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ABSTRACT

M. Sc. Thesis

DEVELOPING PV PANEL COOLING SYSTEMS TO ENHANCE
OPERATING EFFICIENCY

Feyzullah Behliil OZKUL

Karabiik University
Institute of Graduate Programs

Department of Mechanical Engineering

Thesis Advisor:
Assist. Prof. Dr. Erhan KAYABASI
July 2020, 59 pages

In this thesis, a new heat sink was designed to be used in cooling PV panels.
Considering fin number, fin geometry and material type three different version of heat
sink is simulated on ANSYS Software. After that, solar radiation was applied on the
simulated heat sink designs on ANSYS Fluent. The PV panel efficiency values,
obtained from the analysis, were compared and the optimum heat sink design was
determined. In the light of those simulations, one of the designs, which is thought to
be the best choice regarding efficiency, cost and applicability, was manufactured and
field tests were applied. In field test two different PV panels was used. One of them
set with the manufactured heat sink and the other one was used without heat sink.
During tests, temperature differences, voltage and power values and efficiency values
were taken into consideration. During the tests, in the noontime, at 13:00 and 1045
W/m? radiation, the one without heat sink had surface temperature of 59.6 °C, 9.83 W

power output and 5.5% efficiency. On the other hand, under same conditions, the one



with the heat sink had 48.9 °C surface temperature, 12.05 W power output and 6.7 %
efficiency. As a result, it is concluded that, with the cooling effect of designed heat

sink, efficiency values increase in the range of between 20 to 30 percent in different

time intervals.

Key Words : PV Panel, Cooling of PV Panels, PV Panel Operating Efficiency.
Science Code : 91408



OZET

Yiiksek Lisans Tezi

PV PANELLERDE CALISMA VERIMININ ARTIRILMASI iCIN
SOGUTMA SiSTEMLERININ GELiSTiRILMESI

Feyzullah Behliil OZKUL

Karabiik Universitesi
Lisansiistii Egitim Enstitiisii

Makine Miihendisligi Anabilim Dal

Tez Danismani:
Yrd. Do¢. Dr. Erhan KAYABASI
Temmuz 2020, 57 Sayfa

Bu tez ¢alismasinda, PV panellerin sogutulmasinda kullanilacak yeni bir 1s1 kuyusu
tasarimi yapilmistir. Kanatgik sayisi, kanatcik geometrisi ve malzeme tipi dikkate
alindiginda, ii¢ farkli 1s1 kuyusu tasarimmin ANSYS yaziliminda simiilasyonlari
yapilmistir. Daha sonra, 1s1 Kuyusu tasarimlarina ANSYS Fluent iizerinde solar
radyasyon uygulandi. Analizden elde edilen PV panel c¢alisma degerleri
karsilagtirilarak en iyi sonucu veren 1s1 Kuyusu tasarimi belirlenmistir. Bu
simiilasyonlar 15181nda, verimlilik, maliyet ve uygulanabilirlik agisindan en iyi se¢enek
oldugu diisiiniilen tasarim iretilerek ve saha testlerine yapilmistir. Testlerde iki farkli
PV panel kullanilmistir. Bunlardan biri tiretilen 1s1 kuyusu ile, digeri 1s1 kuyusu
olmadan kullanilmistir. Testler sirasinda sicaklik farkliliklari, voltaj ve giic degerleri
kullanilarak verimlilik degerleri hesaplanmistir. Testler sirasinda, 6gleden sonra 13:00
ve 1045 W / m? radyasyonda, 1s1 kuyusu olmayan panel yiizey sicaklig1 59.6 °C, 9.83

W gii¢ ¢ikis1 ve %5,5 verimlilige sahip oldugu gézlemlenmistir. Diger yandan, ayni

Vi



kosullar altinda, 1s1 Kuyusu kullanilan panel 48.9 °C yiizey sicakligi, 12.05 W gii¢ ¢ikis1
ve %6,7 verimlilige sahip oldugu goézlemlenmistir. Sonug¢ olarak, tasarlanan 1s1
kuyusunun verimlilik degerlerini farkli zaman araliklarinda yiizde 20 ila 30 arasinda

artirdigi tespit edilmistir.

Anahtar Kelimeler : Pv Panel, Pv Panellerin Sogutulmasi, Pv Panel Calisma Verimi.
Bilim Kodu : 91408
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PART 1

INTRODUCTION

Recently, with the industrial developments, the population increase in the world
increases the demand for energy rapidly. Today, as a result of the rapid depletion of
conventional energy sources, the harm to the environment by hydrocarbons and the
limited fossil fuel resources, which are mostly used for electricity generation,
renewables have become alternative to a sustainable and environmentally friendly

energy source [1-9].

1.1. PHOTOVOLTAICS

In this sense, solar energy stands out as a promising renewable energy source among
renewable energy sources today. Solar panels convert the energy coming from sunlight
into electrical energy with photovoltaic processes in various designs. High-energy
photons from the sun allow the semiconductor materials (usually silicon) on PV panels
to break into low-energy electrons in their final orbits and thus generate electrical
energy [10-15].

The first PV cell was produced in 1883 and today's technology was developed in 2009
with the addition of a thin film between two glass layers. As the weather conditions
vary from region to region, the characteristics of PV panels should be evaluated under
different operating conditions and efficiency analyzes should be performed carefully
to increase their efficiency. PV panels produced with today's technology provide
approximately 15% efficiency and this leads to a significant loss of potential. The part
that cannot be converted into electrical energy causes heating of solar panels and this

leads to lower efficiency of PV panels [16-20].



