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carried out using the ANSYS-Fluent 2021 commercial software in which the heat
transfer between a solar panel with andwithout heatsinks was modelled, determining
the incidence of fins in power generated by the photovoltaic cell. For the development
of the study, initially, the theoretical calculation of the heat transfer and the generated
power that occurs in the cell with and without a heat sink was carried out. Therefore,
numerical simulation was conductedto analyse the effect of the geometry of the heat
sink on the efficiency of the photovoltaic cells; different arrangements of rectangular
fins were taken, varying their height (10 mm, 25 mm, and 50 mm). For the model’s
configuration, boundary conditions corresponding to physical phenomena such as
solarradiation and forced convection were considered. Results show anincrease on

Keywords: the solar PV panel efficiency 0f0.36%,0.72%,and 1.07% for the height heatsinks of 10
Solar energy; CFD; Sink; Efficiency; mm, 25 mm, and 50 mm compared to the commercial PV solar panel without heat
Photovoltaic dissipation, respectively.

1. Introduction

Nowadays, the application of renewable energies due to the negative impact of fossil oil
applications such as global warming, environmental pollution and acid rains is increased [1]. Solar
energy is one of the most extensively used energy sources for thermal and electrical energy
generation and protecting the environmentisa commitment of governments, people, and industries
[2]. Therefore, thereis currently evidence of significant growth, bothinthe production of increasingly
efficientsolarpanelsandinthe implementation of large solar plants connected to the electricity grid
[3]. One problem in using photovoltaic panels to extract energy from sunlight is the effect of
temperature. As the solar panel heats up, the efficiency of converting light to electrical power
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decreases, reaching an efficiency between 14% and 17% [4]. For this reason, several cooling
techniques have been implemented, named active and passive methods. Active method relates an
active cooling system that needs external electrical or mechanical energy, such asfans OR PUMPS for
air or water circulation on the photovoltaic panel, respectively to heat dissipation [5]. By the other
hand, passive heat dissipation systemsrelate all the natural process and techniques always without
an external energy source. The Photo Voltaic and thermal collector are a good solution in terms of
economics payback period, lesser space, and the capacity to reuse the wastage heat in other
industrials process. To exhaust the heat from the PV panels, different components can be utilized like
air, air/waterand water collectors [6], nanofluids [7, 8], thermoelectricgenerators [9, 10], and phase-
changing materials (PCM) [11] to improve the efficiency.

In this way, it is of great interest to control this thermal variable and optimize its operation, in
this case, by designingair-cooled heatsinks [12]. The thermal process of a photovoltaicpanel will be
characterized, looking for the most efficient way to dissipate heat and increase its efficiency and
useful life due to thermal fatigue due to high temperatures [13].

Studies such as Agrawal and Tiwari [14] presented the concept of serial and parallel airflow
arrangement through solar panels using microchannels where a nine-channel arrangement was
made for heat dissipation usingairas a coolant. Numerical calculations showed an increase in annual
thermal gain of 70% and 60%. This study serves as a support in the study of the position of the
channelsand the geometries of the modeling for greater efficiency.

Agrawal and Tiwari [15] conducted an experimental analysis with hybrid photovoltaic glass, in
which they linked three PTV modules and made airflow through them following a pattern where in
terms of energy saving analysis. It was concluded that the hybrid photovoltaic collector offers a
higher potential than the photovoltaic module. Jin et al., [16] demonstrate a configuration with an
air tunnel passage in a rectangular geometry to dissipate heat. Corroborating what was previously
said about the decrease in efficiency as the temperature of the cells increases. This analysis was
carried out by comparing a model of a photovoltaic panel with a tunnel and another without it,
increasingits efficiency by 10% and thermal efficiency by 75%.

Caluianu and Baltaretu [17] studied the temperature profile and air velocity using a PTV thermal
model and validated with experimental data. The simulation was done by applying the Galerkin finite
element method to the flow and energy equations, incorporating an implicit convective boundary
condition. As the width of the channel increases, the average air temperature varies between 50°C
and 30°C in the outletsection. Lee et al., [18] compared simulation and experimental results where
they found a 3% difference between both methods. They determined that low fin spacing is
important when input speedis low, and high speeds have a more significant effect. when the input
speedis high, reducing module temperature.

