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The electrical performance and equipment lifetime of high-concentration photovoltaic cells depends heavily on
efficient cooling. In this paper, we applied a hybrid configuration to the cooling of a high-concentration
photovoltaic cell, an innovative pattern derived from a comprehensive study on the combination of oblique
microchannel and micro pin fin. Results from this study found that an elliptical pin fin pattern conforming with
streamlines most effectively removed heat flux with a Nusselt number of 65.44 at a Reynolds number 1250.
Then, the performance evaluation of a photovoltaic cell with a concentration ratio of 1000 was carried out on the
hottest day of each season in Shiraz under actual boundary conditions. With an average flow rate of 30 ml/min in
the spring, the implementation of this hybrid design resulted in the photovoltaic cell achieving an electrical
efficiency of 40.16 while still maintaining a constant surface temperature of 301 K. Unlike a straight micro-
channel, which failed to maintain a constant cell temperature throughout summer’s hottest hours, this hybrid
configuration succeeded in sustaining cooling with an average flow rate of 90 ml/min. In the winter and autumn,
the pump’s average power consumption required for cooling was about 25 and 38 mW, respectively. Moreover,
the maximum output electrical power in the summer was 2.8 W, with pumping power contributing to 1500 mW.

1. Introduction

To satisfy the growing demand for affordable, renewable energy, the
use of photovoltaic (PV) systems to generate power through solar radi-
ation has increased [1,2]. The performance, efficiency, and lifespan of
PV cells depend heavily on climatic factors such as wind speed, wind
direction, and ambient temperature [3,4]. Research shows that a tem-
perature increase of 1 °C leads to a 0.5 % performance decline in PV cells
[5]. To combat this, researchers have attempted to develop efficient
cooling techniques for heat dissipation from PV modules [6,7] including
air cooling [8,9], heat pipes [10,11], and microchannel heat sinks
(MCHSs) [12,13]. MCHSs have recently been of greater interest to
thermal engineers due to their large area-to-volume ratio, ease of use,
and efficiency in removing high heat flux. Numerous studies have been
conducted on the thermal performance enhancement of MCHSs in recent
years. Flow parameters, such as nanofluid, boiling, and pulsating flow
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[14,15], as well as geometric factors, like channel pattern and cross-
section, play critical roles in enhancing an MCHS’s performance [16].
Existing literature on PV cell cooling using MCHSs primarily focuses on
changing the channel pattern to improve thermal efficiency [17,18].
Furthermore, recent studies have explored various geometric micro-
channel patterns, such as sinusoidal, oblique grooved, and pin fin
[19-22]. Oblique grooved and pin fin MCHSs are particularly significant
due to their larger wetted areas and higher rates of flow mixing [23,24].
In a parametric investigation of heat transfer enhancement in grooved
MCHSs, Lee et al. [25] report that a higher flow rate improved flow
diffusion into transverse grooves, thereby increasing flow mixing.
Increased flow mixing coupled with the disruption of thermal boundary
layers led to a marked improvement of heat transfer in the grooved
pattern compared to the straight one. Alihosseini et al. [26] designed a
new MCHS pattern featuring a combination of oblique grooved fins and
wavy MCHS. Results illustrate that this hybrid design was more efficient
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than a simple wavy one due to its generation of secondary flow that
increased the rate of heat transfer.

Yang et al. [27] examines various pin fin shapes, including circular,
square, hexagonal, pentagonal, and triangular. They found that trian-
gular pin fins caused maximum flow blockage, while circular ones
caused the least. Flow blockage directly affects a system’s pressure drop.
Similarly, in a numerical study, Zhao et al. [28] assess the effects of
circular, triangular, diamond, and pentagonal cross-sections on thermal
performance. The strong vortices around the pin fin meant that the
pentagonal cross-sections exhibited the best performance in terms of
heat transfer coefficient and temperature uniformity.

Chen et al. [12] investigate using a serpentine microchannel to cool
concentrated PV cells. They report that the serpentine microchannel
improved cell temperature distribution uniformity and reduced the
maximum cell temperature. Furthermore, their findings indicate that
the electrical efficiency of the PV module experienced a 115 % increase
due to maximum cell temperature reduction. Eesam et al. [29] explore
the synergistic cooling effects of using both an input jet and an MCHS for
concentrated PV panels. They employed a rectangular pin fin configu-
ration in the flow direction. Their study suggests that the combination of
an input jet and an MCHS enhanced cell temperature uniformity and
reduced the maximum cell temperature at the maximum solar irradi-
ance. Additionally, Abdallah Y. M. et al. [30] study the impact of flow
direction on thermal performance by altering inlet and outlet configu-
rations. An 11.4 % decrease in average cell temperature illustrated that
the new convergent-divergent MCHS design achieved a better heat
transfer rate compared to the conventional straight MCHS design for
high concentrator photovoltaic module thermal management. To cool
PV modules, Radwan et al. [31] evaluate various heat sink designs such
as (a) a rectangular microchannel, (b) a single-layer parallel flow, (c) a
single-layer counter-flow, (d) a double-layer parallel flow, and (e) a
double-layer counter flow heat sink. Among these designs, the single-
layer parallel-flow heat sink had the highest net cell power and elec-
trical efficiency, as well as the lowest cell temperature at a CR = 20. In
another study, Yang et al. [30] employ a multi-manifold microchannel
cooling system with a rectangular design to mitigate and enhance the
uniformity of PV cell temperature. Remarkably, they managed to
maintain an average temperature of approximately 37 °C at CR = 70. On
the other hand, the single-layer counter-flow MCHS exhibited the lowest
performance.