1.1.1. What is PV Panel

Solar radiation could be harvested using Photovoltaics or PV/T (Photovoltaic-
Thermal) systems. At the initial PV systems was used for directly converting solar
energy to the electricity. In the early 1900s, with the development of quantum theory,
the real logic behind conversion process was understood and developed accordingly
[21]. In mid-1900s, first PV cell was manufactured and expeditiously became the main
energy source for the devices that was sent to far points of space. In the first place,
because it is too vital and dependable, cost of PV cells was ignored and used widely
in satellites and space survey vehicles. When it comes to 1970s, with the start of energy
crisis on Earth, PV systems started to be used on the ground. Today, the PV systems

that we use have advanced technologies [22].

1.1.2. Advantages of PV Panel

In today’s technology, PV panels commonly used with silicon-based semiconductor
material and with the help of used material it can directly convert solar energy to
electrical energy. When it is compared to other renewable energy systems like wind
power plants, the maintenance cost is much lower because of the simplicity of the PV
systems regarding physical aspect. i.e. mechanical problems are not likely in PV
systems because there is no complex mechanical system. In addition, the silence and
less emissivity features of PV panels makes it environmentally friendly [23,24].
Moving on to applicability of PV panels, the source of energy (sun) is available
throughout the world and can be used from all points of the world without any
additional transportation cost more importantly because the source is unlimited, there
is no room for wars to harvest energy from sun. When compared the conventional
energy sources like oil, it does not require additional processes to be used. The main
problem with PV panels was manufacturing costs, but nowadays the raw silicon
material price getting lower and technology behind working principle of PV panels are
open to be developed. So, PV panels seem to be promising and unlimited energy source
for the future [25].



1.2. IMPORTANCE OF OPERATING TEMPERATURES ON EFFICIENCY

When efficiency drop is seen in PV panels, first thing that comes into mind is
temperature. In standard test conditions, negative effect of temperature increase is not
seen. However, in the field tests it is revealed that, temperature has considerable
negative effect on efficiency. However, before field tests, it is needed to know the
effect of temperature to the efficiency to determine the best choice without spending
for manufacturing. While still in simulation phase, to calculate approximate efficiency
values in different temperatures, there is a need in calculation of efficiency change
under different temperature values. To achieve that, formulas below were used [26].

n= 771‘eff[1 - B(Tc - Treff)] (1-1)

Where, nesr: calculated efficiency, B is temperature coefficient (= 0.0045 K1 for Si
crystals), Tc is operating temperature, Tresr iS reference temperature at reference

efficiency.

1

,Breff = (1.2)

To_Treff
To: temperature at zero efficiency is seen (for ¢-Si T, is 270 °C).

It can be easily said that, using any cooling method in PV panels decreases the
operating surface temperature and as a result increases efficiency [27].

It has been proposed that constant operating temperature is an important factor for the
efficiency of PV panels. As can be seen in Figure 1.1, the decrease of electrons in PV
modules in open circuit and the increase in temperature due to increase radiations
levels leads to lower efficiencies. In order to prevent the decrease in efficiency due to

overheating, many studies have been carried out on cooling of solar panels [4].

Figure 1.1 shows that the material type is also very important for the efficiency of PV

panels. According to figure below, a-Si has higher efficiency. However, c-Si is much



more accessible and economically reachable in the market. So, to determine the best
choice all aspects are needed to be considered.
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Figure 1.1. Effect of temperature on different PV materials [28].

In another study, efficiency of three different cooling methods, air cooling, water
cooling and cooling with heat sink, were examined and compared in Figure 1.2. Here,
heat sink seems to be the best choice considering efficiency value and stability,
temperature and needed additional energy for cooling [26].
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Figure 1.2. PV Panel efficiency vs. temperature [26].



1.3. PV COOLING METHODS

In the literature, PV panel cooling techniques are examined in two groups as passive
and active cooling. Wind cooling, cooling with natural convection conditions with
water, cooling using heat wells, cooling using natural moisture, cooling with soil
covered copper plates, thermoelectric cooling and cooling using nano-fluid as passive
cooling were evaluated as; application of forced transport conditions in water cooling
systems and the use of high frequency ultrasound waves are considered as active
cooling methods. While active cooling methods require extra energy to operate the
system, passive cooling systems do not require additional energy. However, active
cooling methods cannot go beyond theoretical studies [5,11,13,29-32].

1.4. LITERATURE REVIEW

In the literature, lots of different PV panel cooling methods have been examined. Two
main branches of cooling methods are that exist, passive and active cooling methods.
Passive cooling is the first method that comes to mind with natural convection. In one
of the studies on this method, Kayabasi (2017) examined the effects of different
cooling options on the efficiency of PV panels on cooling of solar panels. In this study,
natural convection cooling, water cooling and heat sink cooling systems were analyzed
and compared. As a result of the study, it was found that natural convection and water-
cooling methods were insufficient to decrease the PV panel temperature. As seen in
Figure 1.3a, the cooling of the PV panel surface temperature was reduced to 62 °C at
2.5 m/s, which is the maximum passive air velocity. In water cooling, this temperature
was obtained as 35 °C for 0.03 kg / s water flow rate (Figure 1.3b). However, in this
method, energy input is required to keep the water circulation at this value. This causes
to consumption of some of the energy for the circulation of water. In the last method
analyzed in the study, the PV panel surface was cooled using heat well and the surface
temperature was obtained as 38 °C under natural convection conditions (Figure 1.3c).
In this method, surface temperature can be kept at a certain level even at low wind
speeds in accordance with natural conditions. As a result, it was determined that
cooling method using heat sink is the most suitable method for natural working
conditions [28].
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Figure 1.3. Effects of different cooling techniques on PV panels a) natural convection,
b) water cooling, ¢) heat sink design.

In Table 1.1, PV panel operating temperature decreases and efficiency increase
percentages for various cooling methods were shown. To start with, natural vapour
cooling method, there is no need for additional energy but the PV panel needed to be

set above any kind of water source, where natual evaporation occurs [30].

