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ABSTRACT

Photovoltaic solar cell generates electricity by utilizing the solar irradidineeelectrical efficiency of
photovoltaic (PV) cell is adversely affected by the significant increase of cell operating temperature
during the absorption of solar radiation.h& efficiency of the PV panels decreases by a certain
percentage, varying betwe@.4%- 0.5% per degree Celsius incred®éu, 2014) Therefore, cooling
techniques must be implemented to keep the PV Panel at an optimal gpenairerature. Utilizing

t he Sunbs ener gy isasustanderagyd cleampoorcetoenergy that can kte used to
generate electricity or for many more applications. The Significance of PV Cooling techniques is that
it helps to utilize as och energy from the Sun as possible thus maximizing the efficiency of the PV
Parels. On top of that PV cooling techniques can help elongate the working life of the PV Panels,
making these techniques very useful. Tanobjective of this project was to mmare two PV cooling
techniques, @hase Change Material(PCM) Cooling system vsa Heat Pipe Cooling System
Comparing the two cooling systerieg effectiveness and better efficiendgliveranceThe constraints

of this project wereEconomic, Functionalt Maintenance, Manufacturability, Environmental, Social,
Health & Safety and kpect ability The PCM-PV showed a maximum efficiency &R.77% and the
HP-PV showed a maximum efficiency 42.53%, whereas th&keferencePV only had a maximum
efficiency 0f9.86%. Furthermore, th® CM-PV provided a maximum power output b22.54 W/nt
followed by theHP-PV with 120 W/n? and theReferencePV with 93.58 W/nt. The resultsndicated
thatboth the cooling systems were able increase the overall PV Efficaadyover Outputby cooling

down the paneland that thd®?CM Cooling system won the corapson.Even though th&CM-PV
system delivered a higher efficiency, it also costed significantly more than tlsediRg systemto
completeby $87 (300$/m?). Therefore, it was concluded that the -RW cooling system was better
suited for this project ahthe PCMPV system would be better suited for a larggaleproject.
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CHAPTER 1
1.INTRODUCT ION

This section gives an introduction photovoltaics and attributed problems. The project significance,
objectives and constraints will be dissed as well. Lastly, this section will state the report
organization.

1.1. DETAILED DEFINITION O F THE PROJECT

Rerewable energy has had a large contributionthe worldwide sustainable development and
environment conservation ahds been growing more popuiarthe last decad@Ma, Yang, &Zhang,

Using phase change materials in photovoltaic sy:
improvement: A review and outlook, 2014 he use of renewable energy tedogas including Solar
Photovoltaics (PV) has been amplifiduale tothe growing awareness of events such as Global Warming,

O-zone depletion, energy shortages and the forever rising prices of fossilBuiding-integrated

photovoltaic (BIPV) systemshiparticular, have received an extensive amount of scholarly attention

due to this technology being consideredoae of the most cogtffective means of clean energy &

power generation technologies in cities as PV gaoah be easily and aestheticallfhwihomes and

buildings in the architectural sen@¢uang, 201Q)

Currently, however, only 120% of the solar energy incident on a PV panel can be converted
to electricity, with the rest of the energy being transformed irib fidis heat can well be absorbed by
the PV device itself, causing #grking temperaturéo reachup to 80C. PV conversion ef
thereby decreased by DA165% for every increased degré®r this reason, cooling off the cells or
panels might be a necessity in order &gk efficiency optimunfAgyenima, Hewitta, Eamesb, &
Smytha, 2009)

Cooling techniques for heat applications wergppsed early on in PV exploitation. The main
advantage of cooling is evident: higher electrical output. However, cooling requires a separate system
which will remove heat to some exteMany praspective solutions for cooling systems have been
arising, two of which are Heat Pipes (HP) and Phasadgih®aterials (PCM)This project focusesn
cooling PV panels as weallson comparing these two mentioned coolingtemsin order to find out
which of the twois the bettecooling systenin removing heatCoolingthe PV panelwill decrease the
PV panefs working temperature araflowingthe conversion efficiency of the PV modiitemaintain

at its best.