Based on reviewed literature, it is evident that oblique microchannel
heat sinks and pin fin configurations play a significant role in enhancing
thermal performance. However, most of these aforementioned studies
concentrate solely on individual patterns. The motivation to employ a
hybrid design of oblique grooved microchannels with pin fins stems
from the intrinsic trade-offs between heat transfer and pressure drop in
heat sink configurations. Despite significantly improving heat transfer
by introducing secondary flows and disruptions, oblique grooved
microchannels inherently introduce a higher pressure drop compared to
basic pin fin designs. To mitigate this, our design integrates pin fins
within the MCHS. By strategically placing pin fins in the middle of the
heat sink, the flow is less aggressively disrupted than as seen with
oblique grooves, thereby reducing the overall pressure drop.

The hybrid pattern design, our research’s central innovation, at-
tempts to address two main concerns from previous configurations:
hotspots caused by inconsistent temperature distribution, and decreases
of Nusselt numbers along the channel. In this paper, we used numerical
simulations to explore the effect of a hybrid pattern on the cooling of
high-concentration photovoltaic cells. Initially, a comprehensive anal-
ysis of the combination of an oblique MCHS and 19 pin fin cross-sections
was carried out to determine the pattern with the highest thermal per-
formance. Subsequently, the optimal design was employed to effectively
cool a high-concentration photovoltaic cell under actual boundary
conditions (simultaneous surface radiation and free convection) in the
city of Shiraz on the hottest day of each season. By comparing the hybrid
and straight MCHS models, we were able to explore the impact of
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efficient cooling on the photovoltaic cell’s operational parameters, such
as coolant flow velocity on cell temperature uniformity, net solar cell
power, and pump power consumption.

2. Model design

Fig. 1 depicts a schematic view of an HCPV working principle. The
proposed system is comprised of a concentration lens, an HPVC cell, and
an MCHS. The solar concentration lens is utilized to focus solar radiation
on the target in the solar cell. Capable of incorporating a biaxial tracking
system, these concentrators can achieve a concentration ratio of 100
while still maintaining cost-effectiveness per power unit. The study
utilizes a high-performance triple-junction HCPV cell, the latest version
of the AZURE SPACE product [32]. As illustrated in Fig. 2, this solar cell
is comprised of four layers. To generate electricity, the top layer features
GalnP and GalnAs on a Germanium substrate. The bottom layers, on the
other hand, consist of two Cu layers as well as one made from ceramic.
Table 1 details the thermal properties and dimensions of these solar cell
layers.

As depicted in Fig. 2, the MCHS, covering the rear side of the solar
cell and board assembly, combines oblique microchannels with circular
micro pin fins, effectively dissipating the generated heat. Fig. 3 features
a detailed depiction of the hybrid MCHS’s configurations. This hybrid
model possesses three grooved rows, each with a width of 375 pm, as
well as three straight rows with varied pin fin shapes. Additionally, the
pin fin pattern, occupying one-third of the MCHS length, is situated
between the pair of oblique grooved designs. In the first step, a
comprehensive study was conducted to determine the most efficient
hybrid pattern by analyzing the diverse cross-section shapes of 19 pin fin
patterns. The chosen geometries are relevant for industrial applications.
Table 2 provides detailed dimensions related to the various pin fins. All
pin fins were sized such that they would have the same hydraulic
diameter, thereby enabling efficient pattern comparison. Since the
microchannel with a 25 mm x 25 mm dimension is symmetric, it was
partially simulated to save computation time and cost. Therefore, three
channels, as shown in Fig. 4, were simulated and discussed.

3. Numerical methodology

ANSYS Fluent V. R2 2021, based on the finite volume method (FVM),
was employed to simultaneously simulate the system and solve the flow
and heat transfer equations in the solid and liquid phases. The second-
order upwind scheme was used to discretize the momentum and en-
ergy equations, while a standard discretization technique was used to
discretize the pressure equation. The SIMPLE algorithm was adopted to
couple velocity and pressure.

3.1. Governing equations

This study incorporated two distinct parts. Initially, various config-
urations were examined, excluding the high-concentration photovoltaic
cells, to derive the optimal design with the highest thermal performance.
Subsequently, this design effectively cooled a high-concentration
photovoltaic cell exposed to varying solar irradiation levels. Some as-
sumptions were considered for solving these equations, including
[3,32,35,36]:

1) The solid materials have isotropic and temperature-dependent
thermophysical properties, and water is used as a coolant to
remove heat due to its high specific heat capacity.