Using SiC nanofluid as a base-fluid in PV panel cooling is another method. In their
study, Al-Waeli et al. used SiC nanofluid, including 3 wt. % nanoparticles, as a cooling
fluid in PV panel. Different nanofluids with different percentage nanoparticles were
also examined. As a result, up to 24.1 % efficiency increase and 8.24 % temperature

drop was observed [34].



Table 1.1. Temperature decrease and efficiency increase comparisons.

Decrease in PV

Sources of Work | PV Cooling Method Temperature | Eﬁ'C'en%y
©C) ncrease (%)
Ebrahimi et al. .
(2015) Natural Vapor Cooling 16 12.12
. Using Sic Nanofluid as
Al-Waeli etal. | = A Base-Fluid in PV 25 24.1
(2017) .
Panel Cooling
Rahimi et al Multi Header
(2015) ' Microchannels In A 30 28
Hybrid PV Cell Cooling
Idoko et al. (2018) | Multi-Concept Cooling 5 3
Rostami et al. Cooling Method with 97 511
(2018) Atomized Fluids )
Soliman et al. . . .
(2018) Cooling with Heat Sink 19 8
Peter Atkin and Cooling with PCM
Mohammed Farid Infused Graphite and 19 12.97
(2015) Aluminum Fins

Rahimi et al. compared single and multi-concept cooling in their study. It was revealed
that using multi-concept cooling method is 6.8 % better surface temperature and 28 %

higher efficiency [31].

In 2018, Idoko et al. examined multi-concept cooling method, combination of
conductive, air- and water-cooling methods, in Nigeria. 250W capacity PV panels
were used and consequently 5 °C temperature drop and 3 % efficiency increase were
observed [5].

Cooling with heat sink method studied by Soliman et al. (2018). Halogen lambs were
used to simulate solar radiation in laboratory conditions. 5.4 % temperature decrease
and 8 % efficiency increase were observed with air cooling without using additional

energy [35].

Peter Atkin and Mohammed Farid (2015), used phase changing material (PCM) in
addition to heat sink. Both Matlab simulation and experimental setup were applied.

Infused graphite was used as phase changing material. c-Si was used, and experiment



was done under laboratory conditions with the help of halogen lambs applying 920
W/m? radiation. According to results, 19 °C temperature decrease and 13 % efficiency
increase were achieved [36]. However, according to literature there is wide gap on the
cooling of PV panel considering fluid mechanics, heat transfer sciences and low cost

for production.

In this study, novel and more effective heat sink was designed and experimentally
approved, considering fluid mechanics and heat transfer sciences with a simple
geometry. In design part of this study, an effective and distinctive heat sink was
designed in ANSYS SpaceClaim. After, simulations were performed under different
conditions using ANSY'S Fluent module. Following by the determination of best heat
sink design according to simulations results production of heat sink was performed to

use in field experiment under real conditions.



PART 2

MATERIALS AND METHOD

2.1. COOLING METHOD AND DESIGN CRITERIA

This study consists of two stages: numerical simulations stage and experimental study
stage. In numerical simulations, heat sink temperature distributions and flow paths of
the cooling air was investigated for different geometries. In experimental studies
temperature distributions of the PV panels with and without heat sinks were observed
and PV panel efficiencies were calculated according to the voltage and current values

recorded during the experiments.

For the experimental stage of study heat sink was manufactured from aluminum
material and installed in the PV panel test system. In the installation of the test system,
2 PV panels were mounted on. Extra airflow was not supplied to the system except
natural airflow. Experimental results were obtained according to airflows presented
that day and air speeds recorded with an anemometer. A thermal camera was also used
to examine the temperature distribution of PV panels. Voltage and current output

values of solar panels was recorded with the help of 4 multimeters.

Software Design
Sloar-Radiation >
Y 05\)
-.- Heat Sink Production
1Y PVPand
V27 4 W
y 7 /7 4 Heat Sink
—_ > = l
o > Heat Sink —
Air-Flow carsin l

Figure 2.1. Methodology of the entire study.



As summarized in Figure 2.1, PV panel efficiency was calculated using the values to
be obtained from the experimental study and was compared with the results of the
analysis. As a result of calculations, the optimum operating conditions of the solar
panel were determined. In addition, the temperature distribution of the solar panel was

recorded under optimum operating conditions.

2.2. CFD SIMULATIONS

In CFD simulations, heat sink types and air-flow velocity values were simulated under
field conditions which includes solar radiation and wind speed values of field
experiment conditions. One by one, for each air speed, mass, momentum, and energy

equations were solved by ANSYS Fluent Software. As demonstrated in the Equation

2.1, conversation of mass equation was solved by the software during simulation.
2+ V- (pV) =S (2.1)

Where, S,, is mass change both for compressible and incompressible flows, p is

density (kg/mq), v is velocity of fluid, V: is divergence.

At the same time energy conversation was also calculated by using Equation 2.2.

oT oT oT 0%T 0°T 0°T
u— V— wW—]=al\lu v w 2.2
( dx t oy T 62) ( 0x? t dy? t 622) (2.2)

Where, u, v and w are velocity values in the x, y and z directions respectively, o is
thermal emission coefficient. Conversation of momentum calculations were showed

in Equation 2.3.
2 (pV)+ V- (pi) =Vp+ V- (D) +pg +F (2.3)

Where P is the static pressure, T is the stress tensor, pg is gravitational body force and

F is external body forces.
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In Equation 2.3 stress tensor calculation formula was given to be used in equation 2.4.
= - ->T 2 =
r=,u[(Vv+Vv )—EV'UI] (2.4)

Where, p is molecular viscosity, | is unit tensor, V is divergence, v is velocity of fluid

T is the stress tensor.