Heat Pips are specially designed equipment fmansferring heatHP do neither involve any
movingparts,nor do they require power input for the heat transfer prqéesterson W, 2018PCMs
on the other hand are substances that absorb and release thermal energyadprmggs$ of melting
and freezingPure Temp, 2018)



1.2. SIGNIFICANCE OF THE P ROJECT

SolarPV energy is one of the moshportantforms of providing cleagnergyi n t od a.€léams wor | d
energymeaning that Solar PV energpes noemit any greenhouse gas. In a sense, P\{govides
free electricitysincethey onlydepend on the sufor energy, andn returnconserve other energy
resourcesFor these mentioned reasons and many more, it musttgoutisayingthat obtaining as
much eergy fomSolar Cells and PV panels as possible would be the goal. However, when these Solar
Cells andPV panels surfacédeat up too much, the goal becomes hindered.
There are two main effectegardingPV panelsuf aces 6 heating up: Namel
U The effidency of the PV panels decreases immensely,
U There isalso a decrease diie PV pands working life.

The efficiencyof PV panelglecreases by a cam percentage, varying betwe@d%- 0.5%
for every degree increa$@/u, 204), meaning the PV panel will produces less electriagtyhe solar
energy o electric conversion degzasesywhich is why cooling PV panels is important to keep the panels
workingas efficiently as possibl&he decrease of poweutput as temperaturises is shown ifigure
1 (Mohrram & AbdElhady, 2@.3).

Anothersignificant role of cooling PV panels, is elongating the working life of the PV panels,
as it has been perceived of theeefs of hightemperature on PV panels, as well as using a cooling
system can increagle gaining of powerby a minimum of up to five percenfMarco, 2016) The
financial aspect on its own makes this project significant. Kgethie efficiency of the PV panels
optimum meansleanerand free) energy gains which leads to less spending onrtioned electricity
from power producersElongating the working life will be beneficial for endersas well as it will

result longer tine periods b@veen having to purchase new panels in order to replacéciaeffones.
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1.3. DETAILED PROJECT OBJE CTIVES

Theobjectives of this projectareto:

I.  Design and compare two PV Panel Cooling Systems and to find the most efficient
system.
Il. Efficiency is the target with regard to the Manufacturing cost and heat removal rate.
lll.  To perform a feasibility study &V generatocharacteristicand models
IV.  Tominimize the amount cfolar energyndefficiencylost due to heating cfolarand

PV panels

The first cooling system is tHéP cooling system that is used to maintain the temperature of
the PV panels by extracting haata convective heatransfermanner The second cooling system is

Phase Change Material Cooling system; this system idopeevent he PV panefrdms t empe

rising too muchby utilizing the high latent heat capacity of the Phase Change Material. After the cooling
systems have been designed, they will be manufactassgmblednd tested.

1.4. DETAILED PROJECT CONSTRAINT S

The main constraints of thigroject are Economic, Functionality, Maintenance, Manufacturability,
Environmental, Social, Health & Safety and Inspéiity .

Financial:
x Available budget of 800 US. The aim is to balance cost and quality.
Availability:

x Availability of materials limits te desigrs since Cyprus is an island and materials and

components have to be imported into the country beadismzcity.
Function:
x  Cooling the PV system by using heat pipe asidgiphase change material
Serviceability :

x Producbs mai ntenance must be simple and for
x  Design must include parts that are easily replaceable.

x Parts must be cheap to buy.
Manufacturability :

x  Fabrication andhstallationwill be in the university workshop.

on



x Two joining metlods (welding and mezhine screws Both can be done in theniversity
workshop
x Productodos final finishing must be well done

Environmental:

x  The panels wilbe in a safe location. Tavoid any damages to people.

x  Manufacturing wasteiill be collected.
Social

x Designs in favor oénd users
Health and Safety:

x  Wearing safety shoes and glass and coverall during manufacturing processes.
x  The product will be saffor the public.
x  The product will not cause any noise.

x  The materials used are not dangerous.
Inspectability:

x  The system can be during maintenance service.

1.5. REPORT ORGANIZATION
The report will give introductory information regarding Photovoltaics, Stteargy and the project in
Chapter 1. The significance of the project together with the project obgatideconstraints will be
discussed in thesichapter. The @ chapter focusses on literature reviews regarding PV Cooling;
detailed info on existingadutions for PV cooling and specific attributes that come therewith. Chapter
3 looks at the proposed ddgns for this project by means of computer aided design analysis.
Furthermore, Engineering Standards and the Design Methodology applicable to P\g@alblbve
focused on together with Cost Analysis to conclude theh@pter.

In the 4" chapter the moesses of manufacture and assembly plans are laid out. Furthermore,

the details on ordered and fabricated parts will be given.

The 3" chapter contais Testing plan of the manufacturadd assembled prototype(s) against

stated specifications and resultsorded. This chapter will aim to verify the original project objectives.

The 6" chapter is an Evaluation; here it will be noted which are thefsggimns that were not
met and how the prototype(s) design may be further developed. Along with fmtdgsis of results.

