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Abstract: In this study, a single cooling channel system
is suggested for conductive double panel systems. The
cooling channel for the vertical component uses perforated
porous insert (PP-I) and porous insert (P-I), while cylinders
are used in the PP-I case. The permeability of the porous
channel (Da between −10 5 and −10 1), size of the cylinders (Rc
between 0 and 0.25), and location of the PP plate (Yp
between 1 and 4.5) are all taken into account when calcu-
lating the effectiveness of the cooling system using finite
element method. It is found that PP-I can effectively control
the vortex size and enhance cooling performance, particu-
larly for vertical plate. Nusselt number is enhanced in the
absence of cylinders in the vertical channel by 92% as
contrasted to 51% in the presence of cylinders. When cylin-
ders are used for the vertical channel, the temperature
drop of 13°C is computed. The flow field noticeably changes
when the permeability of the P-I and PP-I is altered. The
equivalent temperature increases for P-I and PP-I with

setups at = −Da 10 5 and = −Da 10 2 are 7.7 °C and 4.4 °C,
respectively. The performance of cooling for the vertical
plate is influenced favorably by the higher values of the
porous plate’s vertical placement. By moving the porous
object, it is possible to reduce the temperature by 8°C. For
panel surface temperature, a proper orthogonal decomposi-
tion (POD)-based reconstructionmodel with 12 PODmodes is
used. The POD-based model accurately captures the effects
of utilizing P-I and PP-I on the panel temperature.

Keywords: cooling channel, double PV, nanofluids, finite
element method, perforated porous

Nomenclature

ci mode coefficient
CT modal contribution
Da Darcy number
h heat transfer coefficient
k thermal conductivity
KR conductivity ratio
L channel length
Lp panel length
Hc channel height
Nu Nusselt number
p pressure
Pr Prandtl number
Re Reynolds number
T temperature
Rc cylinder size
s spacing between cylinders
u, v velocity components
x, y Cartesian coordinates
Yp plate location
Greek characters
α thermal diffusivity
ν kinematic viscosity
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ρ density
κ permeability
ε porosity
Ψ POD mode
Subscripts
c cold
h hot
m average
nf nanofluid
p solid particle
Abbreviations
CC cooling channel
FEM finite element method
HT heat transfer
NCy no cylinder
P-I porous insert
PP-I perforated porous insert
POD proper orthogonal

decomposition
PV photovoltaic
WCy with cylinder

1 Introduction

Environmental concerns and energy cost are the main pro-
blems for the development of energy-efficient products.
Thermal management of energy products becomes
an important topic in microelectromechanical sys-
tems (MEMs), batteries, and photovoltaic (PV) panels
[1–4]. For the equipment to operate safely during elec-
tronic cooling, the significant amount of dissipated heat
must be evacuated as quickly as feasible. In PV technolo-
gies, the cell temperature is directly related to the PV
efficiency, and it should be lowered [5]. Different methods
have been offered in for thermal management of heat
transfer (HT) systems. For HT control, many active, pas-
sive, and hybrid approaches are employed. Conductive
fins, heat pipes, heat sinks, mini-channels, and jet impin-
gement cooling are some of the preferred methods for
thermal management, particularly in solar technology for
PVs [6–9]. The cell temperature is reduced more by the
active approaches. According to the research by Bahaidarah
et al. [10], active cooling techniques offer greater heat flux
dissipation than other passive techniques, including using
heat pipes and heat sinks. Different cooling solutions for PV
systems have been taken into consideration in Hasanuz-
zaman et al. [11]. Efficiency was increased by 22% when
active cooling techniques were applied, but only 15.5%
when passive techniques were taken into account.

