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ABSTRACT: Cooling system design applicable to more than one photovoltaic (PV) unit may be challenging due to
the arrangement and geometry of the modules. Different cooling techniques are provided in this study to regulate
the temperature of conductive panels that are arranged perpendicular to each other. The model uses two vented
cavity systems and one L-shaped channel with ternary nanofluid enhanced non-uniform magnetic field. Their cooling
performances and comparative results between different systems are provided. The finite element method is used to
conduct a numerical analysis for a range of values of the following: the strength of the magnetic field (Hartmann number
(Ha) between 0 and 50), the inclination of the magnetic field (y between 0 and 90), and the loading of nanoparticles
in the base fluid (¢ between 0 and 0.03), taking into account both uniform and non-uniform magnetic fields. For the
L-shaped channel and vented cavities, vortex size is controlled by imposing magnetic field and adjusting its strength.
Whether uniform or non-uniform magnetic field is applied affects the cooling performances for different cooling
configurations. Temperature drops of the horizontal panel with different magnetic field strengths by using channel
cooling, vented cavity-1and vented cavity-2 systems for uniform magnetic are 11°C, 21.5°C, and 3°C when the reference
case of Ha = 0 is considered for the same cooling systems. However, they become 9.5°C, 13.5°C, and 12.5°C when non-
uniform magnetic field is used. In the presence of uniform magnetic field effects and changing its magnitude, the use
of cooling channel in vented cavity-1 and vented cavity-2 systems results in temperature drops of 4°C, 10.8°C, and
3.8°C for vertical panels. On the other hand, when non-uniform magnetic field effects are present, they become 0.5°C,
2.1°C, and 9°C. For L-channel cooling, the average Nu for the horizontal panel is more affected by y, and Nu rises as y
rises. With increasing nanoparticle loading of ternary nanofluid, the average panel surface temperature shows a linear
drop. For the horizontal panel, the temperature declines for nanofluid at the highest loading are 4°C, 10°C, and 12°C
as compared to using only base fluid. The values of 5°C, 7°C, and 11°C are obtained for the vertical panel. Different
cooling systems’ performance is estimated using artificial neural networks. The method captures the combined impact
of applying non-uniform magnetic field and nanofluid together on the cooling performance while accounting for varied
cooling strategies for both panels.
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1 Introduction

Efficient cooling methods of photovoltaic panels becomes an important hot topic in order to increase the
effectiveness of the PV-installed systems [1-3]. The PV modules operate inefficiently due to the panels” higher
cell temperature. The PV cell’s temperature affects the conversion efficiency [4,5]. Therefore, it is essential
to design alternative and effective cooling systems applicable to PV units. In recent years, numerous active,
passive, and hybrid techniques for cooling photovoltaic systems have been presented [6,7]. Installation of
fins, phase change materials, metal foams and modifications in the geometry are some of the available passive
techniques [8-11].

Channel cooling, and jet impingement are the available active methods [12-14]. In some applications,
both active and passive methods are combined to obtain hybrid cooling systems. The impacts of employing
PCMs, nanofluids, and their combined use on the PV cooling efficiency were investigated by [15]. PCMs
were one of the passive approaches used, and efficiency gains of up to 20% were seen. Combining passive and
aggressive strategies was recommended to increase performance. In the study by [16], it was revealed that
using PCM and nanofluids combined considerably improved PV efficiency. By using nanoparticles, the low
thermal conductivity of PCMs in PV systems can be enhanced, and this has been shown to be an efficient
cooling method for PV systems. Ref. [2] examined the most recent cooling techniques used on PV systems.
It was noted that the cell temperature may be reduced 20°C using active techniques.

Design of single cooling system applicable to one PV module has been proposed in most studies.
However, more than one PV unit can be considered and cooling system design may be challenging. Therefore,
it is needed to consider alternative cooling system design special to multiple PV units. Cooling system
design depends on the arrangement of the PVs. In the current work, two conductive panel units which are
perpendicular to each other are considered and they form an L-shaped geometry. When one cooling channel
is used, an L-shaped cooling channel is utilized. Other alternatives are the vented cavity (VC) systems.

