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ABSTRACT

Solar energy, a renewable resource, can be harnessed instead of fossil fuels to generate power and heat. One
effective method for converting solar energy into heat is through a solar air heating (SAH) system. The theoretical
investigation focused on the thermal performance of various V-groove angles on a corrugated absorber plate. The
researchers maintained the exterior dimensions and constraints of the absorber plate while increasing its surface
area by using a corrugated absorber surface. For the simulation, three different V-groove angles were employed: 45°,
30°, and 15°. The temperature and air flow rate into the system had been set at 30°C and 0.15 m/s, respectively four
various solar radiation intensities have been examined for each of the variables. The governing equations associated
with the standard design, including the turbulent kinetic energy (k) and dissipation rates model (&), were solved
using the ANSYS 2020 R2 program. The results indicated that Utilizing corrugated absorber plates resulted in a rise
in the Nusselt number., surpassing the performance of flat plate absorbers. Among the different configurations, the
V-grooved 45° plate demonstrated the best results under the same conditions. Furthermore, it was observed that
the efficiency values improved with increasing solar irradiance. The investigation also showed that the employing
of V-grooved 45°, V-grooved 30°, and V-grooved 15° absorbers led to efficiency improvements of about 20.8%,
26.3%, and 36.14%, respectively, when compared to a flat plate at a solar irradiation of 900 W/m?.
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Nomenclature

A, Collector absorber area (m?)

At Cross-sectional area of the round duct (m?)

C, Specific heat (J/kg.K)

Qe Duct diameter (m)

D, Hydraulic diameter (m)

h The heat transfer coefficient (W/m*.K)

h, The heat transfer coefficient radiation (W/m?.K)
I Intensity solar radiation (W/m?)

K The thermal conductivity (W/m.K)
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m Mass flow of air (kg/s)

0. Energy gained (W)

R. Reynolds number

T, Ambient air temperature (°C)

T, Temperature of absorber plate surface (°C)
Thae Bottom plate temperature (°C)

T. Temperature of cover (°C)

T; Fluid Temperature of fluid (°C)

T, Inlet air temperature (°C)

T, Outlet air temperature (°C)

U Overall heat loss coefficient (W/m?.K)
V. Air velocity (m/s)

Greek Symbols

& Emittance of absorber plate

& Emittance of glass cover

o Stephen-Boltzman constant

o Solar absorptance of collector plate

n Thermal efficiency

T Solar transmittance of glazing

u Air viscosity (m?/s)

1 Introduction

A solar air heater (SAH) is a device that warms the air using the sun’s rays. The SAH is made up
of one or more glass covers, an absorber plate, one or more airflow channels, and insulation for the
solar collector’s sidewalls and bottom. The initial and ongoing costs of these systems are quite low.
To keep it clean, all that needs to be done is to wipe the transparent cover. SAH is a fantastic option
when low to medium heating temperatures are required. Additional applications include drying crops,
desalinating water, and heating structures [1-3].

Gao et al. [4] numerically investigated the convective heat transport in U-corrugated solar
collectors. According to the results, the height ratio must be more than two, while the geometric ratio
must be bigger than one, and the inclination angle must be lower than 40° to effectively reduce heat
loss via natural convection. Liu et al. [5] studied the influence of corrugated and V-groove absorber
plates on thermal efficiency at various the mass flow rate per unit area the SAH, ranging of 0.002 to
0.5 kg/m?. The findings revealed that the corrugated SAH is more efficient than the V-groove SAH in
terms of efficiency by 7%. This improvement might be attributed to improved turbulence in the airflow
duct. Three models were used by Fudholi et al. [6] studied the influence of corrugated and V-groove
absorber plates on thermal efficiency at various mass flow per unit area of the SAH, ranging from
0.002 to 0.5 kg/m?*. The findings revealed that the corrugated SAH is more efficient than the V-groove
SAH in terms of efficiency by 7%. This improvement might be attributed to improved turbulence in
the airflow duct.

