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Performance Analysis of a Novel Photovoltaic
Thermal PVT Double Pass Solar Air Heater with
Cylindrical PCM Capsules using CFD
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Abstract- Photovoltaic Thermal Double Pass Solar Air Heater (PVT-DPSAH) with Phase Change Material (PCM) capsules in
the bottom channel is a promising design for enhancing the system performance. The PVT-DPSAH comprises a glass cover,
absorber plate photovoltaic (PV), PCM capsules, and back plate. The current study uses COMSOL Multiphysics software to
perform a Computational Fluid Dynamics (CFD) analysis of a novel PVT-DPSAH with vertical cylindrical PCM capsules in the
second channel. To solve the differential equations in the 3D computational domain, the Finite Element Method (FEM) is
employed. This study uses the high Reynolds (Re) number and k-¢ turbulent flow model with enhanced wall functions. The
impact of varying solar irradiance levels (500-800 W/m?) on the performance of PVT-DPSAH, with mass flow rate (rh) ranging
from 0.011 kg/s to 0.065 kg/s, is investigated. The optimum mass flow rate was found to be 0.037 kg/s at solar irradiances
ranging from 500 W/m? to 800 W/m?, with average thermal efficiencies, electrical efficiencies, and fluid output temperatures of
60.7% to 63.4%, 11.25% to 11.02% and 42.96 °C to 49.54 °C, respectively. PVT collector's maximum combined efficiency was
84.12% at solar irradiance of 800 W/m? with the mass flow rate, m of 0.065 kg/s. This study identified RT-47 paraffin-wax-
PCM as the best option for the PVT-DPSAH based on the PCM's thermal distribution and melting temperature.

Keywords Photovoltaic Thermal (PVT), Double Pass Solar Air Heater (DPSAH), PVT-DPSAH, PCM, Paraffin-Wax, Heat
transfer, CFD simulation

1. Introduction solar air heater collector. The Solar Air Heater (SAH) mainly

consists of three parts: an absorber plate, a cover made of

Solar energy conversion has captivated the interest of
researchers more than other renewable technologies due to its
infinite and cost-free availability on the entire surface of the
earth [1], [2]. The effective use and gathering of solar energy
are necessary for reducing reliance on fossil fuels. In the
current realm of solar-powered systems, the thermal industry
is a prevalent field of exploration and innovation, extending
from household cooking to thermal energy facilities [3], [4].
The most basic, cost-effective, and popular method for
capturing and transforming solar energy into heat is through a

glazing material, and wall insulation. The absorption surface
and the glazed cover create a duct for airflow. The SAH has
a wide range of uses, including heating spaces, drying,
industrial processing, and seasoning timber [5]. Single-pass
(SP) type or Single Pass Solar Air Heater (SPSAH) and
Double-Pass (DP) type or DPSAH are the two most common
types of basic solar air heater. The SPSAH has an air duct
between the cover and the absorber sheet. In contrast, the
DPSAH type has two passes for air flow circulation. The first
pass is an enclosed air gap that separates the transparent cover
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and collector plate. The second pass is the bottom layer,
separated by the air gap between the collector and the bottom
plate. The primary reason for the prevalent use of DPSAH's
is their improved thermal efficiency [6]. The efficiency of
these systems depends on a variety of different elements, such
as the design of the channels, flow rates, and the
characteristics of the material that makes up the absorbing
collector. Researchers have tried various methods, including
adding protrusions, fins, ribs, winglets, artificial roughness,
porous beds, and turbulence promoters to the absorber plate
and the second layer, to increase the thermal efficiency and
heat transfer rate of the DPSAH [7]-[14].