Flow and convective heat transfer (HT) in VC systems are relevant in may applications such as in
air conditioning, electronic cooling, drying, removal of contaminants and many other systems [17,18]. The
considered L-shaped geometry of the double conductive panel allows to use triangular shaped VCs. These
systems are prone to multiple vortex formation while size and distribution of these zones are dependent upon
the geometry of the system, port location, port sizes and number of ports [19,20]. Cooling performance of
these systems can be improved by utilizing nanofluids (NFs). Numerous energy applications, such as solar
power, energy storage, refrigeration, heat exchangers, and many more, have successfully used this technology
[21-24]. There have been numerous developments in NF modeling and the generation of new NF types
[25-28]. In VC systems, utilization of NF resulted in performance improvement. Cooling effectiveness of
VC systems during convection (forced or mixed) was found to be dependent upon the base fluid type,
nanoparticle (NP) shape, its size and its amount in the base fluid [29-32].

L-shaped cooling channel and VC systems are suitable coolings that can be used as single cooling
systems for the double conductive panels. The effectiveness of these systems are influenced by the number,
size and distribution of the vortices within the systems. Magnetic field (MGF) can be employed to reduce
vortices and enhance those systems’ cooling capabilities. MGF effects are important in a wide range of
technological applications, including metal processing, biomedical, refrigeration, and microfluidic pumps
[33-35]. Numerous research have examined the application of MGF and electrical field in convective HT
applications [36-39]. It can be applied in a number of methods, such as time-periodic, partially active,
uniform, and spatially variable [40-42].

In VC systems or channel, utilization of MGF has been considered in diverse studies [43]. Reference
[44] explored the convective HT features in a T-shaped VC under MGF effects. They used Hartmann number
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(Ha) between 0 and 80 while Richardson number (Ri) was varied between 0.01 and 10. They found that
for higher Re cases, the effects of MGF on thermal performance were more noticeable [45] used MGF
effects in a triangular shaped PCM mounted VC system with corrugated wall during forced convection.
MGF strength was considered for Ha between 0 and 60. A rotating inner surface was considered in the VC
system. The utilization of MGF resulted in acceleration of phase change process by about 15.8% for stationary
case. Reference [46] analyzed convective HT in a VC systems considering uniform partial MGF effects for
opposing and aiding flow impacts. Analysis was conducted for Ri between 0.1 and 100 while Ha was kept
between 0 and 100. It was noted that using partial MGF in the middle of the left wall had more impact on the
decrements of average Nu. MGF is used with NF in order to increase its effectiveness in convective HT. In
the review work of [47] performed a comprehensive review for the application of NF, MGF and turbulators
on the convective HT improvements in channels. It was noted that highest HT was obtained with higher
NP loading, higher MF strengths and complicated channel geometries. It was found that using different NFs
enhanced the thermal performance.

In the present work, cooling of double conductive panel system is considered by using single cooling
systems. L-shaped channel, and two VC systems are proposed as the cooling systems under MGF effects with
ternary NF. The proposed systems are prone to multiple vortex production while MGF is a good control
method for reducing the size and extent of them within channel and cavities. Ternary NF is used along
with the MGF for further enhancement of cooling performance. Hybrid NFs which contain more than one
NP in base fluid have been used in thermal applications for a variety of reasons such as cost, stability, and
synergistic effects of NPs [48-50]. In this study, performance of three different cooling systems are compared
and impacts of inclined MGF parameters and NP loading on the fluid flow, and cooling performance are
examined. In the literature, utilization of ternary NF application under MGF effects is considered [51,52]
while studies for cooling of multiple conductive units with NF and MGF effects are also available [53].
However, application and comparison of VC and L-shaped cooling system for multiple conductive panels
under nano-enhanced inclined non-uniform MGF have never been considered. Artificial neural network
(ANN) is utilized for estimation of cooling performance for each of the systems with nano-enhanced MGF
effects. For the design, optimization, and development of sophisticated thermal management techniques that
can be applied to several PV units in diverse applications, and electronic cooling applications, the suggested
cooling systems and computational methodology are helpful.