2) Thermal contact resistance is negligible between the HCPV layers
and MCHS.

3) The MCHS contains a steady-state, laminar, and incompressible flow
(the local Reynolds number is below the critical Reynolds number of
2200 at the peak flow rate).

4) Viscous dissipation is neglected.
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Fig. 1. A schematic view of an HCPV working principle.
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Fig. 2. A 3D schematic view of the HCPV cell.

Table 1

The specifications of junctions applied to the HCPV cell [33,34].
Solar cell Thickness K (W/ cw/ p (kg/ Emissivity
layers (mm) m-K) kgK) m3) (&)
Germanium 0.19 60 320 5323 0.9
Copper-I 0.25 401 384 8933 0.05
Al203 0.32 30 900 3900 0.75

ceramic

Copper-II 0.25 401 384 8933 0.05

Accordingly, the governing equations are written as:

HCPV cell equations:

The heat produced in the different layers of the solar cell was ob-
tained from the following equation [29,37]:

(I —neep) GageA

Vv (€3]

qGe =
In the above equation, 7. is the electrical efficiency of the solar cell; G
is the net solar irradiance on the front surface of the Germanium layer,
which is a function of the solar concentration ratio; ag, is Germanium’s
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model 1 of pin fin:
circle I

The other pin fin pattemns related to circle
which are applied

model 5 of pin fin:
triangle I

The other pin fin patterns related to triangle
which are applied

ellipse The other pin fin pattern related to ellipse
which is applied :

‘model 10
model 11 of pin fin: <
Square The other pin fin pattern related to square
which are applied

ellipse I

model 13 of pin fin:
trapezoid I

The other pin fin pattern related to trapezoid
which is applied

model 15 of pin fin:
rectangular I

The other pin fin pattern related to
rectangular which is applied ‘model 15
rectangular I

model 17 of pin fin:
pentagon I

The other pin fin pattern related to pentagon
which is applied

model 18
pentagon I

Fig. 3. The diverse geometries of pin fins used for the hybrid configuration.
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Table 2

The geometric parameters of the pin fins.
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Name Circle I Circle II Circle III Circle IV Triangle I Triangle 11
340 um
Shape ‘ 340 um 290 pm
340 pym 290 um
Area
(um?) 60,000 50,000 50,000 50,000 40,000 40,000
Name | Triangle III Triangle IV Ellipse 1 Ellipse 1II Square Diamond
280 um
g P20
Shape 4 70 um --ZT] pm '} '
290 um .
B 7 40 pm
+—
260 pm 340 pm & 220 um
Area
(um?) 40,000 30,000 80,000 80,000 50,000 50,000
Name | Trapezoid I | Trapezoid II Rectangle I | Rectangle I | Pentagon I Pentagon II
150 pm 180 um
210 pm 400 um 290 um 80 um
Shape
90 pm
400 pm 210 um
Area
(um?) 30,000 40,000 40,000 60,000 50,000 50,000
Name Hexogen
150 pm
Shape
Area
50,000
(um?)

Fig. 4. The dimension of simulated geometry.

absorptivity; and A and V are the top surface area and volume of the
Germanium layer, respectively.
The electrical performance of the solar cell is [38]:

Neett = MNRer — Binermat(Teen — Trer)] (2)

Nret = 40.3 %, which is the electrical efficiency of the solar cell at

Tref = 25°C and CR = 1000 [39]. Brperma iS the thermal coefficient of
Germanium and is equal to 0.047 % [32]. Additionally, the solar cell
electrical power, heat sink friction power, and net gained electrical
power of the solar cell were calculated using the following equations
[17,29]:

Py =1,y Gacn A 3)
m

Ppriciion = (—). AP 4)
Pr

Pt = Py — Pﬁ'iction (5)

AP is the pressure drop across the microchannel heat sink, and m' is the
fluid mass flow rate.

MCHS equations [20,40]:

Conservation of mass:

V. (ﬁ) =0 6)
Momentum equation:
o (ﬁ.v) U= —Vp+uv?TU @

The energy equation of the liquid:

Py Cyr (ﬁ.VT) = V. [k VT ®
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The energy equation of the solid body:
V. kVT] =0 10$)

In the given equations, U, P, P> B Cpf, and ks are the velocity vector,
pressure, fluid density, dynamic viscosity, specific heat, and thermal
conductivity, respectively. Furthermore, ks is the solid thermal con-
ductivity.

Local fluid temperature:

~ [puC, T dA,

Tf.x —Tr A~ 11
] pyuC,, dA,

(€8]

The average local temperature of the microchannel wall is presented by
the following equation:

— / T, dw 12
w/,

Then, the local heat transfer coefficient was calculated by the
following equation:
‘]” Ay

" T T A 2

In this equation, q” is the heat flux, Ab is the base area of the channel that
the heat flux applied to it, and Ai is the fluid-solid interface area that the
coolant removes the heat from it. Additionally, Ty and Ty, represent
the local wall temperature and the local fluid bulk temperature.