PV systems have greatly improved, with modern panels
collecting over 75% of the sun's energy and converting up to
18% into usable electricity. The efficiency of a panel depends
on temperature and solar irradiation, with optimal efficiency
between 25 °C and 30 °C and 900-1000 W/m? of solar
irradiation. Beyond this range, the efficiency of the cell can
decrease by up to 0.65% per degree Celsius increase.
Controlling the temperature rise is essential to maintain a
panel's peak operational condition. PVT system combines PV
cells and thermal collectors to extract heat for useful purposes.
Recent PVT technology allows cells to operate at optimal
efficiency while providing thermal energy. The overall
efficiency of the hybrid design is determined by the combined
efficiency of both (thermal and electrical) systems. Extracted
heat can be utilized effectively in a PVT system, making it
more efficient and cost-effective, as the heat is utilized
alongside the generated electricity [15]. PCM is widely
recognized as a valuable component of solar thermal systems
because it can store and release significant amounts of energy
as latent heat [16]-[18]. Klemm et al. presented a thermal
storage approach incorporated with PCM to boost the
efficiency of PV panels by combining PCM with the metallic
fiber structures on the back of the solar module. A numerical
study was performed using COMSOL Multiphysics. This
method has been reported to result in a 20 °C decrease in the
daily peak temperature [19]. Kumar et al. investigated the
effectiveness of a PVT-DPSAH, including vertical fins in the
bottom channel, and its effect on PV surface temperature [9].
Research on PVT systems has led to the development of more
effective systems. Studies have shown that absorbers made of
aluminium fins are the most efficient regarding the SAH's
combined efficiency. Heat and electricity may be generated
when solar PV panels are coupled with a storage solar water
heater [20]. However, managing the surface temperature is
crucial as the panel's efficiency decreases noticeably as the
temperature rises. Nevertheless, the efficiency of this system
depends on a variety of different elements, such as the design
of the channels, flow rates, and the characteristics of the
material that makes up the absorber. Therefore, thorough
investigations of the system's performance behaviour are
required for optimal design and operations. CFD modelling is
a significant tool that can help provide insight into the
performance of the system and assist in optimising it.

CFD is a scientific technique for studying complex fluid
dynamics phenomena such as heat transfer, fluid movement,
and solidification/melting behaviour. CFD analysis solves
governing equations through numerical techniques, which

allows for the modification of designs, optimization,
troubleshooting, and validation of experimental discoveries.
CFD allows for modelling many different physical and
boundary conditions, some of which would be impossible or

impractical to simulate using traditional experimental
methods [21], [22]. The current study uses CFD to
numerically investigate the performance and PCM

temperature distribution in the second channel of a novel
PVT-DPSAH. This study aims to accomplish the following
objectives:

+ To examine the effects of cylindrical shape capsules on
the fluid output temperature, velocity flow, and
temperature distribution in the PCM.

» To analyze how variables, e.g., mass flow rate and
solar irradiance, affect the PVT-DPSAH efficiency.

» Toanalyze PV surface temperature, thermal, electrical,
and combined efficiency (thermal and electrical).

 To identify the appropriate PCM type to be used based
on the temperature distribution in the second channel.

2. Computational Analysis
2.1. Description of The CFD Model

The proposed PVT-DPSAH  with  cylindrical
encapsulated PCM capsules is presented in Fig 1. The
geometry comprises transparent glazing glass, a PV collector
plate, cylindrical PCM capsules, and the back plate. The
absorber plate measures 2.40 m in length and 0.54 m in width.
The absorber plate and glass thicknesses are 0.003 m and
0.004 m, respectively. The upper and second layer depths are
0.035 m and 0.075 m, respectively.

—WSOT0—>

Encapsulated PCM capsules

PV absorber plate

Fig 1. Proposed PVT Double Pass Solar Air Heater
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Fig 2. Staggered Cylindrical PCM capsules configuration in
the second channel

The cylindrical encapsulated PCM has a diameter of 0.05 m,
and there are 42 cylinders aligned in a staggered configuration

(Fig 2).
2.2. Computational Domain and Boundary Conditions

For this study, a numerical analysis was conducted using
a steady-state condition. The equations controlling the air's
temperature and velocity depended on mass, momentum, and
energy conservation principles. A convergence criterion of
10®, 105, and 107 was chosen for continuity, velocity, and
energy, respectively. The analysis used a conjugate heat
transfer module to compute the interaction between heat
transfer in solid and fluid domains. A turbulent flow k-e
model was used, as it is suitable for high RE numbers and
weakly compressible flows [23]. The primary characteristics
and physical attributes of the investigated PVT DPSAH are
tabulated in Tables 1 and 2.