2 Mathematical Model

Cooling systems for double conductive panel system are proposed by using L-shaped channel and two
VC systems. Both uniform and non-uniform MGF are considered during forced convection of ternary NE
Schematic view of cooling systems are shown in Figs. I and 2. Two identical conductive panels of length L,
height h,, and thermal conductivity of k, are used and they are perpendicular to each other. The first cooling
system is L-shaped channel with height of H and lengths of L; = L, = L — H. Constant heat flux of 4 is used
for the upper surface of the conductive panels. Two different VC systems are used in another cooling scenario.
In the first VC system (VC-1), one inlet one exit port is used while in the second VC system (VC-2), one inlet
two exit ports are used. Port sizes are w; = 0.25 H and w, = 0.25 H for the inlet and outlets. Both uniform and
non-uniform MGF effects are used. The imposed MGF inclination is y for both cases. In the non-uniform
application of MGF, amplitude of the MGF is B,,, = By (1+ Asin(27x/L)) while for uniform configuration
it is taken as B, = By. Single phase modeling NF is used. In the cooling channel and VC systems are 2D,
laminar and steady. The effects of natural convection, thermal radiation, and viscous losses are disregarded.
Joule heating effects are ignored in addition to induced MGF and displacement currents.
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Figure 1: L-shaped cooling channel for double conductive panel system under inclined MGF effects
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Figure 2: VC-1 system (one inlet, one outlet) (a) and VC-2 system (one inlet, two outlets) (b) for double conductive

panel systems under inclined MGF effects
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Following equations are considered for the cooling channel and L-shaped cooling channel [54,55]:
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where the MGF strength and its inclination angle with respect to the horizontal are denoted by B and y. The
following is a pertinent equation for the conductive panel:

VT =0 (5)

The Reynolds number (Re), Hartmann number (Ha), Prandtl number (Pr), and conductivity ratio (KR),
which are provided as follows, are the pertinent transport parameters of relevance:

D k
Re = phe ]’l, Pr= z) Ha = BODh\/E’ KR = _S) (6)
U a U kf

where Dy, is the hydraulic diameter for the channel and VC systems. The boundary conditions are defined
as follows:

o  For the inlet of the channel and VC systems: u = u., T = T,
u _ 9v _ 9T _

on on on

«  For the cooling system-panel interface:

oT oT
— ) =KR|—), Tr=T;
(an)f (an)s f

o At the walls of the cooling systems: u = v = 0, g—: =0

o Atthe panel upper surfaces: u =v =0, ¢ = qo

o At the exit of the cooling systems:

The value of heat flux is go = 700 W/m?.

As the cooling fluid, NP having three NP compositions is used. NPs include platelet graphene,
cylindrical MWCNT, and spherical aluminum oxide. The total NP solid volume fraction is given by ¢ =
¢1 + ¢ + ¢3 where each NP solid volume fraction is given by ¢y, ¢,, and ¢3. Effective viscosity (u4;,) and
thermal conductivity (k;, ) of the ternary NF are given as [56,57]:

Pritnf1 + Qainga + P3pin
S )

Definitions of u, 1, pin 2 and y, r3 are stated as in the following:

.“nfl = ‘Llf(l + 2.5¢ + ¢2),
Unpr = pp(1+13.5¢ +904.4¢7), (8)
Unps = pp(1+37.1¢ + 612.6¢4%).
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kmf _ (/)lknfl + ¢2knf2 + ¢3knf3 ’ (9)
¢
where k, f1, ks, and k,, 3 are stated as in the following:
knfl _ k1 + Zkf + 2(/)(k1 - kf)
kf k1+2kf—(/)(k1—kf) ’
kan _ kz + 39kf + 39¢(k2 - kf) (10)

kp ko +3.9k;—¢(ky—kp)
knf3 3 k3 +4.7kf+4.7(/)(k3 —kf)

ki  ks+47kp— (ks —kp)

The NP solid volume percent ranges from 0 to 0.03.

The PV panels efficiency is directly proportional to its average surface temperature, Tj,, which may be
found using the following formula [58]:

HPV = Href [1 - ﬁref (Tpv - Tref)] > 1)

where the cell temperature is indicated by T,,, and the reference temperature and silicon efficiency
temperature coefficient are denoted by T, r and f3,. . Average cell temperature and Nusselt number (Nu) are
regarded as performance measures in the cooling channels and VC systems. They are expressed as follows:

_ h,Dy,
ok

where n, h,, and S are the normal direction, local HT coeflicient and surface area. Local HT coeflicient is
stated as in the following:

Nu,,

1 L 1
, Nu,, = I fo Nu,dn, Tog = 3 / Tds, (12)

q
hy = , 13
T, (13)

where T), and T, are the wall temperature and bulk temperature.
GWR-FEM is used as the solution method. Numerous resources exist that cover the fundamentals and
modeling concepts of FEM for convective HT [59,60]. Numerous research have demonstrated successful

applications of FEM for convective HT with MG effects. Lagrange FEMs of varying orders are used to
approximate field variables as in the following:

N* N
u= 7y ‘I’;:’VUk, v=y \Pltka’
k=1 k=1 (14)
NP N*
p= kZ ¥Pp, T= kz v,
=1 =1

where the shape functions are described by ¥*, ¥7, and YT and the nodal values are denoted by U, V, P,
and T. When these approximated variables are used in the relevant governing equations, residual R is formed.
The weighted average of the residual is set to zero using a weight function W in the following average sense:

f Wi RAV = 0. (15)
\%4
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The SUPG (Streamline-Upwind Petrov-Galerkin) approach is utilized for treatment of numerical
instability. In the fluid flow and HT modules, BICGStab (BiConjugate Gradient Stabilized) is taken into
consideration. The convergence criterion is established at 1077.

Grid independence tests are carried out for VC-systems and L-shaped cooling channel coupled with
double conductive panels. Fig. 3a shows the element number for different grid scenarios considering VC-
1 and L-shaped channel. Fig. 3b presents the average surface temperature of horizontal panel considering
different grid cases. Grid system G4 is used for cooling channel VC-1 system. The number of element for
VC-1is 123,444 while for L-shaped channel, it is 123,333. Grid distribution of cooling systems are presented
in Fig. 4 where refinement is made toward the interface between the panel and cooling channel and near
the walls.
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Figure 3: Element number for different gird cases with channel and cavity cooling systems (a) and grid independence
test results for average temperature (b)
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(a)
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Figure 4: Grid distribution of reference case for channel (a) and cavity cooling system (b)

Code validation is performed by using different available relevant studies in the literature. In the first
work, mixed convection in a VC system is examined by using the reference study in [61]. In the mentioned
work, cavity had discrete heating elements on the vertical wall while experimental study was performed by
utilizing Mach-Zehnder interferometry method. Experimental analysis was conducted for varying Re and
heat source positions. Comparison of isotherms at heat source location of Yc = 0.5 at Re = 1600 is presented
in Fig. 5a. In Fig. 5b, average Nu comparisons at two different Ra numbers are given. The highest deviation
is found to be 4.61% between the results. In another validation, effects of MGF on the convective HT in a
differentially heated cavity is taken into consideration while results from study in [62] are utilized. The aim
is to show the impacts of using MGF on the convection and if the current code is capable of capturing MGF
effects during convection in a cavity. Comparison of streamlines at Ha = 30 utilizing the current code and
those found in the reference study of [62] are presented in Fig. 6a,b. Fig. 6¢ shows the average Nu vs. Ra at
Ha = 30. As long as the highest variation stays below 3%, the general agreement between the results is good.
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Figure 5: Validation 1: Comparison of isotherms from experimental work in [61] and obtained by using the present
code at heat source location of Yc = 0.5 (a, b) and average Nu comparisons at two different Ra (c) for flow in VC system
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Figure 6: Validation 2: Comparison of streamlines for convection in a differentially heated cavity under MGF effects
at Ha = 30 (a, b) and average Nu vs. Ra comparisons at Ha = 30 (c) by using the results available in [62]

3 Results and Discussion

Thermal management of double conductive panel system is considered during forced convection of
ternary NF in cooling channel or VCs. A uniform external MG-F is imposed. The numerical analysis is
conduced for various values of MG-F strength (Ha between 0 and 50), inclination of MG-F (y between 0 and
90), NP loading in base fluid (¢ between 0 and 0.03). For the each of the conductive panels, average surface
temperature estimations are performed by using feed-froward neural network.