Equations (14) and (15) calculated the local and average Nusselt
number of the microchannel:

h, D,
Nuy = =21 a4
ke
1
Nu = —/Nux dx (15)
L),

Where L is the length of the channel, k; is the fluid thermal conductivity,
and Dy, is the channel hydraulic diameter as defined by:

o 44

D, P

(16)

Acn and P are the cross-section and perimeter of the channel inlet
plenum, respectively [41].

The pressure drop and friction factor were calculated by the
following equations:

AP = Piy — Pous (17)
2APD,
=it as)

3.2. Boundary conditions

As previously highlighted, this study incorporated two distinct sec-
tions with unique boundary conditions. Fig. 5 depicts the boundary
condition for the first section focusing on deriving the optimal thermal
performance of the microchannel. As shown, the inlet velocity of the
microchannel was assumed to be uniform. The output pressure was set
to atmospheric pressure, while the bottom surface was presumed to be
adiabatic. Furthermore, the boundary condition at the side walls was
considered as symmetry. Simulations operated at Re = 1250 with a
constant heat flux of 80 W/cm"2, a standard value in microchannel
studies.

The following part aims to evaluate the integrated HCPV-MCHS
system, the boundary conditions of which are illustrated in Fig. 6.
Since the top surface of the HCPV cell experienced varied direct solar
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q"= constant

T symmetry

Inlet: V., =V, =0,Vz=V,, & T=T, Top: V, =V, =Vz= 0, q=constant

Outlet: P, =Pum Bottom: Adiabatic

Sides: Symmetry

Fig. 5. Boundary conditions for deriving optimal thermal performance of
microchannel.

__—- Outlet

Symmetry sides

Outlet: Pressure outlet

l Uniform concentrated
solar radiation

Natural convection and / Inlet: velocity
radiation

Fig. 6. The boundary conditions and computational domain related to
HCPV cell.

irradiance along with convective and radiative heat losses, it was
configured with realistic parameters consisting of ambient temperature,
wind-driven convective heat transfer coefficient, external radiation
temperature, and emissivity. The side walls were assumed to be sym-
metrical, the inlet coolant temperature and velocity were assumed to be
uniform, and the output pressure was assumed to be the same as the
atmospheric pressure. Furthermore, at the solid-liquid interface, with
the conservation of heat flux being applied, both the solid and liquid
phases maintained an equal temperature. Lastly, a non-slip boundary
condition was used on the inner walls, meaning the flow velocity
remained zero.

3.3. Mesh independence and validation

Ensuring grid independence is essential to not just the accuracy of
results, but to computational time and costs as well. To assess mesh
independence, four distinct grids, generated by the Meshing Module in
ANSYS Fluent V.21, were utilized for domain discretization, constituting
nearly 1 x 10°, 2 x 10°, 3 x 10°, and 4 x 10°. According to Fig. 7, as the
number of mesh rose, the difference in the Nusselt number between the
second and third meshes relative to the fourth (the finest grid) dimin-
ished from 2.16 % to 0.39 %. Given the balance between computational
accuracy and cost, the grid with 3 x 10° meshes was determined to be
the optimal grid. Moreover, the computational results were compared
with the experimental data reported in the reference (Sui et al. 2011) to
ensure the validity of the simulation results [42]. As depicted in Fig. 8,
the average deviation of the average Nusselt number as well as the
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25 1

—&— 1.000.000
=& 2.000.000
—&— 3.000.000

= 4 = 4,000.000

Local Nu

Fig. 7. The investigation of grid independence by local Nusselt number versus
the normalized location of microchannel.

friction factor between the computational results and the experimental
data was investigated. Regarding the average Nusselt number, the
maximum difference between experimental and computational values
was 6.14 % at the Reynold number of 300, while the minimum figure
was reported at the Reynold number of 700, at 3.82 %, showing that the
validity of the results was ensured. Similarly, the comparison of the
results for the friction factor indicates that the differences were in a
reliable range of agreement, with a maximum difference of 10.82 % and
a minimum of 2.28 % at the Reynolds numbers of 600 and 700,
respectively.

4. MCHS results and discussion

This section evaluates the performance of 19 hybrid patterns based
on flow contours and heat transfer parameters, such as the Nusselt
number and pressure drop. This assessment aims to identify optimal
thermal performance.