COMSOL CFD includes temperature-dependent features
for analyzing air properties, glass, and absorber plate material
(aluminium). Flow velocities at solid surfaces are assumed to
be constant and non-slip. Under the assumption that the glass
is perfectly transparent and does not absorb or emit radiation,
the collector's upper surface receives the same amount of
irradiation. A boundary condition is established where the
glass is open to ultraviolet radiation. The average velocity of
the fluid entering the system is calculated using the RE
numbers, and the inlet condition of the boundary is specified
as "Velocity Inlet" while the system's outlet was specified as
"Pressure Outlet" at 1.013 x 10% Pa atmospheric pressure.
The absorber plate is subjected to 500, 600, 700, and 800
W/m? of constant and uniform heat flux. Initial and ambient
system temperatures were both set to 30 °C. The remaining
system walls are considered adiabatic, meaning they do not
exchange heat with their surroundings.

As shown in Fig 3, the top glass cover and the back plate
were subjected to forced convective boundary conditions. The
equations used to estimate the top surface glass convective
heat flux are shown in Eq. 1-2:

qo = h(Text - T) (1)

(£0.54Ral/*
L

h={%0.15Ral/
L

if T > T.; and 10* < RaL < 107
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\50:27Ra}/* ifT < Ty and 10° < Ral < 10'°
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Fig 3. Top surface force convection [24]

Where L is the characteristic length and k is the thermal
conductivity of the material. Figure 4 shows the forced
convection boundary condition on the back plate. The
convective flux can be calculated by Eg. 3:

if T < T, and 10* < RaL < 107

k

(X0.54Ral/*
L

h= !-0.15Ra1/3
L

if T < Toy and 107 < RaL < 101! (3)
|
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~ \ e~ \
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Fig 4. Bottom surface forced convection [24]

For phase change material:

e The transition from solid to liquid occurs at a
temperature of 47 °C.
o Latent heat from phase 1 to phase 2 is 210[kJ/kg].

For the stationary study, the phase change was calculated
using Egs. 4 - 8 [24]:

p=0.1p1+ 6,0, 4)
1 dam
b= (91.01Cp,1 + 6’zpch,z) + L, g—T )
0,05-6
= 162p2-61p1 (6)

T 201p1+62p,

k = 91k1 + 92k2 (7)

91+92:1 (8)

Table 1. Parameters of PVT-DPSAH
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Parameter Value
Absorber plate length 2.4m
Absorber plate width 0.54m
Absorber plater area 1.29m
PV Panel thickness 0.002m
Glazing cover thickness 0.003m
Height of cylindrical fins 0.075m
Diameter of cylindrical fins 0.05m

Number of cylindrical fins 42

Inlet reference Temperature 30°C
Absorber thermal conductivity 211 W/m2.K
Insulation Thickness 0.05m

Solar Irradiance (W/m?)
Mass flow rate ()

500, 600, 700, 800
0.01 - 0.06 kg/s

Temperature coefficient (B..¢) 0.0045 k*
Reference electrical efficiency (1rer) 0.16
Packing Factor (P) 0.80
Reference Temperature (Tref) 30°C

Table 2. Physical properties of materials

Material Thermal Density Heat Emiss- Absorb
Conducti- (kg/m®)  Capacity ivity -tivity
vity y (I/kg k)
(W/m?K)
Air 0.0262 1.17 1005.7 - -
Glass 14 2210 730 0.84 0.05
Aluminium 238 2700 900 0.90 0.95
Foam 0.026 70 1045 - -
PCM Solid 0.211 880 2200 - -
PCM 0.214 770 2100 - -
Liquid

