequal effects on output parameters, including temperature rise coefficient and thermal
efficiency. So, the dependence degree of the output parameters on each input parameter
is analyzed. Figure 14 shows the influence of input parameters on output parameters as
a plot of local sensitivity. According to the local sensitivity, the channel height has the
most effect on the temperature rise coefficient, while the wave height has the most impact
on the thermal efficiency. In other words, it can be concluded that the temperature rise
coefficient is less dependent on wave height and pitch length, while thermal efficiency has
less dependence on pitch length and channel height. In addition, the local sensitivity plot
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confirms that the temperature rise coefficient and thermal efficiency have a direct relation

with the wave height and an inverse relation with the pitch length and channel height.

Local Sensitivity (%)

80

60

40

20

®'Wave Height

u Pitch Length

# Channel Height

Temperature Rise Coefficient Thermal Efficiency

Figure 14. Local sensitivity.

The accuracy of the RSM process is presented in Figure 15 as a goodness-of-fit plot.

The goodness-of-fit plot shows how much the estimated values for the output parameters

based on RSM match the values obtained from run calculations of different cases in the

design points. According to this plot, it can be concluded that the values obtained from
RSM have an acceptable accuracy.

Predicted from Response Surface
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Figure 15. Goodness of fit.

4.3. Pressure Analysis

0.8

0.9

Figure 16 shows the 3D plots of variation of the pressure drop based on the wave

height, pitch length, and channel height. When the wave height increases and the pitch

length decreases, the pressure drop augments because the roughness of the absorber plate

rises, and more turbulence is generated in the airflow. However, when the channel height

increases, the pressure drop decreases because the airflow passes more freely through the

rough absorber in the channel.
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Figure 16. 3D plot of pressure drop based on wave height, pitch length, and channel height.

5. Conclusions

In this study, the influence of several geometric parameters on the thermal performance
of a solar air heater has been investigated. In order to analyze the simultaneous influence
of several geometric parameters on the temperature rise coefficient and thermal efficiency,
an optimization process has been used. Therefore, by using the design of experiment (DOE)
method, different cases have been run based on different values of input parameters. Then,
by using response surface methodology (RSM), the output parameters were estimated for
the entire range of input parameters. The results show that decreasing the channel height
increases the temperature rise of the airflow inside the channel and augments the thermal
efficiency of the solar system. In addition, enlarging the contact surface of the absorber plate
due to the increasing wave height and reducing pitch length causes more heat transfer. So,
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it increases both the temperature rise of the airflow and the thermal efficiency of the system.
Therefore, based on the optimization analysis, the optimal condition for the design of the
solar air heater is obtained where the channel height of the airflow is 70 mm, the pitch length
is 50 mm, and the wave height is 20 mm, which leads to a thermal efficiency equal to 30.841%
and a temperature rise coefficient equal to 0.0608. In conclusion, this optimized design
can be utilized in manufacturing solar air heaters, industrial and agricultural dryers, and
building heating systems. Optimal design with appropriate geometric dimensions can lead
to economic savings and reduced energy consumption compared to conventional designs.
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Nomenclature
Ap  area of absorber plate (m?) r direction vector
a absorption coefficient s position vector
B; body force (N/ md) T air temperature (K)
Cpt specific heat of air (J/kg.K) Ty inlet air temperature (K)
Cy temperature rise coefficient T outlet air temperature (K)
e specific internal energy (J/kg) u,v,w air velocity component (x,y,z) (m/s)
I radiation intensity (W/ m?) MNth thermal efficiency
k thremal conductivity of air (W/mK) p dynamic viscosity of air (kg/m.s)
m;  mass flow rate (kg/s) p air density (kg/ md)
n refractive index Os scattering coefficient
P pressure (Pa) ) phase function
QC incident solar radiation (W) w solid angle (radians)
Qu useful heat gained (W)
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