Fig. 7 shows the streamline variations with different MG-F strength for inclination of y = 45 both in
channels and in two VC configurations. In the absence of MG-F effects, vortices are established in the L-
shaped channel in the corner, and in the left wall of vertical channel and toward the exit. Suppression of
these vortices is noticed when MG-F is enforced and its strength is raised while the at the Ha = 50, it is
significantly suppressed. In the first VC (VC-1) which has one inlet-one outlet, toward the upper corner and
below the main stream from inlet to outlet, vortices are established. Slight modification of these vortices
are seen when strength is raised to Ha = 10. Reduction of vortex sizes occurs with further increase of MGF
strength. However, at the highest strength, the vortex below the main stream and near the left corner exists.
When VC system with two exit ports (VC-2) is considered, two vortices are formed on the left and right side
of the triangular VC below the streams from inlet to exit. As the MG-F is used and its strength is increased,
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the reduction of vortex size is seen but it is not significant as compared to case of cooling channel and VC-
1 system.

4

(a) channel, Ha=0 (b) channel, Ha = 10 (c) channel, Ha = 30 (d) channel, Ha = 50
D i | = D
O Q )
(e) VC-1,Ha=0 (f) VC-1,Ha=0 (g) VC-1,Ha =30 (h) VC-1, Ha = 50
7]
& = =
’ 0
/ / & &
o o @ | -

(i) VC-2,Ha=0 (j) VC-2,Ha =0 (k) VC-2, Ha = 30 (1) VC-2, Ha = 50

Figure 7: Effects of MGF strength (Ha number variation) on the distribution of streamlines in L-shaped channel (a-d)
and VC systems (e-1) in non-uniform MGF case (A =1, y = 45, ¢ = 0.03)

Cooling performance is indicated by using the average Nu for each of the panels and their average
surface temperatures. Fig. 8a,b shows the impacts of MG-F strength on the variation of average Nu for
the horizontal and vertical panels considering uniform and non-uniform MGF effects for channel and VC
cooling systems. When L-shaped channel is used, average Nu rises with higher MG-F strengths for both
uniform and non-uniform cases. Vortex suppression near the upper corner and on the lower part of vertical
channel is obtained which results in thermal transport improvement when L-shaped cooling channel is
considered. Average Nu increments of 59.8% and 55.6% are obtained when MGF is imposed in the cooling
channel at the highest strength considering uniform and non-uniform MGE Due to the form of the non-
uniform part of MGE, the overall impact of MGF is lower as compared to case of using uniform MGE In
VC systems, vortex formation is seen while imposing MGF controls the size and distribution of them in
the VC cooling systems. When VC-1 cooling system is used, average Nu rises by about 14% by imposing
MGEF at the highest strength. When two exit vents are used, a corner vortex forms at the junction of the
conductive panels; this vortex reduces as the MGF intensity increases. Consequently, the VC-1 cooling
system’s thermal performance is slightly enhanced by larger Ha values. Imposing MGF causes a decline in
cooling performance when taking into account VC-2 systems. This is explained by the fact that the main fluid
stream with higher Ha has reduced fluid velocity and vortices are created away from the conductive panels.
When uniform and non-uniform MGF effects are considered, average Nu reduction for VC-2 becomes 5.7%
and 26.8%, respectively. For vertical panel, average Nu first decreases and then rises with higher Ha with
channel cooling. When VC-1 cooling is used, average Nu reduces with higher Ha for vertical panel. This is
attributed to the vortex reduction in the lower part of the cavity with higher Ha. As the vortices are formed
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for lower MGF strength case, they can be considered as obstacles while fluid stream velocity above it has
higher velocity and thermal transport is higher for this panel. For VC-2, imposing non-uniform MGF leads
to increase in average Nu. The discrepancies between the uniform and non-uniform MGF become more
apparent for the vertical plate. By employing uniform-MGF at the highest strength the decrements of average
Nu becomes 20.4% and 7.7% for VC-1 and VC-2 systems. When non-uniform MGF is imposed at Ha = 50,
cooling performance improvement of 46% is obtained for VC-2 system. Average panel temperatures of both
plates are considered as cooling performance index. For horizontal plate, optimum cooling effectiveness is
attained by using channel cooling with MGF at the highest strength either uniform or non-uniform. The
worst case for this plate is seen for VC-2 cooling system considering non-uniform MGF at the highest
strength. When reference case of Ha = 0 is considered for the same cooling systems, temperature drops of
horizontal panel becomes 11°C, 21.5°C and 3°C by using channel cooling, VC-1and VC-2 systems for uniform
MGEF (Fig. 9). However, they become 9.5°C, 13.5°C and 12.5°C when non-uniform MGF is considered. For
VC-2 system, imposing non-uniform MGF has the worst impact on the temperature drop. For vertical panel,
in the presence of uniform MGF effects, using cooling channel, VC-1 and VC-2, results in temperature drops
of 4°C, 10.8°C, 3.8°C while with non-uniform MGF effects, they become 0.5°C, 2.1°C and 9°C (Fig. 9).
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Figure 8: Impacts of Ha number on the variation of average Nu for horizontal (a) and vertical (b) panels considering
various cooling systems under uniform (U-MF) and non-uniform (N-MF) MGF effects (y = 45, ¢ = 0.03)
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Figure 9: Effects of Ha number on the variation of average surface temperature of horizontal (a) and vertical (b) panels
considering various cooling systems under uniform (U-MF) and non-uniform (N-MF) MGE effects (y = 45, ¢ = 0.03)