2.3. Selection and Validation of Turbulent Solver

Different turbulence methods have been developed to
predict turbulence in fluid movement, including Direct
Numerical Simulation (DNS), Large Eddy Simulation (LES),
and Reynolds Averaged Navier-Stokes (RANS). While DNS
provides highly accurate results, it is computationally
expensive, whereas LES requires fewer computational
resources. Among these methods, RANS is the most
commonly used technique in industrial applications for
analyzing turbulent flows, as it strikes a balance between
computational efficiency and accuracy. The k-g, k-w, and
Shear Stress Transport (SST) models are commonly used
RANS models that produce accurate results with
computational efficiency. The x-¢ model is widely used in
investigations of SAH's (SPSAH and DPSAH) [25]-[28].

The turbulent behaviour is analyzed with the help of the
k-£ model in this research. The model is inaccurate near walls,
so wall functions were used to account for this [29]. This two-
equation model is established in CFD and considers
realizability constraints. It uses k and € variables for turbulent
kinetic energy and dissipation rate. The k-& model has been
employed in various DPSAH studies using CFD, and it is

computationally efficient while maintaining acceptable
accuracy [23], [30]. Equations 9 to 11 are used to calculate
turbulent flow [31]:

pr = pe, s Q)
p(u-Vk=V- [(u+‘;—:) Vk] + P — pe (10)
p(u-V)6=V~[(u+‘;‘—:)V6]+Cﬂ£Pk—CEZp%Z 11

2.4. Mesh Generation

In most cases, computational domains can be divided into
meshes using structured elements, which are in a quad shape,
unstructured, triangular, or a combination of both, known as
hybrid elements. The decision to use a particular mesh type
depends on the physical properties of the flow, such as
whether it's laminar or turbulent, and the problem's geometry,
such as whether it's curved or straight. To improve
convergence time and guarantee a high-quality mesh, a test for
mesh independence was conducted for this study. The meshes
generated were physics-controlled meshes. Figure 5 shows
the generated mesh for various qualities. It can be seen that
mesh near the walls is enhanced progressively due to the k-¢
model.  Table 3 shows the thermal efficiency results
conducted at 600 W/m? and includes increasing mesh
elements to the point when the solution attained constant
results.

Table 3. Mesh Independence Study at 600 W/m?

Element No of i} Thermal

Size Elements (ka/s) efficiency (%0)
Extremely 200269 0.06 71.30
Coarse

Coarser 478709 0.06 70.12
Coarse 770704 0.06 69.78
Normal 2086411 0.06 69.25

Fine 6470359 0.06 69.20

Finer 26736702 0.06 69.17

2.5. Selection and Validation of The CFD Model

The heat transfer and turbulent models were validated
against Moustafa et al. [23]. They used COMSOL
Multiphysics V5.3a to design three models of DPSAH and
compared them with the experimental results. CFD model
dimensions and boundary conditions were generated based on
the numerical investigations of DPSAH's of Ismail A.F et al.
[32] and J. Assadeg et al. [33]. Table 4 compares operating
conditions, design parameters m=0.01-0.06 kg/s, and solar
irradiance ranges from 500 to 800 W/m? with the previous
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work. Only thermal efficiency has been compared for
validation purposes.

Furthermore, cylindrical PCM capsules are added in the
second channel. The temperature distribution in the PCM
capsules has been analyzed. The phase-change process was
modelled using an enthalpy-porosity (EP) approach [34]. A
fixed grid is assumed to simulate a single volume of the same

material containing solid and liquid PCM. The melting point
was kept constant at 47 °C throughout the investigation. The
transition from solid to liquid occurred at a constant rate as a
function of temperature. Table 5 lists the constant values for
the thermophysical characteristics of paraffin wax (RT47) in
both its solid and liquid states.