Chaabane et al, [19] analyzed computational and experimentally a concentrating
photovoltaic/thermal system but having water as fluid as a coolant in photovoltaic panels. They
determinedthat the computational model adequately presents the physical phenomenon. Baloch et
al., [20] used a converging channel and analyzed the influence of the channel on panel temperature
forone month. Experimentally,they took the results between a photovoltaic panel without achannel
and another with channel converging with 2° deviation, which had a decrease in temperature of up
to 25.8°C. Then they conducted a computational study [21] using the Fluent software where they
took the same channel angle, corroborating experimentally the previous numerical results found.

Ahmad et al., [22] analyzed the effects of fin spacing, fin height, and fin thickness on the heat
transfer properties of a novel truncated multi-level fin heat sink (MLFHS) was investigated
numerically using finite element analysis (FEA). The parametricstudy was conducted to compare the
thermal performance of the MLFHS with the conventional rectangular plate-fin heat sinks by varying
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the finspacing (p = 10-35 mm), fin height (h = 60—120 mm), and finthickness (t = 0.5-1.5 mm). The
findings were promising with an optimized fin heat sink showinga decrease in the average PV module
temperature as highas 6.13% and improved power output by 2.87%.

Mankani et al., [23] studied analyses by CFD simulations, the cooling performance of air-cooled
heat sinks forthe climate of Dubai, UAE. A stepwise optimization study was conducted to investigate
the effects of varying fin spacing, baseplate thickness, fin height and fin thickness on the heat
dissipationrate. The meansresults were a lowertemperature of 27°C of the PV panelin an ambient
temperature of 42°C and a reduced the average panel temperatures by 9%.

Elbreki et al., [24] studied by experimental testa new different design of the heat sinks, namely
lapping and longitudinal. Design of Experiment (DOE) approach technique was employed to identify
the optimum design parametersinterms of fin height, fin pitch, fin thickness, number of fins, and tilt
angle. Results showed that passive cooling with lapping fins demonstrates the best performance with
a mean PV module temperature 24.6°C lower than the reference PV module. Hence, the achieved
electrical efficiency and power output are as high as 10.68% and 37.1 W, respectively. Finally, Life
Cycle Cost Analysis (LCCA) was conducted. The analysis showed that the payback period for PV
modules with longitudinal, lapping fins and bare PV modules are 4.2, 5, and 8.4 years respectively.
Therefore, PV module cooling using a passive technique, particularly with alappingfins design, is the
preferred option.

The study of the best geometric configurations of the heat sinks is an excellent way to enhance
the efficiency of PV panels, especially heat sinks with simple and easy to manufacture shapes to
decrease the ratio between costand benefice. The objective of this study is to numerically determine
by CFD simulations the incidence of efficiency with different arrangements of heat sinks, varying the
heights of 0, 10, 25, and 50 mm, and the number of sinks between 9 and 18.

2. Methodology
2.1 Governing Equations

The analysisin this study employs the followingassumptions proposed by Murray-Gardner [25]:
(i)  The airflowis steady, laminar, and incompressible.
(i)  The temperature at the base of the finand the surrounding temperature is uniform.

(iii)  The convective heat transfer coefficient of the finis constant overthe entire surface.

The governing equations describing the fluid flow are called the Navier-Stokes, represented by
the followingdifferential form. Continuity (1):

d —
a—f-i— V.(pu) =0 (1)

where dp/dt is the rate of change of pressure, and V. (pil) describes the divergence of the flow
velocity vector at a particular point. Momentum (2):

p%+(pﬂ.|7)ﬁ=—l7p+pb+l7.r (2)

The rate of change of fluid momentum is equal to the sum of surface forces (viscous forces and
pressure) and body forces, derived by applying Newton’s second law of motion. Energy (3):

9(pE)

2=+ V.(pEU) = V.(kVT) = pV. U+ Vii: T+ § (3)