To add on effect of photons coming from the sun, certain moment was simulated via

heat flux added on the surface of PV panel.
Two flow options were available in ANSYS Fluent and to determine whether it is

steady state flow or turbulent flow, Reynolds number were calculated by using
Equation 2.5 [37].

Re, = 2= (2.5)
When it was turbulent flow, to continue the process, further module choices must have
done. At that point, k-epsilon module was selected, and necessary parameters were set
to be more precise in simulations. After setting up necessary parameters, calculations
were initialized with 260 iterations where it converged.

2.3. EXPERIMENTAL SETUP AND PARAMETERS

In the experiment, two identical, 20V capacity, PV panels, 4 multimeters and 2 bulbs

were used as it is seen in Figure 2.2.
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Figure 2.2. Experiment setup.

Figure 2.3. Anemometer Benetech GM816

Benetech GM816 anemometer was also included in the setup to measure air velocity

instantly.

First, PV panels were placed identically regarding location and angle of repose. After
that, two identical multimeters to measure voltage outcome and another two identical
multimeters to measure current outcome of the PV panels were used. At his point to

be able to read current values of the setup we needed a resistance in our system. To

12



read the values precisely we placed 2 identical, 1.5 ohm, bulbs for each panel. Before
starting the experiment, we make sure that multimeters are identical as you see in
Figures 2.4 and 2.5.

Figure 2.5. Two identical multimeters to measure current output.

At this point, experimental setup was installed, and recording started as readings
coming from multimeters. At the same time in 20 minutes intervals thermal camera
was used to record surface temperatures of both PV panels.

PV panel module type was TPS- 1055 Mono Crystalline Solar Panel with following
properties, irradiance 1000 W/m? & 25 °C ;

13



Table 2.1. Characteristic properties of the used PV panel.

Maximum Power (Pmax) 20 Wp
Open Circuit Voltage (Voc) 22.32V
Short Circuit Current (lsc) 1.13A
Maximum Power Voltage (Vmp) 180V
Maximum Power Current (Imp) 1.11A

To reach instant efficiency value, power input at specific time needs to be calculated
by using Equation 2.6.

Pin = Irradiance * Surface Area (2.6)

In efficiency calculations, 13:00 irradiance value was used which was 1045W/m?.

Pin = 1045 W/m? * (0.6 m * 0.2 m)

Pin=125.4 W

Fill Factor was calculated using Equation 2.7.

FF = Pmax

" VocxIsc

2.7)

Irradiance 1000 W/m2 & 25 °C

20W

B = o 3ovs1.13A

= 0.793

Fill Factor value utilized for operating efficiency percentage of PV panel. In our case,

it is calculated as 0.793 using Equation 2.7.

_ Voc*lsc*FF

™ (2.8)
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After calculating Fill Factor value, efficiency of PV panel in ideal conditions can be

calculated via equation 2.8.

_ 22.32V*1.13A%0.793
o 125.4W

=0.141

In this section, firstly, backbone of our study was clearly introduced. Then, design
process in ANSYS Software examined in detail. For instance, parameters that we
consider in simulation were widely mentioned (fin geometry, fin number, fin layout,
skewness, flow type). After that, experimental setup equipment was explained. PV
panel properties such as material type, power capacity and required parameters for
efficiency determination were calculated. Finally, result graphs of the field experiment

were shared.
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PART 3

THEORETICAL STUDIES

3.1. HEAT SINK DESIGN STAGES

Designing heat sink process, mainly three different parameters were taken into

consideration. In this part, these three parameters will be explained in detail.

3.1.1 Fin Geometry

In the literature, there are several PV cooling with heat sink studies. Our work was
shaped in the light of those studies and developed with our novel approach.
Our starting point was to approach the case in most common way which was directly

using flat fins in the heat sink design.

Figure 3.1. Heat sink raw design.

As seen in the Figure 3.1, our first approach was too simple but most economically

feasible and effective one.

After that, to go one step further in cooling effectiveness, we rounded edges of the fins.

16



Figure 3.2. Heat sink second design.

In Figure 3.2, airflow ways and contact surface area of directly coming air was tried
to be increased. To achieve that and to stay in economically feasible side, edges were

not directly rounded but cut with an angle.

After considering horizontal flow, to open airflow ways vertically, we perforated the

fins.

o0 000060

Figure 3.3. Heat sink perforated.

With the help of perforation, surface contact area was considerably increased. In

addition to that, air coming from vertical side was let in as seen in the Figure 3.3.
3.1.2 Fin Layout

In layout consideration we placed fins in horizontal axis to increase surface contact
area all along the airflow way. Placing fins in horizontal axis also helps us in

manufacturing process economically. For that reason, in Figures 3.4, 3.5 and 3.6,

layout of fins was shown.

17



= (3 -—7

Figure 3.4. Heat simk fin layout first design.
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Figure 3.5. Heat sink fin layout second design.
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Figure 3.6. Heat sink fin layout last design.

3.1.3 Fin Number

In our experiment, PV panel that we used had dimensions of 20 cm x 60 cm.
Considering this, to keep the optimum balance between airflow ways and contact
surface area in heat sink design 5 fins were created. In Figures 3.7, 3.8 and 3.9, the

final shape of the heat sinks was shown.

18



Figure 3.7. First phase of heat sink.

Figure 3.8. Second phase of heat sink.

S o o s G ok o O e W F

Figure 3.9. Final phase of heat sink.
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3.2. CFD SIMULATIONS AND PARAMETERS
ANSYS Fluent

Firstly, three different heat sink designs were created in ANSYS Mechanical module
considering the number of fins, geometry, and layout. In raw design, five parallel
placed flat aluminum fins were created. In relatively developed model, flat aluminum
fins were perforated to open extra contact surface and airflow ways. As a possibly
optimum model, cut edges were rounded to create easier pathways for airflow which
also increases cooling effect of airflow.