Bhandari et al. [7] conducted a comparative investigation of the efficiency of several types of flat
plate SAHs. To conduct the entire analysis, a MATLAB software code was developed. The efficiency
of SAHs was examined in relation to flow rates, inlet air temperature, and solar irradiance intensity.
The three types of SAHs utilized for the analysis are traditional SAH, double glass SPSAH, and
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DPSAH with inner fins. The results show that for the same mass flow rate, the double-pass finned
SAH has the maximum efficiency. It was also noted that as the mass flow rate increases, the values of
the mean absorber plate temperature (Tpm) and air temperature outlet decrease. Metwally et al. [§]
evaluated a corrugated channel collector and five more common layouts. With a flow rate of 0.01
to 0.1 kg/s and 950 W/m* of solar radiation, the results showed that the efficiency was improved
by 15%-43% over other standard collectors. They indicated that the corrugated duct SAH could be
considered an enhanced design valued similarly to common types. Hedayatizadeh et al. [9] investigated
a mathematical model of a glazed DPSAH with a V-corrugated absorber plate. They projected the
effects of a V-corrugated plate on exergy loss for a glazed DPSAH. With the results of the available
literature, the computational predictions were validated. Additionally, it was observed that increased
efficiency reached 6.27% with an air flow rate of 0.005 kg/s, a collector area of 1.76 m?, a corrugation
height of 0.0122 m, and a gap of 0.0023 m between both covers. A corrugated absorber collector
outperforms a polyethylene plate collector in terms of thermal performance. When forced convection
is used, the average efficiency is 77%. V-corrugated heating solar air systems using phase-change
substance (PCS) were found to be the most efficient heaters at night, both with and without an
insulated cover by Shalaby et al. [10]. Fahmi et al. [11] investigated various solar collector systems
with triangular longitudinal fins affixed to the surface of the absorber under various environmental
circumstances. The statistics show a steady increase in temperature differentials up to noon, followed
by a steady reduction up to dusk. The greatest temperature differential and the highest level of
efficiency were attained at the fourth kind, or 20.6°C. Sudhakar et al. [12] conducted an experimental
investigation of a solar air heater with and without spherical-shaped capsules of phase-change material
and with an inclined plate. Paraffin wax was used as a storage heat substance and compared with a
normal air heater. The thermal efficiency without spherical capsules was 31%, with spherical capsules
was 39%, and with an inclined plate was 43%. The efficiency for capsules was 42.2% for an inclined
plate and 40% for a horizontal plate with spherical capsules. Hai et al. [13] analyzed the effectiveness
of a solar air heater that uses inclined impinging jets on an absorber plate and has nozzles placed in
parallel and crossing orientations. Numerical analysis was used to examine the effectiveness of the solar
air heater that used inclined impinging jets on an absorber plate. The turbulent flow within the channel
was simulated using the RNG k-model. The hydraulic and thermal behavior of the jet solar air heater
was studied in relation to a number of geometric and operational parameters. The results showed
that the proposed design performed better than the traditional unimproved solar air heater in terms
of the Nusselt number and thermo-hydraulic performance parameter. Jet impingement produced a
Nusselt number that was up to 4.26 times higher than a smooth duct solar air heater. Increasing the
streamwise and spanwise pitch ratios resulted in a rise in the Nusselt number with just a slight impact
on the friction factor.