(d)

®

Fig 5. Generated mesh for DPSAH with mesh quality percentage (a) extremely coarse (56%) (b) Coarser (64%) (c) Coarse
(67%) (d) Normal (71%) (e) Fine (75%) (f) Finer (81%)

Table 4. Validation between Ismail A.F et al.[32] and the

CFD model

m Irradiance Thermal Thermal
(kg/s) (W/m?) Efficiency Efficiency

Range Ismail  Range CFD

AFetal. [32] of This Work
0.015-0.06 500 51-67% 46-65%
0.015-0.06 600 50.5-66% 47-68.8%
0.015-0.06 700 50-65% 47.5-70%
0.015-0.06 800 50.1-66% 48.5-72%

Table 5. Thermophysical properties of Paraffin Wax PCM
(RT47) [35]

RT47
41-48°C

Physical Properties

Melting temperature

Density solid 880 kg/m®
Density fluid 770 kg/m3
Specific heat 2000 J/kg.K
Thermal conductivity 0.2 Wim.K

3. Governing equations

3.1 Thermal Efficiency

The system's thermal energy efficiency can be determined by
Eqg. 12 [36]:

Qv (12)

Nthermal = (IxA,)

Qu, the useful heat gain, can be calculated by Eq. 13 [36]:
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Qu = mCy(T, — T;) (13)
3.2 Electrical Efficiency

The system's electrical energy efficiency can be calculated by
Eq. 14 [37]-[41]:

Prmax

77panel = 1A, (14)

The extracted power can be estimated by Eqgs. 15 - 16 [37]-
[41]

Brnax = ImVim = FFI Vy (15)

= Neell Acells Gapv

Neell = Mref (1 - .Bref (Tmpv - Tref)) (16)

3.3 Combined Efficiency

The combined thermal and electrical efficiency can be
computed using the following Eq. 17 [40]:

Neo = Nen + % (7)
f

Where C is the thermal power plant's conversion factor,
which varies from 0.29 to 0.4 [42]. However, for the
simulation purpose, the value was assumed to be
approximately 0.36.

3.4 Reynolds Number (Re)

The Re number can be used to determine the flow regime
in PVT-DPSAH. The Re number helps predict whether the
fluid flow in the system will be laminar or turbulent, which
affects the system's heat transfer efficiency and overall
performance.  Turbulent flow enhances heat transfer,
promoting mixing and reducing thermal boundary layers,
while the laminar flow is more predictable and easier to
analyze mathematically. A high Re number indicates that the
flow will be turbulent, with chaotic fluctuations in velocity
and pressure, while a low Re number indicates that the flow
will be laminar, with smooth, ordered layers of fluid.
Reynold's number (Re) can be calculated as in Eq. 18 [42]:

mDh

Re = W_du (18)

Dh is the hydraulic diameter as in Eq. 19 [42], where d, and
W are the equivalence height and width of the PVT-DPSAH.

4wWd

Dh = 2 (W+d)

(19)

4. Results and Discussion

The thermal efficiency, electrical efficiency, combined
efficiency, velocity distribution, and the PCM charging
temperature distribution in the bottom channel were evaluated
through numerical investigations. Two methods were
employed to confirm the accuracy of the results: a mesh
independence study (table 3) and validation against prior
research (Table 4). The model exhibits improved performance
efficiencies, particularly with a higher mass flow rate.

4.1 Thermal Efficiency and Output Temperature

The outlet duct temperature and the suggested model's
overall thermal efficiency are depicted in Fig 6. For the
analysis, the reference temperature for the simulation was kept
constant at 30°C. The thermal efficiency was calculated using
Eq. 12. Heat flux was set to 500, 600, 700, and 800 W/m? for
different sets of tests. Simulations were performed with m
ranging from 0.015 kg/s to 0.065 kg/s. The data depicted in
Fig 6 illustrates that when rh is increased, there is a noticeable
improvement in thermal efficiency while the outlet
temperature decreases. Notably, at solar irradiance levels of
500 W/m? to 800 W/m?, the most effective m is 0.037 kg/s.
This results in an average thermal efficiency range of 60.7%
to 63.4% and fluid output temperatures ranging from 42.96 °C
to 49.54 °C at the optimum m of 0.037 kg/s. According to
Fudholi et al., a mass flow rate of approximately 0.03-0.09
kg/s is recommended for SAH systems [36].