In cooling applications with micro-channels, porous
inserts (P-I) can used for flow and HT control. The fluid-
coupled porous systems are encountered in various appli-
cations, including packed beds, heat exchangers, electronic
cooling, oil production, and blood flow in vessels [12–14].
Many studies have taken porous layers (PLs) in thermal
systems into account [15,16]. The impact of PLs on free
convection in an open cavity was studied by Miroshni-
chenko et al. [17]. The size and thickness of the PLs were
shown to be useful for controlling the HT. Chamkha et al.
[18] performed a numerical study to examine natural con-
vection HT in a porous chamber that was differentially
heated and partially stacked vertically. The HT was found
to be at its maximum for a crucial PL thickness at Rayleigh
number values below 105. The use of nanofluid (NF) can
increase the efficacy of PL. Several different energy system
technologies, including solar, refrigeration, energy storage,
and convection, have successfully incorporated NF tech-
nology [19–24]. NFs have been taken into consideration in
numerous studies of solar power applications [25–27]. In a
recent review, Hamzat et al. [28] analyzed the effects of
using NFs in different solar energy-harvesting devices. PV
systems, evacuated tube solar collectors, solar dishes, and
parabolic trough solar collectors are some of the applica-
tions. It was noted that NF-assisted systems had the greatest
performance improvement, whereas a solar-assisted desali-
nation system produced more freshwater with less energy
input. Shah and Ali [29] performed a review work of perfor-
mance of hybrid NF-based solar system. Comparisons were
made with mono-NFs. There have been notable improve-
ments in the solar systems’ power output and efficiency.
The commercialization of binary NF, stability, and higher
pumping power were just a few of the issues that were
addressed.

Using NF with porous media offers great advantageous
as it has been shown in many studies. Mahdi et al. [30]
performed a comprehensive review for the application of
convective HT in porous media coupled with NFs. Different
thermal boundary conditions, different NF types, and porous
media geometric effects were examined utilizing the studies
that have been carried out and are available in the literature.
It was observed that porous media with NF was well suited
for use in real-world HT applications. The NF type was found
to affect the overall HT improvement. In another review, Esfe
et al. [31] analyzed different studies for convective HT of NFs
in porous media considering different flow regimes. They
observed an ideal nanoparticle loading in numerous thermal
systems. The porosity has a reverse effect on the improve-
ment of HT in a natural convection regime. They came to the
additional conclusion that the literature lacked experimental
research that examined NF behavior in porous medium.
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Byutilizing POD (proper orthogonal decomposition)method,
cooling performance estimates are obtained. POD is used in
the creation of dynamic models, multiphysics and multi-
parametric HT systems, model order reduction, identifi-
cation of coherent structures, and flow control [32–36].
Successful application of POD has been achieved for convec-
tive HT systems [37–40]. In PV systems, the determination of
the spatial variation of temperature on the cell surface is
important as the temperature uniformity, and location of
hot spots are also important along with the average tem-
perature, which is related to the efficiency of the PV. In this
work, a reconstruction-based model with POD is proposed
for the fast calculation of the panel surface temperature
coupled with single cooling system equipped with P-I and
perforated porous insert (PP-I) systems.

In the literature, the utilization of porous object and
layers with NFs have been considered in channel cooling
applications. In PV, cooling application of porous objects
has been considered [41,42]. It has been suggested to use
single channels and channels with various inserts to regu-
late the thermal output of single PVs. However, in actual
applications, cooling many PVs should be taken into account
with efficient techniques [43]. In this study, for two conduc-
tive panels that are oriented at right angles, a unique cooling
channel (CC) is developed. The vertical channel’s cooling
performance decreases when it is used with a single
channel, and the inlet flow is parallel to the horizontal
channel. Therefore, this channel uses P-I and PP-I to
address this issue. Less material is used, and the cooling
system will be lighter overall in the CC with PP-I. The cost
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Figure 1: Different CC configurations for double conductive panel systems: (a) SCC, (b) SCC with P-I, and (c) SCC with PP-I.
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of the materials will be reduced in addition to the cost of
production. The technique is passive, mounting into the
CC system is simple, and it does not require external excita-
tion. To the best of authors’ knowledge, such an approach of
cooling method for two panels by using a single channel
having P-I and PP-I has never considered. A prediction
method based on POD is utilized for panel temperature
reconstruction. The findings and proposed methods based
on POD temperature reconstruction are helpful in preli-
minary design and optimization studies for the development
of the cooling system for MEMs, battery modules, and solar
panels.

2 Vertically aligned conductive
panel system cooled with a single
channel

For thermal management of two conductive panels that
are arranged vertically, a single cooling channel (SCC) is
used. In Figure 1, different CCs are seen. In the second and
third channel configurations, as shown in Figure 2(b)
and (c), P-I and PP-I are employed. The horizontal and
vertical channels are composed of the same materials
and have a thermal conductivity of kp, but their lengths
are = =L L Lp p p1 2 . The CCs have lengths of = =L L L1 2 and
heights of = =H H H1 2 . The object is positioned in a ver-
tical channel that is Lo in length and Ho in height. Its ver-
tical offset from the bottom is y

p
. In the final channel

arrangement, identical circular cylinders with radius rc
are used to perforate the porous plate. The cylinders are
evenly spaced apart on the plate at a spacing of s. The
current study makes use of single-phase NF modeling
and forced convection of NF. The effects of thermal radia-
tion, viscous dissipation, and natural convection are not
taken into consideration. The CCs have a 2D, laminar flow.
The generalized Darcy–Brinkmann–Forchheimer extended
model for porous zone is taken into consideration in the
region of P-I or PP-I.