Finally, the conclusion and future waratrediscussed in the $4 chapter.



CHAPTER 2
2. LITERATURE REVIEW

This sectionaims to givesome background information regarding important aspects of this project.

Concurrent solutions of PV Chag will be analyzed and compared and lasdtly sectiorwill provide

the engineering standards of the concurrent solutions.

2.1. BACKGROUND INFORMATION

2.1.1. PV Cooling

Cooling techniques for heat applications wereppsed early on in PV exploitation. The main
advantage of cooling is evident: higher electrical output. However, cooling requires a separate system
which will remove heat to some extent. The cordiomm and maintenance of that system can be
expensive anthere is a possibility that the cost of system maintenance could outweigh the benefits of
the improved electrical yield. Two types of cooling can be distinguished: active cooling, which
consumes emgy (pump, fan, etc.,) and passive cooling, which usagaaconvection/conduction to
enable heat extractiqnGr uhiagiol Ni geti i., & Marco, 2016)

Different cooling techniques have been examined and companmdiltiple studies It was
mostly shown that active cooling techniques, as expected, have higher efficiency than passive ones. In
several cases, howew passive cooling can replace active cooling, in order to save the installation costs.
Such specific cases are mginsage of PCM material and usage of small concentrated PV cells. Also,
when pumping costs acensideredespecially for back sedcooling, passive techniques can sometimes

yield more power gain than active or{elasan, McCormek, Huang, Sarwar, & Norton, 2014)

2.1.1.1. Active Cooling
Active cooling methods can be considered as those methods that continuously consume power in order
to cool the PV module. Most of the methods used are based on air or water cooling. Hence, main
consumption system is pump or fan needed for maintaining fluid circulation. In general, active cooling
methods result in more produced power and more accessible thermal energy, but when power
consumption iconsidered questios ariseif the cooling systentan supprt itself ( Gr uh ia @ io |,
Ni getil, & Marco, 2016)

2.1.1.2. Passive Cooling
When it comes to passive cooling techniques, they can be divided into three main groups: air passive
cooling, water passive cooling, and conductive coolirmpdCictive cooling mostly ends up with air
passive cooling, but an important diéace is that the prevailing mechanism of heat transfer from PV

cells is conductive in naturé special type of passive conductive cooling is phase change material
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cooling, C M. Al t hough this canodt be viewed ltacf cool i
maintaining the same temperature. It can still be counted as a passive techniquéetanbgmo

additional work is needed to take away the hetis dissipated mdly conductively.Water passive

cooling is somewhat more efficie mainly because of the higher thermal capacity of w&teang,

2010)

2.1.2. Heat Pipe

The concept oftfte heat pipélates tdl831where Angier Perkinsan American Eginee, took
out a patent on a Aher me awockingflaid duteonly int asinglepbase Hi s i 1
senseat high pressureYears later, a descendent of Angier Perkins, Jacob Pegdingmerican
Inventor,invented the Perkins tube. Therkas Tubewasa systentonsistingof an evaporator and
condenser with water operating in tywbases (liquid and Steaing¢ingpassed within the systeffihe
two-Phase heat transferbe wadused in the recovery of wasted heat. These Inveswiene the eayl

mocels of what is now known in the present day as the Heat(RNM& Energy, 2018)

twasnodét unt il 196 3, where the modern concept
National Laboratory by the nuclear physici&eorge M. Grover. Workng under the U.S. space
program Dr. Grover was trying to find a way to extract heat efficiefrttm nuclear reactors in space
With help of his ceworkers, Dr. Grover managed to iemt the modern Heat Pipe whinbw used in
many ajplications such as Electroni€ooling and as air heaters onilbos (The New York Times,
1996)

Heat pipe cooling is combination of phase change cooling together with convection of cooling
medium. On one side cooling mediunaperates and expands (or rises, depending of the variant) taking
up heat. On the other side diem condensates and releases the heat into the surrounding. The medium
travels back as liquid via capillary tubes and evaporates, thus completing th¢ yaleu-h ia § oo |,

Ni getil, &. Marco, 2016)

2.1.3. Phase Change Material

Phase Change Materials or PCM are substances with high heat of fusion, capable of storing and
releasing large aounts of heat. These materials are used in many areas such constructiorg, cloth
thermal energy storage andoling. PCM can classified into three categories: Organic, Inorganic and
Eutectics illustrated inFigure 2 on the followingpage (Textilelearner, @18) These types hav

different and varying properties and can only be selected depending on the appiaithr2015)



o Paraffin

=i Organic Compounds Fatty Acids
e Salt Hydrates
Phase Change Materials Inorganic Compounds Metallics

e Eutectics

Inorganic-Organic

|— Organic-Organic

Inorganic-Inorganic

Figure2i PCM CategoriegTextilelearner, 2018)