55 20
I=500 W/m? __,oeo0o04d
50

45

40

Temperature output (°C)
T
O
o
Thermal efficiency (%)

35

—=a— Qutlet Temperature
—eo— Thermal Efficiency

30 30
0.01 0.03 0.05

Mass flow rate (kg/s)

60 80
I= 600 W/m?
2> / > 70 —
g g
= 50 >
3 - 60 5
3 45 &
[ [
3 L 50 ®
s 40 ] E
[7] [T}
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5 35 40
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Fig. 6. Thermal efficiencies and output temperatures at
various solar irradiance.

When testing the proposed collector under the heat flux
800 W/m?, the thermal efficiency gradually increases from
32% to 72.88% as the m increases from 0.011 kg/s to 0.065
ka/s. With the flow rate of 0.065kg/s, the maximum thermal
efficiency was 72.88%. The same pattern can be noticed for
solar irradiances 500, 600 and 700 W/m?, by increasing the
flow rate the thermal efficiency increases while output
temperature decrease. The outlet temperature decreases from
63 °C to 43 °C as the m increases from 0.011 kg/s to 0.065 kg/s
for all the solar irradiances. As can be seen in Fig. 6, an
increase in m has a more noticeable impact on thermal
efficiency. However, the output temperature decreases as the
flow rate increases. The current study results are well in range
with the previous studies conducted by Ismail A.F et al. [32]
and Assadeg et al. [33].

4.2 PV Surface Temperature

Figure 7 shows the PV surface temperature distribution
for the optimum mass flow rate of 0.037 kg/s. Figure 8 shows
that the PVT air collector temperature drops simultaneously as

the m increases, leading to a lowered PV surface temperature.
The highest temperatures are recorded at higher solar
irradiances. Hence, solar irradiance is another element that
affects the surface temperature of PV.

m a

0 0s 1 15 2
| os 40
m
| 02 *
36
‘o

0.xf

(a)

(c)

(d)

30

Fig 7. PV Surface Temperature at 0.037 kg/s (a) | = 500W/m?
(b) I =600W/m? (c) | = 700W/m? (d) | = 800W/m?
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Fig 8. PV Surface Temperature changes with r for various
solar irradiances.

However, the PVT-DPSAH is simulated under conditions of
higher solar irradiation to achieve peak thermal and electrical
efficiency. Othman et al. conducted theoretical and
experimental analysis which demonstrates how the the
intensity of the radiation affects the temperature increase for
different flow rates. They found that for a specific m, the
temperature increase is proportional to the strength of the
radiation [43].

4.3 Electrical and Combined Efficiency

The electrical efficiency was calculated using Eq. 14.
Figure 9 presents the electrical efficiency of the PVT-DPSAH
for different solar irradiances. Since the panel's efficiency is
directly related to the mean temperature of the panel, the
lowest panel temperature corresponds to the best electrical
efficiency, which was achieved at 500 W/m2. However, to
operate the PVT-DPSAH for real-world use, higher solar
irradiances are required for optimum performance. The
efficiency gap is between 500 and 800 W/m?, accounting for
a 0.15% difference at a m of 0.065 kg/s. Figure 9 shows when
the flow rate is increased, the heat transfer coefficient between
the walls of the channel and the fluid increases, resulting in a
decrease in the average temperature of the panel surface.
Consequently, the collector's electrical efficiency will
improve. In contrast to the rise in m, the improvement in
electrical efficiency is rather small. However, Figure 10
demonstrates that electrical efficiency does contribute to the
system's overall efficiency.