Conservation equations are expressed as follows based
on the presumptions mentioned above [44,45]:
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For the PL of the plate (P-I or PP-I) [44,45]:
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For the conductive panels:

∇ =T 0.2 (9)

The following non-dimensional parameters are used:
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The followings can be used to express the governing equa-
tions in their non-dimensional form [44]:
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Figure 2: GIT results for average PST at two different rotational speeds of the first cylinder (a), mesh distribution near the cylinder and panel (b), and
near the junction of the channel (c).
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For the conductive panels:

∇ =θ 0.2 (15)

The boundary conditions are given as:
• At the inlet of SCC:
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• Top wall of the panel:
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The value of the heat flux is taken as =q 800W/m
0

2.

The following is the balance equation for the PV
cell [46]:
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respective absorbances. The β

c
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the packing factor and electric output, respectively. Average
Nusselt number (Nu) and average panel temperature (Tm)
are used to describe the cooling system performance. They
are described as:
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where the length of plate and panel surface area are L and
As, respectively, and hs is the HT coefficient. The following
is the local HT:
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As for the NF, Al2O3-Cu/water NF is used with nanoparticle
loading of 0.02 as solid volume fraction. Viscosity and effec-
tive thermal conductivity of the NF are obtained using
experimentally based measurements in Suresh et al. [47].

The solution is accomplished using the Galerkin weighted
residualfinite elementmethod (FEM). There are numerous refer-
ences that discuss the fundamentals and basic modeling pro-
cesses of utilizing FEM in convective HT [48,49]. The approach
uses to approximate the field variable values as [50,51]:
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where Ψ , Ψu v p, , and ΨT are the shape functions. The terms
U V P, , , andT indicate the corresponding nodal values. The
residual obtained by applying a weight functionW is set to
zero as follows [50,51]:

∫ =WR vd 0,

V

(26)

by using the W weight function. Instabilities are managed
using the streamline upwind Petrov–Galerkin method, and
the for the flow and HT modules of the algorithm, biconju-
gate gradient stabilized (BICGStab) is used. In terms of
convergence, a value of −10 7 is chosen as the point at which
converged solutions are obtained.

It is carried out a mesh independence test investiga-
tion. The average panel surface temperature for various
grid sizes is shown in Figure 2(a) for two distinct PP-I per-
meabilities within the CC. For the ensuing calculations, Grid
G5, which contains 539,411 elements, is chosen. Figure 2(b)
displays the vertical channel of the PP-I’s grid distribution.
At the intersections of the CC and panel systems and in the
direction of the walls, mesh is fine-tuned.

Various research studies that are available in the litera-
ture are used for code validation. First validation employed
the experimental findings from the study of Young and Vafai
[52], which involved the forced convection of both single and
numerous objects installed in a channel. They considered
Reynolds number between 800 and 13,000. Impacts of channel
height, Reynolds number, and heat flux on the thermal per-
formance were investigated. They also validated their results
using numerical model. Figure 3(a) compares the Nusselt
values for the single object situation at two Reynolds numbers.
The difference is found to be 5.5% at Re = 770 and 10.5% at
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Re = 1,530. Convection in a heated porous enclosure is taken
into consideration in the final validation. Figure 3(b) compares
the average Nu values for two different Ra numbers to the
literature’s various sources [53,54]. For the average Nu, the
general agreement is acceptable.

3 Results and discussion

For double conductive panels, an SCC system is proposed. A
PP-I is employed in the SCC’s vertical portion, while cylin-
ders are used in the rectangular PL. Cooling system effec-
tiveness is numerically evaluated in relation to changes in
the Reynolds number (Re between 100 and 500), perme-
ability of the porous channel (Da between −10 5 and −10 1),
size of the cylinders (RC between 0 and 0.05), and location
of the PP plate (yL between 0.2 and 0.9).