Completing designing part, models were transferred to the ANSYS Fluent module.
The determined radiation value which was 1045 W/m?was simulated on the PV panel
in accordance with the reality. In addition, the wind speed values which are 1 m/s, 1,5

m/s, 2 m/s, 3 m/s are likely to happen in field conditions were added to the simulation.

In meshing part, skewness mesh metrics spectrum was conducted to make sure that
whether the skewness value was in an acceptable range or not. In the quality section
of mesh process, the skewness value was recorded as 0.94. As seen in the Figure 3.10,

our value is in acceptable range.

‘ Skewness Mesh Metrics Spectrum \

Excellent | Very Good | Good Acceptable Bad Unacceptable
0-0.25 0.25-0.50 | 0.50-0.80 | 0.80-0.94 | 0.95-0.97 0.98-1.00

Figure 3.10. Skewness mesh metrics spectrum.

In the next stage, the Reynolds number was calculated, and the simulation
configuration was determined according to the flow form created by the wind
horizontally and vertically. In both horizontal and vertical flow, 1 m/s, 1.5 m/s, 3 m/s
velocity values were simulated. Reynolds number for these velocity values were

calculated.
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=Where kinetic viscosity equals to 1.608*10

For horizontal flow @ 1 m/s velocity (30 mm width) ;

Re, = “2/3003m _ 1866 <2300 = Laminar flow
1.608e—-5

For horizontal flow @ 1.5 m/s velocity (30mm width) ;

__1.5m/sx0.03m

Re, = = 2798 > 2300 = Transient flow
1.608e—5

For horizontal flow @ 3 m/s velocity (30mm width) ;

Re; = 3m/s:0.93m _ 5596 > 2300 = Transient flow
1.608e—5

For vertical flow @ 1 m/s velocity (40mm width) ;

Re, = “R/s*0.9%M _ 5488 > 2300 = Transient flow
1.608e—-5

For vertical flow @ 1.5 m/s velocity (40mm width) ;

Re, = 2/00MM _ 3732 > 2300 = Transient flow
1.608e—5

For vertical flow @ 3 m/s velocity (40mm width) ;

__ 3m/s*0.04m

Re; = = 7464 > 2300 = Transient flow
1.608e—5

According to Reynolds number equation, flow types were decided, and the

accurate simulation type was chosen in ANSYS software. In the process, 268

iterations were applied for each condition. The results were discussed in Results and

Discussions part in figures.
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PART 4
RESULTS AND DISCUSSION

4.1. CFD SIMULATIONS

In the process of simulations, at the initial first simulation was started without any

limitation and waited until it converges. Simulation converged in 268 iterations

As irradiation 1045 W/m? solar radiation was simulated to the surface of PV panel.
That value was decided considering real-life conditions at exact time and location that

our field experiments were done as presented in Figure 4.1.

Maximum solar radiation at day 276 1049 W/m?
Solar radiation at day 276 at 13:00 1045 Wim?

The following figures show the solar radiation intesity on a horizontal surface (blue), on a vertical surface (red), and on a surface perpendicular to the sunlight (black)

Hourly solar radiation intensity at day 276

1000 -

800

600

400 1

Solar radiation [W/m2]

o 5 10 15 20
Time of day [h]

Figure 4.1. Solar radiation values at the day and location during experiments [38].
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Figure 4.2. Flow direction guide.

In Figure 4.2, flow directions were shown to guide the figures used in this part.

In simulation, air velocity values were also simulated considering real-life conditions
at specific time and area. In Karabuk University at summertime of 2019, wind speed
varies from 3 km/h to 11 km/h. Which is equal to the range between 1 m/s and 3 m/s
air speed. For that reason, in ANSYS Fluent software 1 m/s, 1.5 m/s and 3 m/s air

velocities were simulated on the created designs.

For the first design, initial simulation was carried out with 1 m/s horizontal air velocity.
As seen in the Figures 4.3 and 4.4, in coming air, directly affects temperature of PV

panel surface. In this simulation, we observed maximum temperature of 51.3 °C.

max.temp.51.3
Total Temperature

lc]

Figure 4.3. Top view of first design with 1 m/s horizontal air flow.
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max.temp.51.3
Total Temperature

el

Figure 4.4. Bottom view of first design with 1 m/s horizontal air flow.

When air velocity increased to the 1.5 m/s, as presented in Figures 4.5 and 4.6, cooling
effect of air increased. Consequently, maximum surface temperature was recorded as
46.7 °C in this case.

max.temp 46.7
Total Temperature

Figure 4.5. Top view of first design with 1.5 m/s horizontal air flow.
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max.temp 46.7
Total Temperature

Figure 4.6. Bottom view of first design with 1.5 m/s horizontal air flow.

For the last simulation of first design, 3 m/s air flow was applied and results in Figures
4.7 and 4.8 were reached. In this case, by increasing air flow velocity, temperature
values decrease about 10 °C.

max temp 40
Total Temperature

[c]

Figure 4.7. Top view of first design with 3 m/s horizontal air flow.
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max temp 40
Total Temperature

(c]

Figure 4.8. Bottom view of first design with 3 m/s horizontal air flow.

For the second design, at the initial 1 m/s air flow was simulated horizontally and
results in Figures 4.9 and 4.10 were acquired. 53.3 °C temperature value showed us at
this air speed value, our first design had better results. So, we thought there is still

room for further development in design.

max temp.53.3
Total Temperature

[c]

Figure 4.9. Top view of second design with 1 m/s horizontal air flow.
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max.temp.53.3
Total Temperature

53
52
51
50
48

Figure 4.10. Bottom view of second design with 1 m/s horizontal air flow.