Hassan et al. [14] conducted an experimental investigation of the energy and exergy evaluation
on a newly designed nabla-shaped tubular solar air heater (V TSAH). The objective was to assess
the performance and efficiency of the (V TSAH) through energy and exergy analysis. The study was
conducted in hot climate conditions in Upper Egypt, with a mass flow rate range of 0.018-0.081 kg/s.
The findings show that the tubular solar air heater in the shape of a (V TSAH) outperforms the
traditional flat plate solar air heater (OTSAH). The TSAH displays higher output air temperature,
energy gain, energy efficiency, exergy efficiency, and thermo-hydraulic efficiency, with lower top losses.
The TSAH increases the exit air temperature by approximately 13.5°C for single pass (SP) and 5°C
for double pass (DP) configurations compared to the OTSAH. The TSAH also exhibits higher energy
efficiency and exergy efficiency compared to the flat plate solar air heater (FSAH).
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Borah et al. [15] conducted an experimental investigation on a solar air heater using a modified
absorber plate with square obstructions and threaded pin fins. The aim of the study was to investigate
the performance and efficiency of this design. The results of this study indicate that the modified
absorber plate outperforms the conventional flat absorber plate in a solar air heater. The enhanced
absorber plate resulted in an increase of about 9% in the solar air heater’s exit temperature. The
energetic efficiency showed improvement with the relevant settings. By utilizing the redesigned
absorber plate, significant enhancements in useful energy obtained and energy efficiency were achieved
for a fixed air flow rate of 0.0094 kg/s, with improvements of 28.81% and 23.59%, respectively,
particularly at a higher collector tilt angle of 35°. Similar reports suggest that energy efficiency will
increase by 30% under the same conditions. Moreover, the implementation of the redesigned absorber
plate reduces energy destruction by approximately 10% due to the greater angle of collector tilt and
airflow rate. The projected energy payback period for the system with the improved absorber plate
is estimated to be 1.42 years. Additionally, it results in a decrease of 32.98 kg/year in CO, emissions
compared to the CO, mitigation value of 333.33 tons over a system life of 30 years. Nishidh et al. [16]
numerically analyzed the effects of suction and blowing on the fluid flow and heat transfer properties
of a solar air heater. The objective was to investigate the impact of various strategies on the system’s
performance. Computational fluid dynamics (CFD) was used to study the influence of suction and
blowing on the fluid flow and heat transfer characteristics of a solar air heater. The ANSYS Fluent
software, based on a finite volume method, was employed to calculate the field variables. The channel
dimensions were set at a length of 1000 mm, width of 500 mm, confinement height of 25 mm, and
transition length of 1000 mm. Among the various cases examined, it was observed that blowing
exhibited superior efficiency compared to suction. The maximum efficiency achieved was 42.35% at
a mass flow rate of 0.05 kg/s. These results indicate that blowing has a more favorable impact on the
performance of the solar air heater in terms of fluid flow and heat transfer characteristics.

This study aims to numerically analyze the performance of a flat plate solar air heater (SAH) with
different shapes of absorber plates. Ordinary smooth plates and corrugated plates with three different
angles of V-grooves (45°, 30°, and 15°) will be employed to increase the heat transfer area. The thermal
performance of the solar air heater will be evaluated when the air flows separately over and under
these types of plates, ultimately leading to improved collector efficiency. The study will be conducted
using the latest version of the ANSYS Fluent Workbench 2020 R2 software. Various parameters will be
examined and discussed to determine the optimal thermal efficiency of the solar heater using absorber
plates with different V-Groove angles. The study will analyze the velocity, temperature, and Nusselt
number of the exit air inside the solar air heater channel and compare them with those obtained using
flat plates.

2 Numerical Formulation
2.1 Governing Formulas

The equations for mass, momentum, and energy conservation (Navier-Stokes equations), which
explain fluid movement and heat, are as follows: These equations explain the following types of
turbulent and incompressible flow. To simplify the numerical case, the following assumptions were
made:

1. The airflow was assumed to be steady-state and incompressible.

2. Heat transfer by conduction in the absorber wall was neglected.

3. Three-dimensional conservation equations were used to describe the flow and heat transfer.
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4. Turbulent airflow was considered within the channel.
5. All properties, such as density and viscosity, were evaluated based on the average temperature.

Mass conservation [17]
d d
- (W) + —(pv) =0 (D
ax ay

Momentum conservation [18]

e x-direction (u-momentum)
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Energy equation [19]
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The turbulent dissipation rate equation (¢) and the turbulent kinetic energy equation (k), which are
two transport equations for two turbulence parameters, are solved using the fundamental k turbulence
model. Here is how these equations are written out:

Turbulent kinetic energy [20]
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Dissipation rate (¢) [21]
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where:
i Effective viscosity coefficient
Mer = M+ WLy (7
I+ Effective diffusion coefficient
Fr = & + & (8)
p- O
i, Turbulent viscosity
k2
H‘I - pcuz (9)
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Se=—=— 10
3 0x (10)

Sv = gB (Tf - Tin) (11)
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buoyancy in x — direction = pgB (T — T;,) sin 0
buoyancy in y — direction = pgg8 (T — T;,) cos 6

G, kinetic energy generation by shear [22]

u\’ v\’ au v\’
= “t(z [(a—x) +(3) } (5 5) ) (12

G, kinetic energy generation by buoyancy

0T
G, =" g (13)
o, dy

where “C,” represents a big Reynolds number flow’s value for an empirical constant. See Table | has
been values of constants in the (k — &) models. The working fluid, air, creates a homogeneous heat
flux on the absorber wall and has a Prandtl number of (0.7).