For theporousplatewith andwithout cylinders, Figure 4(a)–(f)
depicts the effects of Re on the streamline variations. Increases in
Re cause the vortices on the corner and the vortex between
the plate and upper wall (vertical channel) to grow when

there are no cylinders (NCy case). Large vortices are estab-
lished in the vertical CC behind the porous plate by the
placement of the cylinders (WCy case), and when Re rises,
their sizes expand. Small vortices are formed on the plate’s
corner and at the corner junction of the CCs, and their sizes
increase with increasing Re. The performance indices of the
CCs are average surface temperature and average Nu. As
expected, the inclusion of the cylinder in the plate has no
effect on the variation of Nu for the horizontal channel,
where the increase in average Nu amounts to 50.4% between
the highest and lowest Re cases. However, the increase in the
Nu becomes 92% when no cylinders are utilized in the ver-
tical channel as opposed to 51% when a cylinder is installed. It
is seen that the inclusion of cylinders (PP-I) significantly
changes the flow pattern variations within the vertical CC.
As the cylinder is used in the porous plate, a large vortex is
formed on the top wall at all Re values, which reduces the
thermal transport. The increment of the average Nu is lower
as compared to case without using cylinders in the plate. The
corresponding panel temperature drops become 11.5 °C for the
horizontal channel and 20°C (without cylinder). When cylinders
are used for the vertical channel, the temperature drop is
obtained as 13°C (Figure 4(h)).

The permeability of the porous plate is yet another
factor that affects the vertical channel’s thermal transport.
The variation in plate permeability, as illustrated in Figure
5(a)–(h) for the case with and without cylinders in the
porous plate, reveals significant changes in the flow pat-
terns. Lower permeability causes the plate to oppose the
flow in the vertical channel more, while vortices are
formed on the lower wall of the vertical channel and
behind the plate. At = −Da 10 3, these vortices disappear
while small vortices are formed on the corner and above
the plate. When the Da value is at its highest, a sizable
recirculation zone forms on the upper wall of the vertical
channel as there is only minimal flow resistance. The
installation of the inner cylinder of the porous plate results
in lower wall vortex formation. When using a cylinder, an
upper wall vortex is seen at the maximum Da value, while
the bottom wall vortex advances toward the porous plate
as the Da value is increased. In terms of average Nu, very
slight variations are seen for the horizontal channel as
varying the permeability of the plate in the vertical channel.
Higher permeability of the plate in the vertical channel
generally results in higher Nu values, while the minimum
value is attained at = −Da 10 2. A lower value of permeability
indicates more resistance of the plate to the flow, while only
fluid flow is seen in the gap between the plate and upper
wall of the vertical channel, which gives higher fluid velo-
cities. On the other hand, for higher permeability, the upper
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Figure 3: Average Nu comparisons for the mounted blocks in the channel
with single object case using the experimental values from the study of
Young and Vafai [52] for two distinct values of Reynolds number (a); com-
parison of the average Nu for HT in a differentially heated porous enclosure
at Ra = 100 Ra = 1,000 by using the results in previous studies [53,54] (b).
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wall (vertical channel) experiences a large vortex, which has
negative impact on the thermal transport and cooling per-
formance. The variation in the average Nu is 16% for plate
without cylinder and 7.7% for plate with cylinder when
cases at = −Da 10 5 and = −Da 10 2 are compared. The corre-
sponding temperature rises are 7.7 °C and 4.4 °C for the
cases of NCy and WCy (Figure 5(j)).

Figure 6(a)–(g) illustrates how the streamline varia-
tions of the vertical channel depend significantly on the
size of the circular cylinder within the porous plate and
where the plate is located. A sizable vortex develops on the

upper wall (vertical CC) when there is no cylinder (RC = 0).
This vortex is disrupted and transferred to the exit of the
vertical channel when the size of the cylinders is increased
and installed in the porous plate. At the largest size of the
cylinders, a sizable bottom wall vortex forms. The top and
lower wall vortices of the vertical CC alter in size and
location depending on the porous plate’s vertical position.
In the vertical channel, plate perforation, permeability,
and vertical position are effective control mechanisms.
The average Nu variation is very slightly affected by the
size for the horizontal channel for the vertical channel

(a) (b) (c)

(d) (e) (f)

100 150 200 250 300 350 400 450 500
5

6

7

8

9

10

11

12

13

14

15

N
u m

 

 