To observe the effect of air flow, we continued simulations for this design although it
had worse results than the first design. For that reason, we increased air speed to 1.5
m/s first and 3 m/s for further observations. In Figures 4.11 and 4.12, simulation with
1.5 m/s was presented and 48.4 °C was attained which is again worse that the first

design.

max.temp 46.4
Total Temperature

[c]

Figure 4.11. Top view of second design with 1.5 m/s horizontal air flow.
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max temp 48.4
Total Temperature

(c]

Figure 4.12. Bottom view of second design with 1.5 m/s horizontal air flow.

As the last case, in Figures 4.13 and 4.14, we showed simulation results of second
design with 3 m/s air velocity and observed 41.2 °C temperature value. As a result of
these simulations, even if air flow velocity was increased in horizontal axis, first
design had better results.

max temp 41.2
Total Temperature

(3}

Figure 4.13. Top view of second design with 3 m/s horizontal air flow.
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max temp 41.2
Total Temperature

el

Figure 4.14. Bottom view of second design with 3 m/s horizontal air flow.

For the last design, when applied horizontal air flow was 1 m/s, in Figures 4.15 and
4.16 temperature value was presented as 54.1 °C which is the worst case in the same

conditions.

max.temp.54.1
Total Temperature

54
53
52
50
49

48

Figure 4.15. Top view of final design with 1 m/s horizontal air flow.
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max temp.54.1
Total Temperature

54
53
52
50
439

Figure 4.16. Bottom view of final design with 1 m/s horizontal air flow.

After that, 1.5 m/s air flow velocity was applied and 49.2 °C was acquired which is
close but again the worst scenario until this point. However, as seen in Figures 4.17
and 4.18, effect of air flow distributed evenly to the heat sink with the help of
perforations.

max.temp 49.2
Total Temperature

4.92e+01
4.82e+01
4.71e+01
4.60e+01
4.50e+01

4.39%e+01
4.28e+01
4.18e+01
4.07e+01
3.97e+01

3.86e+01
l 3.75e+01
3.65e+01

3.54e+01
3.43e+01

3.33e+01
3.22e+01
3.12e+01
3.01e+01
2.90e+01
2.80e+01

el

Figure 4.17. Top view of final design with 1.5 m/s horizontal air flow.

30



max temp 49.2
Total Temperature

4.92e+01
4.82e+01
4.71e+01
4.60e+01
4.50e+01
4.39e+01
4.28e+01
4.18e+01
4.07e+01
3.97e+01
3.86e+01
3.75e+01
3.65e+01
3.54e+01
3.43e+01
3.33e+01
3.22e+01
3.12e+01
3.01e+01
2.90e+01
2.80e+01

lcl

Figure 4.18. Bottom view of final design with 1.5 m/s horizontal air flow.

In the last simulation of horizontal flows, we applied 3 m/s air flow and 41.6 °C was
reached as presented in Figures 4.19 and 4.20 which showed us that in horizontal flow
with 3 m/s air speed the difference between designs were negligible. However, in real
life conditions, air naturally flows in all sides. So, in the upcoming section, effects of

vertical flows were studied.

maxtemp41.6
Total Temperature

[c]

Figure 4.19. Top view of final design with 3 m/s horizontal air flow.
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maxtemp 416
Total Temperature

a2
41
a0
a0
39
38

Figure 4.20. Bottom view of final design with 3 m/s horizontal air flow.

In this part of simulations, vertical flows were applied and for the first design with 1
m/s air speed 53.6 °C was reached as showed in Figures 4.21 and 4.22 which was 51.3

°C in horizontal case.

maxtemp .53 6
Total Temperature

54
52
51
439
48
47

33
32
30
29
28
26

[}

Figure 4.21. Top view of first design with 1 m/s vertical air flow.
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max temp.53.6
Total Temperature

(el

Figure 4.22. Bottom view of first design with 1 m/s vertical air flow.

When air speed increased 1.5 m/s, temperature was recorded as 49.7 °C. In addition,
Figures 4.23 and 4.24 clearly show that air flow was opposed by the first fin. As a
result, cooling effect was not evenly distributed. In real life conditions, this
phenomenon causes significant results such as high surface temperature distributions

and lower power output.

max temp 49.7
Total Temperature

[c]

Figure 4.23. Top view of first design with 1.5 m/s vertical air flow.
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max temp 49.7
Total Temperature

el

Figure 4.24. Bottom view of first design with 1.5 m/s vertical air flow.

Final air speed simulated was 3 m/s, and 41.1 °C was observed in this case. Which
showed us in Figures 4.25 and 4.26, if air speed was increased more the advantage of

the last design was become more obvious in vertical air flow.

max.temp.41.1
Total Temperature

410
409
408
406
405
403
402
400
399
397
| 396
394
393
391
390
388
387
385
384
382
38.1

Figure 4.25. Top view of first design with 3 m/s vertical air flow.
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max temp.41.1
Total Temperature

410
409
408
4086
405
403
402
400
399
397
396
394
393
39.1
390
388
387
385
384
382

38.1
lc]

Figure 4.26. Bottom view of first design with 3 m/s vertical air flow.

In the following Figures 4.27 and 4.28, 57.1 °C was observed under 1 m/s air speed
applied and it was seen that performance of second design was worse than raw design

with 1 m/s air velocity.

max.temp.57.1
Total Temperature

57
56

[c]

Figure 4.27. Top view of second design with 1 m/s vertical air flow.
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max temp.57.1
Total Temperature

lc]

Figure 4.28. Bottom view of second design with 1 m/s vertical air flow.

Figure 4.29 and 4.30 indicated that the temperature gap between first and second

designs were closed when air flow velocity was increased to 1.5 m/s.

max temp.51.7
Total Temperature

el

Figure 4.29. Top view of second design with 1.5 m/s vertical air flow.
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max temp.51.7
Total Temperature

[c]

Figure 4.30. Bottom view of second design with 1.5 m/s vertical air flow.