Table 1: Values of constants in the (K — &) models [23]

C,L C, C, G (e Ok
0.09 1.44 192 1.0 1.3 1.0

2.2 Geometry Description

The configurations chosen for the model under testing are shown in Fig. 1. The present simulation
made use of absorbers with V-grooved 45°, V-grooved 30°, and V-grooved 15°. All variants utilized the
same selective black surface.
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(b) V-grooved 30°
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Figure 1: (Continued)
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(c) V-grooved 45°

Figure 1: Three angles of corrugated solar air absorbers

2.3 The Grid Generation

This study investigated the parameters of forced heat transfer in a dual-flow solar air heater,
focusing on various Reynolds numbers along the top channel. Finite-volume grids were generated
throughout the entire geometric domain to determine these parameters. The construction of each
geometry and mesh generation were simplified using SOLIDWORKS 2018 software, while mesh files
were developed using ANSYS Fluent Workbench 2020 R2. A tetrahedral mesh consisting of 4,345,152

nodes in the three-dimensional directions was employed to model the air space. Fig. 2 presents a section
of the mesh of the dual-flow solar air heater.

0300

Figure 2: Computational domain mesh of the dual-flow SAH cavity model

3 Theoretical Analysis

The mathematical equations of the thermal balance of the dual-flow SAH are [24]
For the cover collector

h1 (Tfl - ]—'() +hrl (Tp - Tc) = Ut(TL' - Ta) (14)

For the upper stream

-C dT,,
- () () b
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For absorber plate
Ita =h, (T,—T.) +h (T, — Tp) + hy (T, — Tp) + h. (T, — T) (16)
Thermal perfomace is defined as the ratio of energy gained to total incident solar irradiance [25]
0,
= 17
A1 (17
A.: Collector absorber area (m?).

n

I: Incident solar energy (W/m?).
The energy gained is given by
Qu - mq; (]—‘aut - ]-;n) (18)

C,.: Specific heat capacity of air (kJ/kg.°C).
(T,.. — T;): Inlet and outlet air temperatures (°C)
Air mass flow rate
My = Pu- VA s 19)

Air’s physical characteristics are expected to fluctuate linearly with temperature and are regulated
by the following relationships in Table 2 below:

Table 2: Air’s physical characteristics

Parameters Equations Reference
Specific heat C, = 1.0057 4 0.000066(T — 27) [26]
Density o = 1.1774 — 0.00359(T — 27) [26]
Thermal conductivity k = 0.02624 — 0.0000758(T — 27) [26]
Viscosity w=[1.983—-0.00184(T —27)] x 10~° [26]

3.1 Dimensionless Numbers
The hydraulic diameter and Reynolds number are expressed as follows [27,28]:

D
Re = -2 (20)
A.;u
dw.d
_ 21
"T 2w+ d) (21)

Here (W) stands for the collector width in meters, and d for the channel depth (m). The modified
Grashof number evaluates the buoyant force to viscous force ratio in the presence of constant heat
flux [29,30].

gpgLc’

Gr =
f vk

(22)
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The Rayleigh number in the current investigation has been (1.412 x 10°) and since that value is
more than 10° the flow is turbulent.

Ra = Gr x Pr (23)

The equation below states that the Nusselt’s number is a function of both the Rayleigh and Prandtl
[31,32]:

0.67R">
[1+ o]
Pr

N, = 0.68 + 24

4 Results and Discussion

In this study, the ANSYS Fluent program was employed to conduct a numerical analysis of the
surface design of an air solar absorber. The simulation included four different types of absorbers: flat
plate, V-grooved 45°, V-grooved 30°, and V-grooved 15°. The numerical results presented in Table 3
indicated that, compared to the flat plate absorber under the same solar irradiance and time, the
average outlet temperature exhibited an increase of 19.8% for the V-grooved 45° absorber, 14.3% for
the V-grooved 30° absorber, and 7.8% for the V-grooved 15° absorber.