4.1. Flow and temperature characterization

4.1.1. Temperature contours

The analysis commences with an examination of temperature con-
tours. Fig. 9 illustrates the longitudinal temperature contours for pat-
terns with the highest and lowest performances, namely Ellipse I, Circle
IV, Rectangle II, and Ellipse II. As can be seen, after the flow entered the
MCHS, the fluid temperature increased along the channel. The varied
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temperature distributions in the middle parts of the MCHS were attrib-
uted to the distinct pin fin patterns. Additionally, Fig. 9 reveals a lower
temperature difference among pin fin arrays in Ellipse I compared to the
other cases. As such, hotspot generation was prevented due to a more
uniform temperature distribution throughout the heat sink. The higher
temperature around the pin fins in the lowest row arose from the oblique
grooves’ orientation in the MCHS inlet. The grooves drove the flow
upward, thus increasing the flow velocity, interaction, and cooling ca-
pacity of the highest row. In enabling ample flow in both the longitu-
dinal and lateral gaps between adjacent pin fins, Ellipse I's orientation
minimized flow blockage and maximized heat transfer. When
comparing Ellipse I and Circle IV, differences related to the orientation
and wetted surface were observed. Ellipse I possessed a more extended
wetted area than Circle IV. While the upper section of Circle IV was
unoccupied, allowing fluid to easily cross, the pin fin’s side curvature
increased flow mixing, leading to enhanced cooling. Being perpendic-
ular to the flow, the pin fins of Ellipse I and Rectangle Il maximized flow
blockage and created low-velocity recirculation zones. As depicted in
Fig. 9, these zones caused fluid entrapment and a temperature increase,
ultimately reducing heat transfer in these regions. Among the patterns
perpendicular to the flow, Rectangle II enabled higher flow disturbance
in light of its sharp edges, thereby having more cooling than Ellipse II.
Therefore, it is highlighted that both the wetted area and pattern con-
forming with the streamlines played major roles in the temperature
distribution uniformity and heat transfer rate.

4.1.2. Velocity contours

This section studies the velocity distributions of each pattern and
their contributions to heat transfer. Fig. 10 depicts the longitudinal ve-
locity distributions of each pattern at Re = 1250. Observably, Ellipse I
mixed the flow between the pin fins and channel walls and disturbed the
velocity boundary layer. Moreover, as evident in the longitudinal cross-
section, the low-volume flow recirculation zones were formed down-
stream of the pin fins, contributing positively to heat transfer
enhancement. Ellipse I had an almost uniform flow distribution, while
other patterns failed to achieve such distribution. In Circle IV, for
instance, fluid passed through half of the channel without obstruction,
which is a drawback for heat transfer. In areas with curvature, however,
the interaction between the channel walls and pin fins strengthened flow
mixing, enhancing overall heat transfer. For the crossflow patterns,
Rectangle II and Ellipse II, a large recirculation area, known as the dead
zone, formed downstream of the pin fins (the blue zones). The orienta-
tion of pin fins relative to the flow direction narrowed the lateral gap
between them, markedly hindering flow and shrinking the cooling rate.
As demonstrated in Fig. 10, Ellipse I reported a top velocity of 9.5 m/s,

0.24
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Fig. 8. Comparison of (a) average Nusselt number and (b) friction factor validation with Sui et al. [42].
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Fig. 9. The temperature distributions for the cases of (a) Ellipse I, (b) Circle IV, (c) Ellipse II, and (d) Rectangle II at Re = 1250.

followed closely by Circle IV with a velocity of 9 m/s. Additionally, the
lowest row of pin fins exhibited higher temperatures than the uppermost
row due to the orientation of the grooves.

Fig. 11 shows the velocity contours at the beginning, middle, and end
of the MCHS for different pin fin patterns. By taking a closer look at these
contours, a significant correlation can be inferred between the volume of
low-velocity recirculation zones formed behind pin fins and the per-
formance parameters of heat sinks. As observed, the configuration of
Ellipse I demonstrated flow behavior similar to streamlined geometry,
and the regions of low-velocity recirculation behind the pin fins were
confined. The decrease of such regions is also significant in the config-
uration of Circle IV. In contrast, the growth of low-velocity recirculation
regions behind the pin fins was noticeable in Ellipse II and Rectangular
II. The expansion of these zones had a detrimental effect on heat
transfer, causing additional pressure drop without better thermal per-
formance. This phenomenon’s impact was significant in that it resulted
in the achievement of a maximum Nu in Ellipse I and a maximum
pressure drop penalty in Ellipse II.

4.2. Heat transfer and pressure drop

This section analyzes the Nusselt number and pressure drop for each
pattern tested. Fig. 12 illustrates the average Nusselt number for various
hybrid designs at a Reynolds number of 1250. As shown, an 8 % dif-
ference was measured between Ellipse I and II, with the former charting
the highest Nusselt number of 65.44, and the latter showing the lowest,

at 60.56. The elliptical pattern had higher heat transfer than other
patterns due to its orientation relative to the flow direction. In other
words, since it conformed with streamlines, the elliptical design mini-
mized low-velocity recirculation zones, thus contributing to heat
transfer improvement.

Furthermore, the heat transfer rates of the triangular patterns were
found to be in the order of Triangle II> Triangle IV>Triangle III>-
Triangle, with the performance difference owed to the distinct behaviors
of fluid flow around various triangular pin fins. Among the four-sided
designs, the diamond, rectangular, trapezoidal, and square pin fin pat-
terns secured the first through fourth positions, respectively. Addition-
ally, the hexagonal pattern demonstrated higher heat transfer
performance among the regular polygons compared to the pentagonal
one. Therefore, the patterns in which streamlines were consistent with
geometry boundaries showed higher Nusselt numbers.