The combined efficiency of the system was calculated
using Eq. 17. Figure 10 shows how the mass flow rate affects
the collector's combined efficiencies (thermal and electrical).
The heat transfer coefficient improves with increasing air flow
rate. The temperature of the PV panel drops as the flow rate
rises, thus, improving the collector's efficiency. Figure 10
displays the maximum combined efficiency of PVT-DPSAH
at 84.12% at 800 W/m? with a rh of 0.065 kg/s. Othman et al.
study shows the combined efficiency of PVT-DPSAH ranges
from 39 to 70% when subjected to a h of 0.015-0.16 kg/s and
a radiation intensity of 500 W/m? [43]. The current study
combined efficiency ranges from 43% to 77% with solar

irradiance of 500 W/m? under various flow rates. The results
demonstrate the system’s ability to efficiently convert solar
energy into electricity while simultaneously generating the
thermal energy for diverse applications.  This study
showcased an improved performance of PVT-DPSAH under
different climatic parameters.

O =
-0
oo
oo
c
o

—6— =500

Electrical Efficiency (%)
=
[N

10.8
—¥—1=600
—A—1=700
10.6
—%— =800
10.4
00109 00209 00309 00409 00509  0.0609

Mass flow rate (kg/s)

Fig 9. Electrical efficiency changes with the mass flow rate

88
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63
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Combined efficiency (%)
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48
43
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Mass Flow rate (Kg/s)

Fig 10. Combined (thermal and electrical) efficiency against
various mass flow rates.

4.4 Velocity Distribution

Cylindrical PCM capsules were placed in a staggered
configuration in the second channel. Heat is supplied to each
section of the collecting absorber, and since the mass flow rate
is uniform throughout the collectors, the fluid density
decreases, and the flow velocity increases in the direction of
the flow. The m depends on the inlet velocity, duct area, and
air density. The inlet velocity for this simulation varied from
(0.8 - 2.8 m/s) for various solar irradiances (500, 600, 700, and
800 W/m?). Figure 11 displays the velocity patterns in the
streamwise direction within the second channel. The inlet
section of the second channel exhibits uniform flow velocity,
while the velocity field appears almost indistinguishable
across all areas surrounding the cylinders. The turbulent flow
pattern can be seen around the cylinders. The Figure shows
that the velocity near the edges of the cylinders slows down,
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and the velocity increases near the gap between the cylinders.
Cylindrical capsules were chosen for this study because of
their streamlined shape and symmetry, often used in
aerodynamics to reduce drag and improve the flow of air or
other fluids around them [44].

Fig 11. (a) (Top) Velocity distribution in the second channel,
(b) (Bottom) Velocity streamline at the inlet of the second
channel

4.5 Temperature Distribution in PCM Capsules

Based on the results of the optimum thermal efficiency
and temperature distribution in the heater, paraffin wax RT47
was selected for the study. The thermophysical properties of
paraffin wax RT47 were assumed to be constant and were
defined in the COMSOL heat transfer node. Mass flow rate
affects the charging of PCM in the second channel, with
slower flow rates leading to greater charging. In order to
increase PCM melting, a slower mh is required. However, this
reduces the heater's performance efficiency. Thus, for
practical requirements, the heater should be operated with the
optimal m ranging from 0.03 kg/s to 0.05 kg/s. Figure 12 (a),
(b), and (c) shows the temperature distribution with the flow
rates of 0.017, 0.037, and 0.065 kg/s, respectively, under the
solar irradiance of 500 W/m?, With increasing the m the
ability to store heat is reduced, because the heat transfer co-
efficient is increased which takes away the heat more quickly
from the second channel. It can be seen from figure 12 (c) that
the PCM is in solid state with the highest m. The temperature
distribution under solar irradiance of 600 W/m? is depicted in
figure 12 (d), (e), and (f) for flow rates of 0.017, 0.037, and
0.065 Kkgfs, respectively. Figure 12 (f) shows promising
results with the flow rate of 0.065 kg/s, it is observable that
PCM capsules are in transition phase. The temperature
distribution for varying flow rates of 0.017, 0.037, and 0.065
kgls, correspondingly, under solar irradiance conditions of
700 W/m? and 800 W/m? are depicted in figure 13 (a), (b), (c)
and (d), (e), (f), respectively. The PCM melting/charging
results are very promising under higher solar irradiances, such