With maximum surface temperature of 42.1 °C, Figures 4.31 and 4.32 showed us that
if the air velocity values were kept in high values the new designs would show better

results.

max temp.42.1
Total Temperature

421
420
a8
a18
a7
416
a14
413
412
a1
410
408
407
406
405
404
403
401
400
399
398

le]

Figure 4.31. Top view of second design with 3 m/s vertical air flow.
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max.temp42.1
Total Temperature
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Figure 4.32. Bottom view of second design with 3 m/s vertical air flow.

When it comes to manufactured design with 1 m/s air velocity from vertical axis, 53.5
°C temperature value was observed as it is seen in Figures 4.33 and 4.34. Which was

the best performing design, among others.

max temp.53.5
Total Temperature

54
52
51
80
43

Figure 4.33. Top view of final design with 1 m/s vertical air flow.
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max temp 49.6
Total Temperature

le]

Figure 4.34. Bottom view of final design with 1 m/s vertical air flow.

After that point, as shown in Figures 4.35 and 4.36, the air velocity value was increased
to 1.5 m/s and 49.6 °C surface temperature was reached. Which was 49.7 °C and 51.7
°C in raw and second designs respectively.

max temp 49 6
Total Temperature

50
43
47
46
45
44

33
32
31
30
29
28

[c]

Figure 4.35. Top view of final design with 1.5 m/s vertical air flow.
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max temp 49 6
Total Temperature

lel

Figure 4.36. Bottom view of final design with 1.5 m/s vertical air flow.

Finally, in Figures 4.37 and 4.38, air velocity was increased to 3 m/s and 40.1 °C
surface temperature was observed. Under same conditions the results were 41.1 °C and
42.1°C in raw and second designs, respectively. Which clearly showed us that if self-
powering system was set up in the field experiments to keep air velocity values in high
numbers, the operating efficiency of manufactured design would be much better than

other designs.

max.temp 40.1
Total Temperature

401
400
399
397
396
395
393
392
391
389
368
387
386
384
383
382
380
379
378
376
375

Figure 4.37. Top view of final design with 3 m/s vertical air flow.
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max temp 40.1
Total Temperature
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Figure 4.38. Bottom view of final design with 3 m/s vertical air flow.
4.2. EXPERIMENTAL RESULTS
In our experiment, power output values were recorded in twenty minutes intervals. At
the same time, by using thermal camera, thermal views of PV panel surface
temperature values were recorded in one-hour intervals.
4.2.1. Temperature Results
In the following figures of this part, comparison of PV panel surface temperatures of

PV with and without heat sink in one-hour intervals, starting from 10:00 to 16:00.

These images were shown in the Figures between 4.39 and 4.45.
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Figure 4.40. Temperature comparison of PV with and without heat sink at 11:00.
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Figure 4.42. Temperature comparison of PV with and without heat sink at 13:00.
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Figure 4.44. Temperature comparison of PV with and without heat sink at 15:00.
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Figure 4.45. Temperature comparison of PV with and without heat sink at 16:00.

In the Figures above, PV panel surface temperatures from 10:00 to 16:00,
approximately 10 °C temperature difference were observed in all recordings. Which
results in significant power output difference and as a result considerable amount of
efficiency difference. To see the relation between temperature values and power
output, power output values were also recorded in the same time intervals and strong

relation between them was observed as mentioned in Tables 4.1 and 4.2.
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Table 4.1. Temperature, voltage and current values of PV panel with heat sink.

PV Panel with heat sink
Time | Surface Measured Measured
Temperature(°C) | Voltage(V) Current(Q)

10:00 43.4 9.28 1

10:20 46.4 9.67 1

10:40 46.5 9.98 1.01
11:00 47.2 10.19 1.02
11:20 475 10.36 1.02
11:40 47.7 10.56 1.03
12:00 48.3 10.92 1.04
12:20 48.5 11.06 1.05
12:40 48.7 11.28 1.06
13:00 48.9 11.26 1.07
13:20 50.7 11.16 1.06
13:40 49.3 11.06 1.05
14:00 48.9 10.53 1.04
14:20 48.5 10.35 1.03
14:40 47.3 10.09 1.02
15:00 46.4 9.94 1.01
15:20 45.1 9.78 1

15:40 44.6 9.45 0.99
16:00 44.4 9.42 0.99

In Table 4.1, it is clearly seen that, highest temperature value were recorded at 13:20.
However, highest power output value were recorded at 13:00.
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Table 4.2. Temperature, voltage and current values of PV panel without heat sink.

PV Panel without heat sink

Time | Surface Measured Measured

Temperature(°C) | Voltage(V) Current(Q)
10:00 53.4 7.9 0.99
10:20 54.3 8 1
10:40 55.7 8.07 1
11:00 56.2 8.25 1.01
11:20 56.5 8.36 1.01
11:40 56.9 8.67 1.02
12:00 57.1 8.75 1.03
12:20 58 9.1 1.04
12:40 58.9 9.29 1.05
13:00 59.6 9.27 1.06
13:20 59.9 9.23 1.05
13:40 59.5 9.14 1.04
14:00 58.9 8.8 1,03
14:20 58.4 8.62 1,02
14:40 57.6 8.38 1.01
15:00 56.9 8.06 1
15:20 55.5 7.95 1
15:40 53.2 7.73 0.99
16:00 51.5 1.47 0.98

Also, in Table 4.2, although highest temperature value was observed at 13:20, highest
power output value was observed at 13:00. So, in the following parts relation between

temperature, power output and efficiency was studied in all aspects.