The pressure drop of each pattern at a Reynolds number of 1250 is
depicted in Fig. 13. As can be seen, Ellipse II had the highest pressure
drop at 150.2 kPa, while Trapezoid II had the lowest at 113.4 kPa. El-
lipse II’s more considerable pressure drop can be associated with its
orientation being perpendicular to the flow, a placement which reduced
lateral space for the fluid flow, thus leading to a large stagnation zone
developing between consecutive pin fins. Patterns that conformed with
the streamlines typically exhibited a reduced pressure drop compared to
others. Moreover, attributing to their configurations, the pressure drops
of the triangular pin fins were observed to be in the order of Triangle
II>Triangle IV>Triangle I > Triangle III. In other words, the first side of
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Fig. 10. The velocity distributions for the cases of (a) Ellipse I, (b) Circle IV, (c) Rectangle II, and (d) Ellipse II at Re = 1250.

Triangle II, which was perpendicular to the flow, imposed significant
blockage effects, leading to the most substantial pressure drop. Triangle
IV had a similar structure to Triangle II, except that it was split in the
middle, with the top mixing the flow and the bottom imposing no sig-
nificant obstruction. The orientation of the sides in Triangle III and
Triangle I resulted in minimal flow mixing between the wall and fluid,
leading to reduced pressure drops. Among the four-sided patterns, the
diamond pin fin pattern reported the highest pressure drop (135.4 kPa),
while Rectangle II led to the second highest. The orientation of the
diamond pattern and Rectangle II can explain the reason behind their
larger pressure drops. The trapezoidal pattern resulted in the lowest
pressure drop among the four-sided patterns because it conformed with

flow streamlines. Among the regular polygons, the hexagonal pattern
had a higher pressure drop than the pentagonal. Additionally, among
the circular designs, Circle III exhibited the most significant pressure
drop due to its perpendicular side relative to the main flow. Further-
more, there was a difference in pressure drop between the two semi-
circles, Circle II and Circle IV, which arose from the impingement flow.
In other words, due to the upward orientation of the oblique grooves, the
flow velocity was greater at the upper section of the MCHS. As a result,
Circle II imposed a more considerable pressure drop on the system than
Circle IV due to its side curvature.
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4.3. Performance evaluation index

To more effectively assess the efficiency of the hybrid MCHS, equa-
tion (19) is utilized. This equation compares the rise in the Nusselt
number and pressure drop with a reference model [43]. The reference
model was taken to be the rectangular pin fin pattern, given its prevalent
use in this field.
n= NuPin—ﬁn/NuReL‘mngularpin—ﬁn _ (ENu) (19)

(APPin—ﬁn/APRectanglllarpi'1—ﬁn) (EAP)

P
T

Fig. 14 shows the performance coefficients () for the studied patterns. A
performance coefficient exceeding 1 indicates higher performance
compared to the reference model, while a n value below 1 suggests lower
relative performance. According to Fig. 14, Ellipse I showed the highest
performance coefficient with 1.05, while Ellipse II had the lowest figure
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of 0.92. Interestingly, Trapezoid II had the third-best performance with
1.03 despite its low heat transfer capability, attributed to its reduced
pressure drop. Observably, patterns that conformed with the streamlines
outperformed those shapes with perpendicular sides relative to the main
flow. Patterns oriented perpendicular to the flow direction recorded a
performance coefficient under one, making them less suitable for cool-
ing systems. The pin fin patterns were evaluated in terms of thermal
performance and flow parameters to find the optimal patterns, with the
elliptical pin fin showing the highest performance in dissipation heat. In
the next phase of our research, we evaluated an HCPV cell’s electrical
and thermal performances as it was cooled by the hybrid configuration,
a combination of oblique grooved microchannels and elliptical pin fins.

5. HCPV cell results and discussion

Elevated PV cell temperatures adversely affect electrical efficiency.
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Fig. 13. Pressure drops of all cases at Re = 1250.

For these cells, the recommended optimal operational temperature
ranges from 301 to 353 K. Most notably, an increment of 1 K in tem-
perature leads to a 0.5 % decrement in electrical efficiency [5]. As such,
maintaining a solar cell temperature close to 301 K becomes essential for
achieving peak electrical performance. An efficient cooling mechanism
is therefore necessary to effectively dissipate the generated heat and
contribute positively to the PV system’s durability.

In this part of our research, we simulated the integrated HCPV-MCHS
system maintaining a stable HCPV cell temperature of nearly 301 K.
Then, we evaluated the operating parameters, such as pressure drop, PV
temperature uniformity, power generation, and pumping power, as well
as the required flow rate to remove solar heat flux. The results were
compared to straight MCHS, the most commonly used microchannel in
commercial applications. Subsection 5.1 discusses the collection of cli-
matic data in the case study region. Subsection 5.2 describes the effects
of operating parameters, like coolant flow rate, to hold a constant PV cell

temperature of 301 K throughout different months of the year in both
the proposed pattern and straight MCHS. Subsection 5.3 discusses the
pressure drop in the straight and hybrid MCHS models. Subsection 5.4
incorporates the power generation and pumping power results. Finally,
subsection 5.5 discusses the local temperature distribution on the PV cell
as it was cooled by the hybrid pattern.