NCy, A
NCy, B
WCy, A
WCy, B

100 150 200 250 300 350 400 450 500
35

40

45

50

55

60

65

T
m

 (
o C

)

 

 

NCy, A
NCy, B
WCy, A
WCy, B

Re

(h)

Re

(g)

Figure 4: Effects of Re on streamline distributions for P-I (NCy, a–c) and PP-I case (WCy, d–f); impacts of Re on the variation of average Nu (g) and
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with higher permeability. The surface temperature rise is
2.2 °C (Figure 6(i)), and the largest variation of average Nu
with cylinder size is obtained as 12%. The cooling perfor-
mance for the vertical plate is positively impacted by the
higher values of the porous plate’s vertical placement.
With the cylinder installed in the porous plate, the impact
becomes greater. When the value of Yp is increased from 1
to 4.5, the average Nu increases by approximately 59% and
27.3%, respectively, for cases with and without cylinders.
As a result, the temperatures drop by 8°C (WCy) and 5°C

(NCy) (Figure 6(k)).
Finally, different cases are compared in terms of sur-

face temperature drop at Re = 100 (a) and at Re = 500 (b)
when the reference cases of panels without cooling are

considered. Case 1 denotes the pure fluid (PF) without plate
(L-shaped channel only). The best and worst favorable
cases are C6 and C3 for horizontal panel. In the best case,
NF is used while porous plate with cylinder is installed.
There is 2.5 °C temperature difference between the best
and worst case at Re = 100 for the horizontal channel.
When vertical plate is considered at Re = 100, the worst
case is C1 (PF, no-object), while the best case is obtained for
C5 (PF, with plate+cylinder). At this condition, NF does not
provide the highest cooling rate for the vertical plate. This
is due to the establishment vortex within the vertical
channel with PF and NF as shown in Figure 7(b) and in
Figure 7(c). The vortex in the lower wall of the channel acts
as an obstacle, which deflects the fluid toward the
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conductive panel surface and this is effective for the case
with using PF instead of NF. Between the NF and PF case,
there is 2.2 °C temperature difference. Between the best
and worst case of cooling for panel B, there is 21.5 °C tem-
perature difference which shows the effectiveness of using
PP-I in the vertical channel for cooling performance enhance-
ment. The NF case for panel A is the best case at Re = 500, with
a temperature difference of 1.5 °C between the NF and PF
cases. For vertical panel B, the best case is C6 (NF, with
plate+cylinder), while the worst one is C3 (PF, plate without
cylinder). There is 5. 5°C temperature difference between the
cases. PP-I is a useful tool for controlling the vortex size and
cooling performance enhancements especially for the vertical

plate. Using the PP-I and controlling its permeability, cylinder
diameters, and placement in the vertical channel can over-
come the drawbacks of using a single cooling system for the
double conductive vertically aligned panel system.

3.1 POD-based estimation of vertical panel
surface temperature

Average surface temperature estimation of the vertical
panel is made by using POD technique. As previously indi-
cated, the POD modeling was considered in numerous
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studies on aerodynamic applications, convective HT, flow
control, and many other topics. Temperature data from the
vertical panel surface are taken in two different configura-
tions. The cases of PP-I and P-I are used. Singular value
decomposition is used to obtain the mode coefficients and
POD modes from non-dimensionalized data that have been
gathered in scalar form. The data (F ) are dependent upon
the spatial coordinates (x y, ) and the parameters (p). It is
divided into mean and fluctuating components, the later of
which is stated as follows [34]:

∑= +
=

F F d p x y¯ Ψ , .

i

N

i

1

m

( ) ( ) (27)

The number of POD modes is Nm. The following integral
eigenvalue problem can be solved to obtain the POD
modes [34,40]:

∫ ⊗ ′ ′ ′ =D D d λx x x xΨ Ψ .

V

⟨ ( ) ( )⟩ ( ) ( ) (28)

Singular value decomposition and the direct technique
were both used in this work to determine the POD modes.
The POD modes are obtained in a hierarchical manner,
with the first mode capturing the majority of the energy
and the following modes capturing the second and third
largest portions, respectively. It is crucial to mention that
POD modeling approach, which has been utilized effec-
tively in numerous research, is applied in this study to
obtain the impact of using P-I and PP-I on the cooling per-
formance of the double PV system.