as 700 and 800 W/m?, even with the higher . For practical
purposes, however, the system should be operated between
0.03 and 0.05 kg/s [33]. The optimal rn for the current study
was found to be 0.037 kg/s. From figures 12 and 13, with
optimum m of 0.037 kg/s the PCM melting rate is high. A
value of 1 indicates a fully charged PCM, while 0 represents
the PCM in its solid state. This analysis gives us an insight
into where to place the cylindrical PCM capsules in the second
channel. Based on these results, the type of PCM that could
be used practically in PVT-DPSAH can be determined.

a) I = 500 W/m? '

o1
°

m = 0.017 kg/s I

b) 1= 500 W/m? '

0.05

°

e rh = 0.037 kg/s |

<) I = 500 W/m? l -

r = 0.017 kg/s
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e) 1 =600 W/m?2

f) 1 =600 W/m?

m = 0.061 kg/s

Fig 12. Temperature distribution in PCM capsules at 500
W/m? (a,b,c) and 600 W/m? (d,e,f)

a) 1=700 W/m?2

rm =0.017 kg/s

b)

1=700 W/m?

c) 1=700 W/m?

m = 0.061 kg/s

N
N

X

)
N

N

N

m =0.017 kg/s

e) 1 =800 W/m?2

f) 1 =800 W/m?

m =0.037 kg/s i

rm = 0.061 kg/s

Fig 13. Temperature distribution in PCM capsules at 700
W/m? (a,b,c) and 800 W/m? (d.e,f).

5.  Conclusion

This study presents a CFD investigation of a novel PVT-
DPSAH through a steady-state FEM analysis design. The
primary characteristics of this design are the PVT-DPSAH's
PV collector and the second channel, which is equipped with
vertical cylinder PCM capsules. The performance of the PVT-
DPSAH collector was evaluated as the mass flow rate varied
from 0.011 to 0.065 kg/s with solar irradiances of 500, 600,
700, and 800 W/m?. The temperature distribution of the
second channel was analyzed to determine the appropriate
type of PCM to be used in the PVT-DPSAH. The major
conclusions from the study are;

« The highest thermal efficiency achieved was 72.88% at
800 W/m? solar irradiance, with a h of 0.065 kg/s.

» The output temperature drops, and the system's thermal
efficiency improves with increasing mass flow rates.
Output temperatures were found to be at their lowest at
m = 0.031- 0.065 kg/s and their highest at m = 0.011-
0.031 kgf/s.

» The highest electrical efficiency achieved was 11.39% at
500W/m?, while the maximum combined efficiency
obtained was 84.12% at 800 W/m? with a rh of 0.065kg/s.

+ PCM melting was more efficient, with an optimal m of
0.037 kgfs, indicating that the design is suitable for real-
world use.

« Based on the temperature distribution results, RT-47-
based PCM is selected for the study, showing greater
charging potential at solar irradiances of 700 and 800
W/m?2,
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Nomenclature

9 Heat transfer rate u Velocity
h Heat tranfer coefficient P,... Maximum power
ouput
Teox External Temperature I Solar Irradiance
k Thermal conductivity I, Maximum current
output
L Characteristic length Vo Maximum voltage
output
Ral Rayleigh number A, Collector area
p Density of the FF Fill factor
Material
7] Weight factors I Short circuit current
c Specific heat capacity Voe Open current voltage
Ly, Heat transfer between Neen Solar cell efficiency
phases
o, Thermal expansion A, Total area of solar
coefficient cells
Ur Turbulent viscosity G Solar irradiance
u Dynamic viscosity a,, Absorption coefficient
of solar cell
v Velocity gradient Nen Thermal efficiency
P, Production of kinetic Nete Electrical efficiency
energy
€ Dissipation rate of Neo Combined efficiency
turbulent kinetic energy
T, Outlet temperature (m.s  Reference electrical
efficiency
T; Inlet temperature P Cells packing factor
Bret Temperature coefficient
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