4.2.2. Power Output Results

Figure 4.46 shows the power output differences of PV panel with heat sink and without

heat sink. Approximately 20% power output difference was observed throughout the

experiment.
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Figure 4.46. Power difference of PV panels.

After that point, as you see in Figure 4.47, efficiency values were calculated in one-

hour intervals and PV panel with and without heat sink was compared in graphs.

8%

7%

6% PVHS
PVWHS

Efficiency(%o)

5%

4%
09:36 12:00 14:24 16:48

Time

Figure 4.47. Efficiency vs. time graph PV with heat sink and without heat sink.

In the same time interval, there is also a similar relation between temperature values.

In Figure 4.48, it can clearly be said that heat sink reduces the PV panel surface
temperature by 10°C.

48



PVHS
PVWHS

Temperature(°C)
e tn
Lh [=]

40

35
09:36 10:48 12:00 13:12 14:24 15:36 16:48

Time

Figure 4.48. Temperature difference of PV panels.
4.2.3. Comparison of Experimental and Simulation Results

In the following figures, Figure 4.49, 450 and 4.51, field temperature result and
simulation result under 1.5 m/s simulation were shown. In Figure 4.49, when air
simulated from vertical axis, the temperature value was observed as 49.6 °C and again
with 1.5 m/s airflow but from horizontal axis in Figure 4.50 temperature value came
out as 49.2 °C. In Figure 4.51, the footage was taken at exactly 13:00 pm, as taken
from Turkish State Meteorological Service, with 1045 W/m? irradiation and as
measured with anemometer air velocity between 1 m/s and 3 m/s. Under these

conditions, the temperature value in Figure 4.51 was 48.9 °C.

So, according to acquired result both from field and simulations, it can be clearly said
that our study was accurate and successful regarding overlapping of results and
comparison of different designs.
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max temp 49 6
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Figure 4.49. Simulation temperature distribution of manufactured design under 1.5 m/s

vertical air-flow.

Figure 4.50. Simulation temperature distribution of manufactured design under 1.5 m/s

horizontal air-flow.

Figure 4.51. Temperature value of manufactured heat sink design in field experiments

under same conditions with simulations.
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4.2.4. Comparison of The Experimental Results with a similar Study

In the studies conducted in the literature, various methods were used, and various
results were reached. For example, similar to our study, Grubisic-Cabo et al. (2017)
conducted an experimental study with a heat sink in the PV system to increase PV
panel efficiency. The main idea of their study was to reduce the negative effect of
detected airflow losses on cooling on the back of the PV panel. Two specific positions
and geometries have been considered to control efficiency and overall performance.
The first geometry consists of a series of aluminum fins placed upwards, while the
second geometry consists of perforated and randomly placed fins. The second
approach was more efficient and found more suitable for prospective experimental
work. The proposed technique was tested on a single PV panel and an average yield
increase of approximately 2 % at maximum power was observed. It has been observed
that the applied technique is more effective in windy periods and is not affected by the
radiation level. A heat sink cooling system consisting of a series of thin rectangular
fins for heat transfer was designed. Different average temperature values were reached

by adjusting many parameters in this system [32].

In another study, Sharma et al. (2016) studied a similar work. In their study, PV system
was established with a PCM (Phase Change Material) container as a heat sink. Under
1000 W/m? irradiation 7.7 % electrical efficiency increase were reached when the
temperature dropped by 3.8 °C [41]. In our work, under 1045 W/m?, temperature value
dropped from 59.6 °C to 48.9 °C. with 10.7 °C temperature drop we observed 22.6 %

power efficiency increase.

To verify our results, we included the work of Sharma et al. which matched almost

perfectly with our results.
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Figure 4.52. Efficiency increase values with respect to time.

In Figure 4.52, efficiency increase values that was recorded in our field experiment
were shown including experiment time interval.

52



PART 5

CONCLUSION AND FUTURE PLAN

This study covered entire steps of PV panel, heat sink design and usage. Throughout
field experiment, two identical PV panels were used. At the initial stage of this study,
after considering available heat sink designs, a base design was determined. Following
the parameters of fin type, fin number and fin layout, further studies were structured
on the base design with a novel approach. In the next stage, determined designs were
simulated on ANSYS Fluent software considering airflow velocity, solar radiation,
and airflow direction. After reviewing simulation results, one of the designs which was
thought to be best choice for production was manufactured and used in field
experiment. In the last stage of this work, produced heat sink was mounted to the
bottom of the PV panel and field experiment was accomplished in Karabiik University.

To be certain about the effectiveness of chosen heat sink, field experiment was
conducted. During this experiment, temperature, voltage, and power values were
recorded to calculate the efficiency values of both panels. Field experiment was carried
out between 10:00 and 16:00 in Karabiik University. During the experiment, with the
help of anemometer, wind speed was recorded which was varied between 1 m/s and 3
m/s. At the same time, thermal camera and four multimeters were used to record instant

surface temperature and power output values of the PV panel in 20 minutes intervals.
After getting results, necessary calculations were done to find the efficiency values. In
the light of these findings, the efficiency difference between PV panel with and without

heat sink was found in between 20 to 30 percent range.

In addition, because the simulations gave us different thermal results in different air-

flow rates, the determination of heat sink type in different locations could also be done.

53



For instance, in our case with approximately 1.5 m/s air velocity, last design should be

used considering simulation results.

For the future, two different ways could be followed. For the first option, an additional
experiment using base design could be fulfilled because base design is more
economically feasible and easy to produce. Although the design that we chose seems
more efficient in simulations, in field experiments base design could possibly shows
better performance. For that reason, to be on the safe side in cost analysis, it could be
suggested that base design could also be used in the same experiment. For the second
option, since the efficiency values of PV panel with the chosen heat sink seems
promising, further analysis could be done and including the cost analysis, better

performing PV systems could be created.
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