For the domain of the vertical panel system, para-
metric data with different Reynolds number (Re) and
Darcy number (Da) values are gathered. The data set has
4,604 number of spatial points, while 324 number of
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variations (Re, and Da numbers) are considered. Regarding
the Darcy number, 18 various values between −10 5 and −10 1

are taken into consideration, as well as 18 different values of
Re between 100 and 500. In total, × =18 18 324 snapshots
make up the entire data set. The POD modes are obtained
using singular value decomposition, while modal coefficients
can be reproduced by the projecting the data set onto the POD
modes as the modes are orthogonal. Considered are two dis-
tinct configuration situations. The panel system with P-I and
PP-I is used. The contribution (CT) of the modes can be
assessed by using the following equation:

=
∑
∑

=

=

σ

σ

CT ,
k

N

k

k

m

k

1

1

m

(29)

where Nm denotes the mode number. The mode number is
decided according to CT criteria, which is set to 0.999. The

reconstruction of the spatially varying temperature can be
done once the modes and parameter-dependent coefficients
are obtained. The parametric variation of modal coefficient
can be considered, and suitable regression schemes can be
used to achieve the modal value at any parametric value in
the interval. Once the spatially varying temperature over the
surface is found, it is possible to obtain the average, max-
imum, andminimum of it for the panel surface. The tempera-
ture uniformity over the PVs is important to be considered
along with the average temperature. The difference between
the maximum and minimum temperature can be used as an
indication of temperature uniformity over the surface.

The variation of singular values is given in Figure 8(a)
for two different cases. In total, 12 modes are used for each
of the cases according to the CT criteria. The first mode
captures the greatest fraction of the energy, while modal
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contribution is obtained in a hierarchical way. The para-
metric variations of first four modes is shown in Figure
8(b) for the case of using PP-I in the CC. Significant varia-
tions in the modal coefficients with varying parameters are
seen between different modes. The higher-order modal
coefficient contribution is higher. As the modes capture
the spatial variations, parametric variation is included in
the modal coefficient while operating parameters effect the
mode coefficients.

The reconstruction of the temperature over the panel
surface can be achieved by using modes and modal coeffi-
cients. Figure 9 shows the variation of average panel sur-
face temperature with varying Re values for case using P-I and
PP-I. When compared to very accurate computational fluid
dynamics computations, the trends in the temperature curves
with 12 modes are effectively captured. Impacts of perme-
ability of the PP on the change in average temperature are
depicted in Figure 10. With the POD-based reconstruction, the
different characteristics of utilizing P-I and PP-I on the average
panel temperature are clearly captured.

4 Conclusions

This article proposes an SCC for a system of vertically
aligned conductive panels. P-I and PP-I are part of the ver-
tical channel, and NF is utilized to boost performance even
more. The following significant conclusions can be made:
• When there are no cylinders in the vertical channel, Nu
is increased by 92% as opposed to 51% when a cylinder is
present. The comparable temperature drop, calculated when
cylinders are utilized for the vertical channel, is 13°C.

• When the permeability of the P-I and PP-I is changed,
there are noticeable variations in the flow field. When
examples at = −Da 10 5 and = −Da 10 2 are compared, the
variation in the average Nu is 16% for plates without
cylinders and 7.7% for plates with cylinders. For the con-
figurations of NCy and WCy, the corresponding tempera-
ture increases by varying Da are 7.7 °C and 4.4 °C.

• The higher values of the porous plate’s vertical location
have a favorable effect on the cooling performance for
the vertical plate. The impact is increased when the
cylinder is placed inside the porous plate. The average
Nu rises by about 59 and 27.3%, respectively, for situa-
tions with and without cylinders, when the value of Yp is
increased from 1 to 4.5. The outcome is a decline in tem-
perature of 8°C (WCy) and 5°C (NCy).

• Controlling the vortex size and improving the cooling
performance, especially for the vertical plate, can be
done well by using PP-I.

• The disadvantages of employing a single cooling system
for the double conductive vertically aligned panel system
can be avoided by using the PP-I and regulating its per-
meability, cylinder sizes, and positioning in the vertical
channel.

• Using 12 POD modes, the temperature over the panel
surface can be recreated. The contrasting effects of using
P-I and PP-I on the average panel temperature are clearly
reflected using the POD-based reconstruction.

Some possible extensions of the study include exergy
analysis of the system and inclusion of different thermal
boundary conditions such as spatially varying heat flux.
Different forms of the SCC such as bifurcating and wavy
forms can be considered.
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