Another influencing MGF parameter is the inclination angle. Fig. 10 shows the streamline distributions
in various cooling systems. In channel cooling, horizontal MGF results in vortex formation on the corner
junction and on the vertical channel. When inclination angle is increased, the corner vortex disappears while
on the vertical channel its size increases. For VC-1system, size of the upper corner vortex reduces with higher
inclination. Aty = 90°, two vortices are established on the bottom part below the main flow stream. For VC-2
cooling system, the least impact of the MGF inclination on the flow stream is observed. The alignment of the
left and right streams with the MGF inclination is seen while slight impacts of y on the vortices near the the
bottom wall are obtained. Effects of MGF inclination angle on the variation of average Nu for horizontal and
vertical panels are shown in Fig. 11a,b considering various cooling systems. For horizontal panel, impact of
y on the average Nu is more influential for channel cooling while Nu is increasing with y. The discrepancy
between uniform and non-uniform MGF with varying y is more pronounced for VC-2. Average Nu rises
with higher y for channel and VC-1 cooling while it decreases for VC-2 system. The increment amounts are
52%, and 7.8% for channel and VC-1 cooling systems. For VC-2 system, considering uniform MGF, increment
in the average Nu becomes 52% while for non-uniform MGF, it reduces by about 3.7%. The corresponding
panel surface temperature variation of 8°C, 2°C and 7.3°C are obtained with MGF inclination of channel,
VC-1and VC-2 cooling systems with uniform MGF effects (Fig. 12). However, they become 6°C, 11.7°C, and
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9°C for the same cooling systems for non-uniform MGF effects. For vertical panel, the discrepancy between
uniform and non-uniform MGF on the average Nu for varying y becomes significant. With uniform MGE
average Nu decreases with y for channel, VC-1and VC-2 cooling systems. However, when non-uniform MGF
is imposed, the trend becomes opposite for all cooling systems and cooling performance improves for vertical
plate. The average Nu deterioration for cooling channel, VC-1 and VC-2 systems become 22%, 21.5%, and
24.7%, respectively when uniform MGF at the highest inclination is considered. The cooling performance
improvement for the same systems become 12.5%, 12%, and 44% with varying inclination when non-uniform
MGEF is considered. For the vertical panel, surface temperature variations become 4°C, 11°C, and 7.5°C with
varying MGF inclination for uniform MGF effects.

(a) channel, vy =0 (b) channel, v = 45 (c) channel, v =90

(d) VC-1,7 =0 (e) VC-1, v =45 (f) VC-1, = 90
T R - // ~g)
- L = ] -,
7 & £
@ | o
(g) VC-2,7=0 (h) VC-2, y =45 (i) VC-2, 7 =90

Figure 10: Impacts of MG inclination on the streamline distributions considering various L-shaped cooling channel
(a—c), VC-1system (d-f) and VC-2 cooling system (g-i) for non-uniform MGF cases (Ha = 25, A =1, ¢ = 0.03)
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Figure 11: Average Nu variation of horizontal (a) and vertical (b) parts with different MG inclination considering
various cooling channels for uniform (A = 0) and non-uniform (A =1) MGF case (Ha = 25, ¢ = 0.03)
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Figure 12: (Continued)
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Figure 12: Impacts of MG inclination on the average surface temperatures of the horizontal (a) and vertical (b) panels
considering various cooling channels for uniform (A = 0) and non-uniform (A =1) MGF case (Ha = 25, ¢ = 0.03)