The first documented use of PCM was in 1948, by the Ameic#ntist, Dr. Maria Telkes
who had an interest in thmssibilities of Solar heating. Unable to find a researstitution to support
her experiment, a client funded her projedtith help ofan architect DrTelkes construct PCM

residential house iDover, Massachusetts, USA

Dr. Maria Telkesplaced steelmims containingl. G| a u b e todated undedurnyspaces
inside the house in between rooms. In Winter, the spaces where ventilated with fans to move heat to the
living areas inside the house summer, th& | a u b e radirsg asaa PGMsstorede heat to cool
the surrounding room@iardland, Mackay, & Vale, 2015¥ his experiment was successful for two and
half seasons, Afterwards, tphase transition capaityl of the salt vanished.

Sincel948,more research andgperimentation has been done in the development of the PCM.
Despite the extensive research of the PCM especi
performance and durability it was filard to see market acceptankte2014, a conclusion Babeen
drawn that simply theostto-benefit ratiois too high in PCM applications to be the first choice in
design problemgFarid, 2015)

As a summary and for visual @enstration purposes, a summary has been made and is show
in Tablel on the following page. From this table, the important dates for both Heat Pipes and Phase
Change Materialas well as for Photovoltaiceay be followed bettefhis table just aims to highlg

the important dates e timelines oboth thesesubjects.



Tablel7 HP,PCM & PV Timeline

Heat Pipes
F.W. Gay F.W Gay invented et is now known as the Gds-Gas heat pipe heat exchagag
It included the use of external fins to improve thethemnsfer(AMS Energy,
1942 2018)
R. S. Gaugler | R.S. Gaugler introduced the modern heat pipe model while working for G
Motors company. He created a heat pipatfexchanger for use in a refrigerat
1944

process(AMS Energy, 2018)

William Haskin

Haskin invented a cryogenic heat pipe for use in jet engine applications. H

1966 working for the WrightPatterson Air Force Base Labarat. (AMS Energy, 2018
Phase ChangeM aterials
In 1970s TheUniversity of Delaware were researching PCM for thermal storage applic
They used PCMs with solar collectors to store R@#tiffen & Riffat, 2013)
During the 1980, Paraffinic ML were being manufactured for buildir
In 1980s application. The PCMs were used to control the indoor tempérktadland,

Mackay, & Vale, 2015)

Photovoltaics

Edmund Becquere

1839

A nineteenyearold French experimental physicistisdovered the photovolta
effect while experimenting with an electrolytic cell made up of two m
electrodeg¢ThoughtCo., 2018)

Charles Fritts

1883

Fritts, an American inventardescribed the firstolar cellsmade from seleniun
wafers.

Albert Einstein

1923

Einsteinreceived theNobel Prizefor his theoies explainingthe photoelectric
effect

1996

The U.S. Department of Energy announces the National Center for Photov(
headquartered in Golden, Colorado.



https://www.thoughtco.com/famous-inventors-4133300
https://www.thoughtco.com/history-of-solar-cells-1992435
https://www.thoughtco.com/albert-einstein-biography-4074328
https://www.thoughtco.com/albert-einstein-biography-4074328
https://www.thoughtco.com/history-of-the-nobel-prizes-1779779
https://www.thoughtco.com/the-photoelectric-effect-2699352
https://www.thoughtco.com/the-photoelectric-effect-2699352

2.2. CONCURRENT SOLUTIONS
Cooling systems foPV panels fall imo two maincategories. The first category is passive cooling and
the second is active cooling. Passive cooling aims to dissipate heat by naturalwhesges,active

cooling aims to dissipate heat using a medtsrsystem. Examples of each are shawtollows

2.2.1. Heat Snk

A heat sink is a passive heat transfer device made from highly conductive metals. The metal is
extruded or machined to form a shdlpat consists of many long and thin surfaces called finsh&ae
sink is attached to the rear of the PV panel othefdirect sunlight and the heat from the PV panel is
transferred to the heat sink via conduction. Due to the finned surfaces thenkdwtssa large surface
area, which increases the rate of botimvection and radiation heat transfer, cooling the Pielgsa
surface(Y & A, 2015). Figure3 below shows a Heat Sink.