45



CFD Letters
Volume 15, Issue 4 (2023) 43-52

where E denotesinternal energy, Tisthe temperature, k is the thermal conductivity of the fluid, kVT
is the heat flux given by Fourier’s Law, Vu, tis defined as the irreversible transfer of mechanical
energy into heat, and S is the heat source. To know the maximum power reached by the panel, we
have the solar energy converted by the photovoltaic panel and delivered. Eqg. (4) describes the
maximum power that the solar panel reaches:

P =VI =nG (4)

Where P isthe electrical power, Visthe voltage, listhe electrical current, nisthe electrical efficiency,
and G is the incident radiation. Similarly, the equation can be described as follows:

Y
P = Pnax (1 + 100 * (Tcell - 25)) (5)

Where Pmax is the maximum power rating, Y is the thermal power coefficient, and Tcen is the cell
temperature. On the other hand, the internal generation of heat is produced because a certain
amount of energy incident on the panel is absorbed, and the rest is lost in the internal heat of the
panel. To characterize this behavior of internal heat, the following equation was Eq. (6).

_ Tcen— T
R

Q =G-P (6)

Where T is the ambient temperature and R is the thermal resistance of the module. Figure 1
graphicallyrepresentsthe incidentradiation (G), heat (Q), and electrical power (P).

p

Fig. 1. Incident variables in the photovoltaic panel

2.2 Computational Method and Grid Generation

There is theoretical support for the case study through articles replicating similar cases. These
modeling and computational analyses will be carried out using ANSYS Fluent. The software contains
the necessary modules that allow the simulation where athermo-structural interactionis carried out.

In addition, the finite element analysis method will be used with the Meshing module to get
reliability inthe results. Then the boundary conditions are configured, such as the characteristics of
the materials such as density, viscosity, and coefficient of thermal expansion. In addition to external
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factors, all these boundary conditions are configured using the Fluent computational fluid dynamics
module [26, 27]. A 330 W photovoltaic panel was selected, from which the physical characteristics
were taken for the validation of the computational and mathematical models; it also has 36 of 3 in
polycrystalline cells. Figure 2(a) represents the model selected for this study and Figure 2(b)
representsthe modeling of the panel.
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Fig. 2. PV dimensions and CAD model; (a) Commercial PV panel selected, (b) PV Solar panel CAD

Figure 3(a) representsthe mesh that was made for the selected photovoltaicpanel. Modeled PV

was commercial PV 30W power of Solar Electric Supply Inc. Company. In this figure, it can be seen
the boundary conditions, such as fluid inlet and outlet and walls and the heat source as detailed in
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Table 1. In addition, airinlet velocity, internal heat generation, and heat transfer by convectionand
radiation are also configured. The turbulence model selected was the Spalart-Allmaras [28, 29], due
to its low computational cost and the fact that it solves an equation that models the transport of
turbulent kinematicviscosity. Figure 3(b) represents the mesh study carried out for this study. It can
be seen how the results do not vary more than 5%, guaranteeing confident results [30-32],
concerning the number of elements. The study was conducted from approximately 2E5 to 5.5E5
items. For better computational performance, the mesh of approximately 3E5 elements was
established.

Table1

Initial configuration

Parameter Symbol Value Unit
Irradiance G 800 W/m?
Ambienttemperature To 25 °C

Air velocity Uy 1 m/s
Air density P 1.12 Kg/m3
Forced convective coefficient h 8 W/m?2K
Natural convective coefficient h 0.9 W/m?2K
Reynolds number Re 2346 -
Nusselt number Nu 284 -

Opennings

Inlet |

Heat Sink

(a) (b)

o 360
— 350
L
=2 340
o
S 330
E 320
2 310 .
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Number of cells (103)

(c)
Fig. 3. Boundary conditions (a); Boundary conditions, (b) mesh of PV panel and (c) mesh
independence study

The turbulence model selected for the simulation was Spalart Allmaras; this is a single equation
model. This turbulence modelis a choice where turbulent effects are not of great importance in the
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system. A SIMPLE algorithm isused, which uses a ratio betweenvelocity and pressure corrections to
obtain the pressure fieldsin the fluid. With this algorithm, a discrete correlation is obtained for the
pressure correction in each of the cells. For the evaluation of gradients and derivatives, the scheme
called least square cell based is used, where it is assumed that the solution for a variable varies
linearly from one cell to another. Additionally, to resolve momentum and energy, a 'second order
Upwind' system is used, which takes information from the flow’s origin and increases the precision
of the results. They are 1E-3 for continuity and velocity (U, V, W), and 1E-6 for energy.