5.1. Collection of climatic data

Collected data related to outdoor temperatures and wind velocities
was sourced from the official portal of the Iran Meteorological Organi-
zation [44]. Subsequently, the Solar Ray Tracing feature in ANSYS
Fluent was employed to determine the direct solar irradiance on the PV
cell. Shiraz, located at 52.5836° N and 52.5836° E, is identified as a city
in Iran renowned for its significant irradiance potential. The simulations
were performed for the hottest day of each season in 2021, including 31
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Fig. 14. Performance evaluation criteria index related to all the cases at Re = 1250.

May, 1 December, 6 September, and 9 July, spanning from 06:00 to
19:00. Fig. 15 illustrates these findings. As can be seen, the highest
irradiance occurred in summer (325 W/m2 at 15:00), which raised the
temperature of the PV cell to 370 K.

Due to wind speed variations, the solar heat was not symmetrical.
This asymmetry represents a novel aspect of this study since many re-
searchers typically operate under the presumption of symmetrical solar
radiation. As previously noted, a solar concentration lens was used to
concentrate solar radiation on the PV cell’s target area to maximize
power generation. To simulate an HCPV system, the solar heat flux was
multiplied by CR = 1000.

5.2. Effect of the flow rate on HCPV cell performance

Fig. 16 depicts the mass flow rate required to maintain the HCPV
temperature at 301 K during the day using the hybrid MCHS. As can be
seen, compared to the straight pattern, the hybrid configuration
demanded a reduced flow rate for effective heat dissipation. The
maximum flow rate in the straight MCHS stood at 264 ml/min in the
summer, while the hybrid pattern required only 42 ml/min. The hybrid
model’s higher efficiency could be explained by the increased flow
mixing, which lead to the periodic disruption of boundary layers.
Furthermore, the hybrid model possessed a larger wetted area, which
significantly enhanced heat transfer. Observations indicated that, in the
spring, the hybrid model sustained a consistent temperature of 301 K
with an average flow rate of 30 ml/min throughout the entire day. On
the other hand, the straight MCHS failed to keep the average tempera-
ture stable at 301 K during 12:00-16:00 (Zone 1). Likewise, in the
summer, the straight MCHS also failed to keep the HCPV cell cool for a
larger portion of the day (Zone 1). In contrast, the hybrid model effec-
tively maintained a constant temperature of 301 K in this zone with an
average flow rate of approximately 90 ml/min.

During peak irradiance periods in fall and winter (Zones 1 and 2), the
straight MCHS was inefficient. The hybrid MCHS, however, removed
heat with average flow rates not surpassing 45 ml/min. An advantage of
this present study is that a much smaller coolant flow rate was required
to cool the HCPV cell compared to earlier works. This difference
demonstrated the efficient performance of the proposed hybrid
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configuration.

5.3. Analysis of pressure drop

The pressure drop is vital when assessing PV power generation and
electrical efficiency. Evaluating the pressure drop assists in choosing the
most suitable pump for the system. Fig. 17 illustrates the variations in
MCHS pressure drop over distinct seasons. As anticipated, there was a
direct correlation between the pressure drop and the flow rate. An in-
crease in the flow rate resulted in an increased pressure drop. As can be
seen, the straight MCHS required a larger coolant flow rate, which
imposed a larger pressure drop on the system. In other words, a low
thermal performance necessitated a larger flow rate to improve heat
transfer, which resulted in an increased pressure drop. To illustrate this,
at 12:00 in the spring, the straight MCHS demanded a flow rate nearly
seven times as much as the hybrid configuration. In the summer, the
maximum pressure drop in the hybrid pattern was 618 kPa. Fig. 17
shows the zones in which the straight MCHS was inefficient in removing
solar heat flux. It should be noted that the straight MCHS imposed a
larger pressure drop than the hybrid configuration at a given flow rate.

5.4. Output power and pump power consumption

Pumps are major components in conveying a coolant through the
system. Therefore, it is important to calculate pump power. Since higher
pumping power is required to handle the pressure drop at higher flow
rates, the flow rate should be accurately monitored to secure a trade-off
between thermal performance and pump power. Unlike earlier works
[29,39] which applied a constant flow rate to cool PV cells, this study
calculated different flow rates at different times based on the cooling
demand in order to minimize pumping power and maximize output
power. As shown in Fig. 18, the straight MCHS had higher pumping
power than the hybrid MCHS because it required a larger flow rate,
imposing a larger pressure drop. For example, the straight MCHS re-
ported a pumping power of nearly 1290 mW in spring at 11:00,
approximately 30 times higher than the hybrid MCHS (40 mW).
Furthermore, the straight MCHS was inefficient most of the day due to
its poor thermal performance. While the hybrid MCHS required an
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average pumping power of 240 mW over the course of a whole day in the
summer, for other seasons, this figure did not exceed about 60 mW.
Fig. 19 shows the output and pumping power of the optimal hybrid
MCHS. The output power, calculated using Eq. (3), depends on the solar
cell’s electrical efficiency, absorption factor, top layer surface area, and
net concentrated irradiance. Pumping power was low at most hours;
however, at some times with higher irradiance, it increased to hold a
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constant temperature of 301 K. For example, the highest and lowest
output power in summer was 2.8 and 0.2 W, with the pumping power of
1500 and 10 mW, respectively. As mentioned, the output power is
directly related to the surface area. To save computation time and cost,
this study evaluated a small geometry domain to obtain the output
power. The simulation of the entire domain, however, would increase
the output power under a larger cell surface area. As shown in Table 3,
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the maximum output power was 18.443 W, suggesting that the studied
HCPV system performed with higher efficiency under actual boundary
conditions. In contrast to previous studies, this study reported the exact
pumping power. As can be seen in Table 3, 6-8% of the output power
was consumed by the pump at peak irradiance hours, whereas up to only
2 % of the output power was consumed at off-peak irradiance hours,
with the remaining portion of power exported to the power grid.