Table 3: Summary of numerical results for various types of solar air absorbers

Absorber plate Time Solar Inlet Outlet AT °C Absorber Inlet Exit
type hour irradiance temp.°C temp. °C temp. °C  velocity velocity

W/m? m/s m/s

9:00 300 27.2 55.6 28.4 47.86 0.1 0.13

Flat plate 12:00 600 32.5 61.4 28.9 64.21 0.1 0.17

14:00 900 37.8 69.2 314 73.51 0.1 0.18

9:00 300 27.2 61.4 34.2 57.26 0.1 0.15

V-grooved 45°  12:00 600 32.5 69.1 36.6 79.32 0.1 0.19

14:00 900 37.8 86.3 48.5 58.12 0.1 0.21

9:00 300 27.2 59.7 32.5 67.23 0.1 0.15

V-grooved 30°  12:00 600 32.5 67.5 35 85.62 0.1 0.19

14:00 900 37.8 80.8 43 64.77 0.1 0.20

9:00 300 27.2 58.3 31.1 73.44 0.1 0.14

V-grooved 15°  12:00 600 32.5 64.6 32.1 89.11 0.1 0.17

14:00 900 37.8 75.1 37.3 69.22 0.1 0.19

Furthermore, it was observed that the V-grooved 45° model outperformed the other models in
terms of enhancing heat transfer from the heated absorber to the airflow in the air solar heater, espe-
cially with increasing solar irradiance. This improvement was attributed to the increased momentum
of the airflow within the channel, which was evident in the higher exit velocity of the hot air.
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Fig. 3 illustrates the efficiency (n) at varied mass flow rates of 0.001, 0.002, 0.003, and 0.004 kg/s
for different types of solar air heaters: flat plate, V-grooved 45°, V-grooved 30°, and V-grooved 15°
absorbers. At a solar irradiance of 900 W/m? and with the time set at 16:00, it was observed that the
efficiency of the V-grooved 45° corrugated absorber was higher than that of the flat plate, V-grooved
30°, and V-grooved 15° absorbers when considering the parallel flow direction, as indicated in Fig. 3.
This difference in efficiency can be attributed to the fact that the air flowing completely around the
V-grooved 45° absorber plate creates more turbulence, leading to an improved heat transfer coefficient.
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Figure 3: The efficiency vs. mass flow rates at the time 16:00 with Solar irradiance 900 w/m*

Additionally, Fig. 4 demonstrates the impact of solar irradiance on the efficiency () of the various
absorber types: flat plate, V-grooved 45°, V-grooved 30°, and V-grooved 15°. It was observed that
the efficiency values increased with higher solar irradiance. Furthermore, the use of 45°, 30°, and
V-grooved 15° absorbers resulted in efficiency improvements of approximately 20.8%, 26.3%, and
36.14%, respectively, compared to the flat plate absorber at a solar irradiance of 900 W/m?*. Fig. 5
illustrates the variation in energy gained with the hour of the day for the four different absorber plate
types. The energy gained started at its lowest value at 09:00 and gradually increased until reaching its
peak at 16:00. Moreover, it was demonstrated that the amount of energy gained is directly related to
the mass flow rate. As the mass flow rate increased, the energy gained also increased. This is because
a higher airflow rate leads to lower operating temperatures for the solar air heater. Among the four
types of dual-flow solar air heaters, the V-grooved 45° absorber achieved the maximum energy gained
at 16:00, with 210 W at a mass flow rate of 0.004 kg/s. In comparison, the energy gained for V-grooved
30°, V-grooved 15°, and flat plate absorbers at the same mass flow rate was 190, 170, and 140 W,
respectively.