3. Results and Discussion

Table 2 presentsthe thermal resistance of a fin (Rfin) and of the heat sink (Rsink) for the height
of the sink and the efficiency of the fin (nfin). This table shows how thermal resistances decrease as
the height between heat sinks increases—presenting variations between 5% and 10% for Rfin and
Rsink, respectively. Table 2 shows that the height of the panels does not have a more significant
influence on the thermal resistance since it is more affected by the thickness of the fin. If the
thickness of the fin increases (leaving the number of fins fixed), the distance between them will be
less, and this affects the airflow as it does not have enough space to circulate.

Table 2

Rfin and Rsink with different heights

Sink height (m) Rfin Rsink nfin (%)
0 17.44 197.66 99
0.01 4.55 0.49 50
0.02 431 0.44 21
0.05 4.25 041 11

Figure 4 and Table 3 show the comparison in the theoretical and numerical model of the
temperature (K) for the PV as the initial case (without heatsink) and with heatsinks (at the three
different heights). Itisobserved a variation of 7% in the three cases with a heat sink. In a theoretical
model, it can be observed how with a 10 mm heatsink, the temperature increases to a maximum
point (336.4 K) and then begins to decrease at a constant rate (7%) as the height of the heatsinks
increases. Figure 5 shows the temperature contours of the panel with heat sinks and the base case
without a heat sink. This figure shows how the temperature decreases with the heat sinks and
decreasesas the height of the heat sinksincreases.
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360
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£ 345
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S 340
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% ~~eo
Q 330 *o
£ S~eeo
& 325 kel TR -—
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Sink height [m]

Fig. 4. Numerical and theoretical comparison of temperature of PV with
and without a heatsink
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Table3

Numerical and theoretical comparison of temperature of PV

Sink height[m] Theoretical Temp [K] Numerical Temp [K] Error [%]
0 336.38 336.38 0.0

0.01 355.28 330.19 7.1

0.02 348.00 323.94 6.9

0.05 342.38 317.95 7.1

© o I_‘

e o
(c) (d)

Fig. 5. Temperature contour; (a) Initial case without sink, (b) Sink 10 mm, (c) Sink 25 mm,
(d) Sink 50 mm

Table 4 presents panel power and efficiency for heat sink height and its area. In Figure 5, it can
be seen how the powerincreases as the area of the heat sinkincreases. The increase in efficiency at
low comparedto the rise inthe heatsink area. The case with anarea of 0.43 m2 presents an efficiency
of 11.06%, and for an area of 0.99 m? the efficiency onlyincreased 0.11%.

Table4

Power and efficiency with different sink height

Sink height (m) Area (m?) P (W) N (%)
0,000 0,00 17,88 10,70
0,010 0,43 18,49 11,06
0,025 0,64 19,09 11,42
0,050 0,99 19,68 11,77
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4. Conclusion

In the development of the study, different heights of heat sinks for photovoltaic panels were
simulated. The performance of the PV System was compared to the module without cooling; based
on these results, it was validated mathematically through the thermal resistance model, which
corroborated the effect of temperature on the panels' efficiency and how its decrease can affect their
performance. The maximum thermal efficiency achieved by the cooling module is 11.77% when the
sink heat is 0.05 m high.

The computational model represents the mathematical model, in which it is observed that by
increasingthe height of fins, there isa greater exchange of heat with the outside and a reduction in
temperature. In addition, a maximum error of 7.7% was found, which is an acceptable value to
replicate the electrical performance model; it increases its useful life since it does not present
differenttemperature gradients. According to the study, the PV module's efficiency increases when
the temperature of the module decreases. An interesting future work for further improvement
efficiency will be the analysis of the cooling effect of rainfall.