Ternary NF is used as the cooling medium. Thermal performance improvements by using hybrid NF
in various convective HT systems have been shown in many studies. When hybrid ternary NPs are used in
base fluid, favorable impacts on thermal conductivity and electrical conductivity improvements are obtained.
Therefore, enhanced transport features with effective MGF effects are achieved in cooling systems under
uniform and non-uniform MGE Figs. 13 and 14 show temperature drops for horizontal and vertical panels
with higher NP loading in the base fluid considering various cooling systems. There is a linear decreasing
trend of average panel surface temperature with higher NP loading. For horizontal plate, temperature drops
0f4°C,10°C, and 12°C are obtained for NF at the highest loading. For vertical panel, they are obtained as 5°C,
7°C and 11°C. The potential of using ternary NF for VC-2 cooling system on the performance improvement
is higher. This cooling system results in higher surface temperature of the panels while cooling system is least
effective as compared to VC-1 and channel cooling system. Therefore, using NF results in more temperature
reduction of the panel surface temperature for this system.
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Figure 13: (Continued)
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Figure 13: Effects of NP loading amount on the variation of average surface temperature of the horizontal panel with
various cooling systems for uniform (a) and non-uniform (b) MGF cases (Ha = 25, y = 45, ¢ = 0.03)
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Figure 14: Effects of NP loading amount on the variation of average surface temperature of the vertical panel with

various cooling systems for uniform (a) and non-uniform (b) MGF cases (Ha = 25, y = 45, ¢ = 0.03)

Artificial neural network (ANN) is used for estimation of cooling performance of channel, VC-1 and
VC-2 cooling systems. MGF parameters (amplitude and inclination) and NP loading impact on the average
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surface temperature of both panels are modeled by using feed-forward NN. The neuron model of ANN can
be given as in the following [63]:

Sn = Z ‘/anx]‘, Vn = g(sn + bn) (16)
=1

The input and nth neuron weight are denoted by the symbols x; and Wj,, respectively, while the bias
and activation functions are denoted by the symbols b, and g(.). The neuron output is denoted by y,,. There
are several layers in a feed-forward net, including an input, hidden, and output layer [63,64]. The learning
algorithm is Levenberg-Marquardt with backpropogation, and the activation function is the hyperbolic
tangent sigmoid [65]. In total 252 number of CFD data is used. Three inputs (Ha between 0-50, y between 0-
90 and ¢ between 0-0.03) are used while two outputs; average surface temperature of horizontal and vertical
panels are considered as the outputs. Training, validation, and testing samples each have a 70%, 15%, and 15%
portion of the data. The ANN’s performance index is determined by using the coefficient of determination
R? and mean square error (MSE). The following are their definitions:

Z?g (inFD _ yNNET)Z
S, (g0 - jrver)

MSE = 1 %I: ( CFD _ NNET)2 (18)
= M y y ,

i i
i=1

RZ=1-

(17)

where  is the average value and M is the number of numerical simulation data set.

The ANN model structure with inputs, outputs and different layers is shown in Fig. 15. 10 neurons
are utilized in the hidden layer. Different number of neurons in the hidden layer and different activation
functions are tested. Higher neuron numbers greater than 15 lead to performance degradation while MSE
values are higher when less than 8 neurons are used. With 10 neurons in the hidden layer, and hyperbolic
tangent sigmoid function as the activation function, best results are achieved.

Input Hidden Output
Layer Layer Layer

Figure 15: ANN architecture with inputs, outputs and different layers
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Table 1 shows the MSE and R? for different data sets considering each of the cooling systems. The error
in in percentage between the CFD and ANN output is shown in Fig. 16 for channel cooling and VC-1 system.
Less than 2% error between the CFD output is achieved by using ANN. Figs. 17 and 18 show the predicted
output of panel surface temperature for horizontal and vertical panel considering VC-1 and VC-2 cooling
systems. In the plots, the confidence interval of plus/minus 5% is also shown. These results show that ANN
is capable of capturing the combined effects of using non-uniform MGF and NF together on the cooling
performance considering various cooling systems.