The numerical Nusselt number calculated for all absorber plate types is presented in Fig. 6. It was
found that using a V-grooved 45° plate absorber in the solar air heater enhanced the Nusselt number
by 35.4% compared to the flat plate absorber under the same simulation conditions of 900 W/m?. The
V-grooved 30° plate absorber showed a 29.5% improvement, while the V-grooved 15° plate absorber
exhibited a 23.2% improvement compared to the flat plate absorber.
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Figure 4: The efficiency vs. solar irradiance at the time 16:00 and mass flow rate 0.004 kg/s
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Figure 5: The energy gained vs. hour of day at four different absorber plate

In the numerical study, a flat plate absorber was used in the dual-flow solar air heater at different
times, as shown in Fig. 7. The results were presented in terms of pressure, temperature, and velocity.
Fig. 6 displays the pressure contours in the flat plate dual-flow solar air heater at an air mass flow
rate of 0.004 kg/s. The outcomes show that under the same circumstances, increasing the air mass flow
rate causes a greater pressure drop. The top zone of the solar heater contains the highest pressure area.
The data further demonstrated that while the maximum temperature increased as the day progressed,
it reduced with increasing air mass flow rate. The top channel of the solar air heater was where the
maximum velocity was found, and it rose together with the air mass flow rate and the lengthening of
the day.
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Figure 6: Variation of Nusselt number with solar radiation intensity
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Figure 7: (Continued)
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Velocity

Figure 7: Pressure, temperature and velocity contours of flat absorber plate at the time 16:00 with Solar
irradiance 900 W/m?

Fig. 8 presents the pressure distribution results, indicating that the utilization of a V-grooved 45°
plate in a parallel direction to airflow increased the pressure from 0.15 to 9.8 Pa at the air flow rate of
0.004 kg/s and at 16:00. The maximum temperature decreased from 98.4°C to 46.5°C when utilizing
the V-grooved 45° plate in parallel direction to airflow at an airflow rate of 0.004 kg/s and at 16:00.
Additionally, the maximum velocity for the V-grooved 45° plate in parallel direction to airflow was
found to be 3.38 m/s, compared to max. velocity of 0.47 m/s for the flat plate absorber at an airflow rate
of 0.004 kg/s. This increase in velocity is a result of enhanced airflow momentum due to the utilization
of the V-grooved 45° plate in parallel direction to airflow.

Pressure Temperatures

Figure 8: (Continued)



240 FHMT, 2023, vol.21

Velocity

Figure 8: Pressure, temperature and velocity contours in the V-grooved 45° absorber plate at the time
16:00 with solar irradiance 900 W/m?

Finally, it was observed that the maximum absorber temperature was concentrated in the upper
region of the V-grooved 45° plate in parallel direction to airflow. This increase in temperature can be
attributed to the projection of solar radiation in these regions, as compared to the flat plate absorber.
The thermal performance of the present dual-flow SAH at a mass flow rate (0.004 kg/s) was compared
to previous studies by Hameed et al. [33]. Fig. 9 shows that the agreement with previous work is
quite good.
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Figure 9: Validation of the thermal efficiency of the dual-flow SAH at a mass flow rate (0.004 kg/s)
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5 Conclusion

The study of forced convection heat transfer inside the channel of the air solar heater with four
types of the corrugated plate of air solar heater absorber was presented numerically.

1. The effect of four models of solar air absorbers was studied numerically: V-grooved 45°, V-
grooved 30°, V-grooved 15°, and Flat plate absorbers.

2. The study investigated the impact of air mass flow rates ranging from 0.001 to 0.004 kg/s on
thermal efficiency, absorber plate temperature, and outlet air temperature.

3. Results indicated that the V-grooved 45° corrugated absorber plate was more effective in
enhancing heat transmission compared to the flat plate solar air heaters.

4. Increasing the mass flow rates of air improved the thermal performance of the absorber plates
by generating more turbulence, thereby enhancing heat transfer.

5. When the solar irradiation is 900 W/m? and the mass flow rate is 0.004 kg/s,, the average thermal
efficiency of the dual-flow solar air heater increased by 20.8%, 26.3%, and 36.14% compared
to the flat plate for the V-grooved 45°, V-grooved 30°, and V-grooved 15° models, respectively.

6. The V-grooved 45° corrugated absorber plate exhibited a 35.4% increase in Nusselt number
compared to the flat plate absorber under the same simulation conditions of 900 W/m?.

7. The maximum energy gained per hour for the four studied models (V-grooved 45°, V-grooved
30°, V-grooved 15°, and flat plate) at a mass flow rate of 0.0046 kg/s and at 16:00 h were 210,
190, 170, and 140 W, respectively.

8. There is a direct relationship between mass flow rate and energy gained, meaning that
increasing the mass flow rate leads to an increase in the amount of energy gained.
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