References

[1] Loni, Reyhaneh, Gholamhassan Najafi, Rizalman Mamat, Mohd Fairusham Ghazali, and Nor Azwadi Che Sidik.
"Nusselt Number Prediction for Oiland Waterin Solar Tubular Cavity Receivers." Journal of Advanced Research in
Fluid Mechanics and Thermal Sciences 97,no.2 (2022):157-174. https://doi.org/10.37934 /arfmts.97.2.157174

[2] Rebhi, Redha, Younes Menni, Giulio Lorenzini, and Hijaz Ahmad. "Forced-Convection Heat Transfer in Solar
Collectors and Heat Exchangers: A Review." Journal of Advanced Research in Applied Sciences and Engineering
Technology 26,n0.3(2022):1-15. https://doi.org/10.37934/araset.26.3.115

[3] Fldérez, RamiroOrtiz. Pequefias centrales hidroeléctricas. McGraw-Hill Interamericana, 2001.

[4] Popovici, Catalin George, Sebastian Valeriu Hudisteanu, Theodor Dorin Mateescu, and Nelu-Cristian Chereches.
"Efficiency improvement of photovoltaic panels by using air cooled heat sinks." Energy Procedia 85 (2016): 425-
432 https://doi.org/10.1016/j.egypro.2015.12.223

[5] Shan, Feng, Fang Tang, Lei Cao, and Guiyin Fang. "Dynamic characteristics modeling of a hybrid photovoltaic-
thermal solar collector with active cooling in buildings." Energy and Buildings 78 (2014): 215-221.
https://doi.org/10.1016/j.enbuild.2014.04.037

[6] Sultan,SakhrM., and M. N. Ervina Efzan. "Review on recent Photovoltaic/Thermal (PV/T) technology advances and
applications." Solar Energy 173 (2018):939-954. https://doi.org/10.1016/j.solener.2018.08.032

[7]1 Venkatesh, Telugu, S. Manikandan, C. Selvam, and Sivasankaran Harish. "Perf ormance enhancement of hybrid solar
PV/T system with graphene based nanofluids." International Communications in Heat and Mass Transfer 130
(2022):105794. https://doi.org/10.1016/j.icheatmasstransfer.2021.105794

[8] Ma, Xin, Liu Yang, Guoying Xu, and Jianzhong Song. "A comprehensive review of MXene-based nanofluids:
preparation, stability, physical properties, and applications." Journal of Molecular Liquids 365 (2022): 120037.
https://doi.org/10.1016/j.molliq.2022.120037

[9] Wen, Xin, Jie Ji, Zhaomeng Li, and Zhiying Song. "Performance analysis of a concentrated system with series
photovoltaic/thermal module and solar thermal collector integrated with PCM and TEG." Energy 249 (2022):
123777. https://doi.org/10.1016/j.energy.2022.123777

[10] Gholami, Zakieh, Mohammad Hashem Rahmati, Akbar Arabhosseini, and Mostafa Gharzi. "Combined cooling of
photovoltaic module integrated with thermoelectric generators, by using earthenware water tank and ultrasonic
humidifier: An experimental study." Sustainable Energy Technologies and Assessments 53 (2022): 102601.
https://doi.org/10.1016/j.seta.2022.102601

[11] Kong, Xiangfei, Lanlan Zhang Han Li, Yongzhen Wang, and Man Fan. "Experimental thermal and electrical
performance analysis of a concentrating photovoltaic/thermal system integrated with phase change material
(PV/T-CPCM)." Solar Energy Materials and Solar Cells 234 (2022): 111415.
https://doi.org/10.1016/j.s0lmat.2021.111415

[12] Peng, H.Y, S.S. Song, H.J. Liu, S. F. Dai, and F. L. Zhang. "Investigation of wind loading characteristics of roof-
mounted solar panels on tall buildings." Sustainable Energy Technologies and Assessments 54 (2022): 102800.
https://doi.org/10.1016/j.seta.2022.102800