Table 1: ANN performance for different data sets with different cooling systems considering 10 neurons in the
hidden layer

Samples (Channel) Number of samples MSE R?
Training 176 6.57 x10™%  0.9974
Validation 38 742 x107>  0.9971
Testing 38 753 x107%  0.9968
Samples (VC-1) Number of samples MSE R?
Training 176 554 x107%  0.9994
Validation 38 704 x107%  0.9994
Testing 38 9.87 x1072  0.9991
Samples (VC-2) Number of samples MSE R?
Training 176 5721071 0.9989
Validation 38 9.28 10" 0.9986
Testing 38 758 x107"  0.9982
2
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Figure 16: (Continued)
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Figure 16: Error in the percentage for the estimation of average panel surface temperature considering channel cooling
(a) and VC-1 system cooling (b)
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Figure 17: Comparison of average panel surface temperatures (in °C) obtained from CFD and estimated with ANN
for horizontal (a) and vertical (b) panels by using channel cooling
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Figure 18: Comparison of average panel surface temperatures (in °C) obtained from CFD and estimated with ANN
for vertical panels by using VC-1 (a) and VC-2 (b) cooling systems

4 Conclusions

Cooling systems are proposed for double conductive panel system which are positioned perpendicular

to each other. L-shaped cooling channel and two VCs are used under combined impacts of using non-

uniform inclined MGF and ternary NE Following important outcomes are achieved as:

Cooling performances for various channel are affected depending upon whether the imposed MGF is
uniform or non-uniform.

Using L-shaped channel cooling with MGF at the maximum strength-either uniform or non-uniform-
will provide the best cooling performance for horizontal panel while worst cooling performance for this
panel is obtained with VC-2 system with non-uniform MGE

Using L-channel, VC-1 and VC-2 systems for uniform MGEF, temperature drops of the horizontal panel
become 11°C, 21.5°C, and 3°C with varying MGF strength as compared to reference case of using Ha =
0. Yet, when non-uniform MGF is considered, they become 9.5°C, 13.5°C, and 12.5°C.

Using cooling channel, VC-1 and VC-2 systems in the presence of uniform MGF effects leads in
temperature decreases of 4°C, 10.8°C, and 3.8°C for vertical panels with varying strength of MGF
as compared to reference case of Ha = 0. They are obtained as become 0.5°C, 2.1°C, and 9°C when
non-uniform MGF effects are present.
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o When varying MGF inclination in uniform case, horizontal panel surface temperature variations of 8°C,
2°C, and 7.3°C are obtained when using L-channel, VC-1 and VC-2 cooling system. They are 4°C, 11°C,
and 7.5°C for vertical panel.

o At the highest loading of nanoparticle in the base fluid, for horizontal panel temperature drops of 4°C,
10°C, and 12°C are obtained for L-channel, VC-1 and VC-2 cooling system as compared to using only
base fluid while they are 5°C, 7°C, and 11°C for the vertical panel.

«  With 10 neurons in the hidden layer, ANN is used to estimate the cooling performance of the channel,
VC-1, and VC-2 cooling systems. When taking into account different cooling methods for both
panels, ANN captures the combined effects of applying non-uniform MGF and NF together on the
cooling performance.

Present study can be extended to include exergy analysis, pressure drop effects, spatially varying and
time dependent thermal boundary conditions. Different nanoparticle composition of ternary NF can be used
and other hybrid NFs can be considered as the cooling medium. Turbulent flow regime and surface roughness
effects of walls can be considered. The geometry of the cooling channel and VC (such as opening ratio of the
inlet and outlet slots) can be considered in the ANN model for cooling system geometry optimization. There
may be some challenges during the practical realization of the proposed cooling systems. But those systems
are suitable for the cooling of double conducive panes which vertical to each other. Geometric modifications
such as wavy surfaces for VCs can be considered. The elasticity of the walls, 3D effects and their impacts
on the cooling performance can be studied as an extension of the current work. The present work shows
that using uniform or non-uniform MGF effects may improve the cooling performance of horizontal or
vertical panels. Further performance improvement of both panels are reached by adding NPs in base fluid
and increasing its loading. In practical applications, experimental works for using nano-enhanced MGF can
be adopted in the cooling part of multiple PV-units. When using NFs in practical system such as cooling
unit of a PV module, cost of them, agglomeration kinetics and stability issues should be considered.
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