5.5. Local temperature distribution and uniformity

As previously highlighted, the temperature of a solar cell should not
surpass 110 °C in order to prevent degradation of PV performance.
Additionally, as outlined in section 5.1, the temperature of an uncooled
solar cell can reach up to 370 K when exposed to direct sunlight.
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Table 3
The total electrical power and pumping power consumption related to the
optimal hybrid pattern for the autumn season.

Time Output electrical power (W) Power consumption of pump (W)
9:00 10.585 0.195
10:00 13.964 0.421
11:00 18.443 1.468
12:00 18.148 1.377
13:00 14.246 0.438
14:00 12.158 0.317
15:00 14.589 0.754
16:00 13.154 0.421
17:00 8.641 0.117
18:00 6.872 0.056
19:00 1.810 0.001

Therefore, it is imperative to ensure that the temperature of the
photovoltaic cell is evenly cooled at the desirable temperature. Fig. 20
presents the local temperature distribution cooled by the MCHS system
during peak irradiance times over various periods. As can be seen, an
average temperature of 301 K with a maximum temperature variation of
less than 2 K (AT = Tmax -Tmin) showed a significantly more uniform
temperature. For instance, the maximum temperature variation in the
winter was 1.1 K, suggesting a markedly uniform temperature
distribution.

6. Conclusion

In this study, the cooling effects of a hybrid pattern on high-
concentration photovoltaic cells were explored through numerical
simulation. The unique hybrid design, seen as this work’s central
innovation, features a combination of the oblique microchannel and
micro pin fin extracted from a comprehensive investigation of 19 pin fin
cross sections. Once derived, the optimal configuration was applied to a
high-concentration photovoltaic cell to enhance its cooling. Considering
parameters such as coolant flow rate, net power generation, and
pumping power, the photovoltaic cell’s performance was assessed on the
hottest day of each season in the city of Shiraz by comparing the hybrid
and straight microchannel heat sink models. The following results were
drawn:

Patterns conforming with streamlines minimized flow blockage and
confined low-velocity recirculation zones, leading to higher heat
transfer rates than perpendicular patterns. While Ellipse I garnered
the most significant Nusselt number of 65.44, Ellipse II reported the
lowest figure (60.56).

e The largest and smallest pressure drops were reported in Ellipse II
and Trapezoid II with 150.2 kPa and 113.4 kPa, respectively.

The optimal pattern resulted in the photovoltaic cell achieving an
electrical efficiency of 40.16 while also maintaining a cell surface
temperature of 301 K, with an average flow rate of approximately 30
and 52 ml/min in the spring and summer, respectively.

While a straight microchannel failed to keep the cell temperature
stable at the hottest hours, 11:00 to 17:00 in the summer, the hybrid
configuration succeeded in cooling with an average flow rate of 90
ml/min. The hybrid microchannel’s higher performance arose from
the larger wetted area and flow mixing, leading to the periodic
disruption of boundary layers and an enhancement of heat transfer.
To keep the solar cell at a given temperature, the straight micro-
channel required a larger coolant flow rate due to poor heat transfer.
As such, pumping power would be higher in a straight microchannel
than in a hybrid pattern. For example, while the hybrid design’s
pump power consumption was found to be 40 mW in the spring at
11:00, this figure was found to be 1300 mW in the straight
microchannel.
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e The maximum output electrical power for the whole domain of the
high-concentration photovoltaic cell was 18.443 W in the autumn,
with a pumping power contributing to 1.47 W.

7. Future work and direction

Finally, according to the results, some research gaps are recognized,
and the following directions are suggested:

e Investigating the optimal placement, spacing, and arrangement of
pin fins within the oblique grooved microchannel will assist in
achieving even greater thermal performance while further reducing
the pressure drop.

e Combining the hybrid design with other advanced cooling tech-
niques can be an exciting topic for the research community. For
instance, integrating the hybrid system with techniques such as jet
impingement, nanoparticles, or phase change materials could
enhance cooling efficiency, especially in high heat flux scenarios.

o Employing advanced flow visualization techniques will be essential
in the experimental investigation of hybrid patterns. Researchers can
gain a fundamental understanding of fluid dynamics by visualizing
the flow behaviors, especially around the pin fins.
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