51


https://doi.org/10.37934/arfmts.97.2.157174
https://doi.org/10.37934/araset.26.3.115
https://doi.org/10.1016/j.egypro.2015.12.223
https://doi.org/10.1016/j.enbuild.2014.04.037
https://doi.org/10.1016/j.solener.2018.08.032
https://doi.org/10.1016/j.icheatmasstransfer.2021.105794
https://doi.org/10.1016/j.molliq.2022.120037
https://doi.org/10.1016/j.energy.2022.123777
https://doi.org/10.1016/j.seta.2022.102601
https://doi.org/10.1016/j.solmat.2021.111415
https://doi.org/10.1016/j.seta.2022.102800

CFD Letters
Volume 15, Issue 4 (2023) 43-52

(13]

(14]
(15]

[16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

[24]

(25]

[26]

(27]

(28]
[29]

(30]

(31]

(32]

El-Khawad, Livia, Dorota Bartkowiak, and Klaus Kiimmerer. "Improvingthe end-of-life management of solar panels
in Germany." Renewable  and  Sustainable  Energy Reviews 168 (2022):  112678.
https://doi.org/10.1016/j.rser.2022.112678

Agrawal, Sanjay, and G. N. Tiwari. "Energy and exergy analysisof hybrid micro-channel photovoltaic thermal
module." Solar Energy 85, no.2 (2011): 356-370. https://doi.org/10.1016/j.solener.2010.11.013

Agrawal, Sanjay, and G. N. Tiwari. "Exergoeconomic analysis of glazed hybrid photovoltaic thermal module air
collector." Solar Energy 86,n0.9 (2012): 2826-2838. https://doi.org/10.1016/].solener.2012.06.021

Jin, Goh L., Adnan lbrahim, Yee K. Chean, Roonak Daghigh, Hafidz Ruslan, Sohif Mat, Mohd Y. Othman, and
Kamaruzzaman Sopian. "Evaluation of single-pass photovoltaic-thermal air collector with rectangle tunnel
absorber." American Journal of Applied Sciences 7,no. 2 (2010): 277. https://doi.org/10.3844 /ajassp.2010.277.282
Caluianu, lonut-Razvan, and Florin Baltaretu. "Thermal modelling of a photovoltaic module under variable free
convection conditions." Applied Thermal Engineering 33 (2012): 86-91.
https://doi.org/10.1016/j.applthermaleng.2011.09.016

Lee, S. S., S. 0. Lai, and K. K. Chong. "A study on cooling of concentrator photovoltaic cells using CFD." In 2012
International Conference on Innovation Management and Technology Research, pp. 403-406. |IEEE, 2012.
https://doi.org/10.1109/ICIMTR.2012.6236427

Chaabane, Monia, Hatem Mhiri, and Philippe Bournot. "Experimental validation of the thermal performance of a
concentrating photovoltaic/thermal system." In 2014 5th International Renewable Energy Congress (IREC), pp. 1-6.
IEEE, 2014. https://doi.org/10.1109/IREC.2014.6826995

Baloch, Ahmer AB, Haitham MS Bahaidarah, and P. Gandhidasan. "An experimental study of the effect of
converging channel heat exchanger on PV system." In 2015 IEEE 42nd Photovoltaic Specialist Conference (PVSC),
pp.1-4.1EEE, 2015. https://doi.org/10.1109/PVSC.2015.7356010

Baloch, Ahmer A. B., Haitham M. S. Bahaidarah, and P. Gandhidasan. "Computational fluid dynamics study for the
optimization of surface temperature profile of photovoltaic/thermal system." In 2016 IEEE 43rd Photovoltaic
Specialists Conference (PVSC), pp.0847-0849. |EEE, 2016. https://doi.org/10.1109/PVSC.2016.7749727

Ahmad, E. Z., A. Fazlizan, H. Jarimi, K. Sopian, and A. Ibrahim. "Enhanced heat dissipation of truncated multi-evel
fin heatsink (MLFHS)in case of natural convection for photovoltaiccooling." Case Studies in Thermal Engineering
28(2021):101578. https://doi.org/10.1016/j.csite.2021.101578

Mankani, Khushbu, Hassam Nasarullah Chaudhry, and John Kaiser Calautit. "Optimization of anair-cooled heat sink
for cooling of a solar photovoltaic panel: A computational study." Energy and Buildings 270 (2022): 112274.
https://doi.org/10.1016/j.enbuild.2022.112274

Elbreki, A.M., A. F. Muftah, K. Sopian, H.Jarimi, A. Fazlizan, and A. Ibrahim. "Experimental and economi c analysis
of passive cooling PV module using fins and planar reflector." Case Studies in Thermal Engineering 23 (2021):
100801. https://doi.org/10.1016/j.csite.2020.100801

Gardner, Karl A. "Efficiency of extended surface." Transactions of the American Society of Mechanical Engineers 67,
no.8(1945):621-628. https://doi.org/10.1115/1.4018343

Borkar, Dinesh S., Sunil V. Prayagi, and Jayashree Gotmare. "Performance evaluation of photovoltaic solar panel
using thermoelectric cooling." International Journal of Engineering Research 3, no. 9 (2014): 536-539.
https://doi.org/10.17950 fijer /v35s9/904

Farahani, Somayeh Davoodabadi, Mahdi Alibeigi, and Hamed Hossienabadi Farahani. "The Uniform Magnetic Field
Efficacy on Heat Transfer of Nanofluid Flowin A Flat Tube." Journal of Advanced Research in Numerical Heat
Transfer5,no0.1 (2021):9-27.

Fontenault, Bradley. "Active forced convection photovoltaic/thermal panel efficiency optimization analysis."
Mechanical Engineering Master's Project, Rensselaer at Hartford (2012).

Khelifa, A., K. Touafek, H. Ben Moussa, |. Tabet, and H. Haloui. "Analysis of a hybrid solar collector photovoltaic
thermal (PVT)." Energy Procedia 74 (2015): 835-843. https://doi.org/10.1016 /j.egypro.2015.07.819
Beltran-Urango, D.,J. L. Herrera-Diaz, J. A. Posada-Montoya, L. Castaiieda, and J. A. Sierra-del Rio. "Generacion de
Energia Eléctrica Mediante Vdrtices Gravitacionales." in Memorias Expo Tecnologias 2016, pp. 90-107. Medellin,
Antioquia, 2016.

Ceballos, Y. Castafieda, M. Cardona Valencia, Diego Hincapie Zuluaga, J. Sierra Del Rio, and S. Vélez Garcia.
"Influence of the number of blades in the power generated by a Michell Banki Turbine." International Joumal of
Renewable Energy Research I/RER 7,n0.4 (2017):1989-1997.

Sdnchez, Alejandro Ruiz, Angie Guevara Mufioz, Jorge Andrés Sierra Del Rio, andJose Alejandro Posada Montoya.
"Numerical comparisonof two runners for gravitational vortex turbine." Engineering Transactions 69, no. 1 (2021):
3-17. https://doi.org/10.24423 /EngTrans.1165.2021012

52


https://doi.org/10.1016/j.rser.2022.112678
https://doi.org/10.1016/j.solener.2010.11.013
https://doi.org/10.1016/j.solener.2012.06.021
https://doi.org/10.3844/ajassp.2010.277.282
https://doi.org/10.1016/j.applthermaleng.2011.09.016
https://doi.org/10.1109/ICIMTR.2012.6236427
https://doi.org/10.1109/IREC.2014.6826995
https://doi.org/10.1109/PVSC.2015.7356010
https://doi.org/10.1109/PVSC.2016.7749727
https://doi.org/10.1016/j.csite.2021.101578
https://doi.org/10.1016/j.enbuild.2022.112274
https://doi.org/10.1016/j.csite.2020.100801
https://doi.org/10.1115/1.4018343
https://doi.org/10.17950/ijer/v3s9/904
https://doi.org/10.1016/j.egypro.2015.07.819
https://doi.org/10.24423/EngTrans.1165.2021012