Figure31 Extruded Aluminum Heat 8 (Verdict Elec. Ltd., 201€
2.2.2. Phase Change Material

PCM is a pagse cooling method. The PCM is attachiedthe rear of the solar pan€riginally the

PCM is ina solid state but absorbs heat from thePV panel. Once the temperature of PCM reaches

a certain point it begins to melt. During this phase change it contimaésorb heat from the PV panel.

Oncethe PCM completely melts it begins togselidify and rejet its stored heat anthen the cycle

starts agaifMicrotek Laboratories Inc., 201 Aariety of PCMs exists and include organi@rnganic,

and eutectics, all available ia wide range of melting/freezing pointdelting and sdl di ycat i on
processes of PCM occur in di erent transformati

the heat sourcéigure4 below shows some phase change material.

Figure 4 - Phase Change Material Example (Crypopak, 2(



2.2.3. Spray Water Cooling

Spray water cding is an actie cooling method. A water pipe is fitted along the top edge of
the PV panel. The pipe has holes along its length to allow a constant flow of water to pass over the PV
surface to keep it cool. There are two types of spragsystised. Therst uses a comant water supply
and thewastewaters drained away. In the second type Wastewateis collected and passed thghu
a heat exchanger to cool8, O, & K, 2015) Figure5 below show Spray Water Gading on a PV.

™

Figure5 - PV Panel with Spray Water Coolirf§, O, & K, 2015)
2.2.4. Heat Pipe

A heat pipe is a passive cooling method. It uses the principles of phase change to remove heat
from the PV Panelt is made up of two sections an evaporator (PV panel) and a condenser. It is filled
with a working fluid that absorbs heat in theaporator section causing the fluid to vaporize, which
then travels to the condenser where the heat digsipand the fid is condensed back to liquid
(Anderson W, 2018)igure6 below shows a heat pipe cooling system.

Figure 6 - Working Principles of Heat Pip@nderson W, 21B)
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2.2.5. Immersion

Immersion is a passive cooliigchnique where the PV panel is submdrgé an optimum
depth in a liquid bath. Silicone oil or deionized water are two common cooling liquids used. Instead of
a standard PV panel, a concentrated photovoltaic panel (CPV) must be used in its placeadéefsurf
the CPV panel is kepbol by thesurrounding flid (S, P, M, & S, 2014)Figure? below shows a CPV

submerged.

Figure7 - Submerged PV Pang(S, P, M, & S, 2014)
2.2.6. Forced Convectio

Forced conveddn is an active cooling method. A duct or series of ducts is constructed on the
rear side of the PV panel to concentrateaindlow. An electric fan is fitted to the manifold and forces
air over the panel. The increased air flow incredble rate of hat transfer due to convectigh, S, &

T, 2015) Figure8 below shows PV panel being cooled via Forced Air Convection.

Figure 8 - PV Panel with Forced Air Convectidk, S, & T, 2015
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2.3. COMPARISONS OF THE CONCURRENT SOLUTIONS

Table2 below compares theurrently usedolutionsfor cooling PV panels

Table2 - Tabular Comparisomf Concurrent Solutions

Type Pros Cons
Simple Design Difficult to Manufacture
Heat Sinle High Thermal conductivity Not as Effective When Ambient

Premade Heat Sinks Readily
Available

Temperature Is High

Expensive on a Large Scale

Simple Design Availability
Phase Change . : :
b g Relatively Cheap Can React with Other Materials
Material
High Heat of Fusion How the PCM is Packaged
High Thermal Conductivity
- More Complex Design
Heat Pipe No Maintenance
Can be Used Over Wide Materials Can be Expensive
Temperature Range
Simple Design Requires More Expen®avCPV
Panel
: I Efficien . -
Immersion? nereases Eficiency Lossof Cooling Liquid Due to
No Degradation of PV Cells Dug Evaporation
to Immersion Decreases Power Output
Requires Power to Run Fan
GoodCooling Rate
Forced More Complex Design
Convectiorf Can be Combined with Heat Sin
for Increased Convection Rate Not as Effective WheAmbient
Temperatures High
Very Good Cooling Rate Requires Power to Run Pump
Spray Water Keeps PV Panel Clean
pray ; P Wasteful of Water
Cooling

Can be Combined with Thermal
Solar Panel to Produce Hot Wat

More Complex Design

3(Y & A, 2015)°(Microtek Laboratories Inc., 2017)S, O, & K, 2015)9 (Anderson W, 2018)

(S, P, M, &S, 2014YF, S, &T, 2015)
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In Table 2, the pros and cons of six different cooling methods are giving. Heat sink, phase
change, heat pipe and immersion are passive cooling techniques whereas forced convection and spray
water areacive cooling.The passive cooling techniques are simpler and cheaper than the active cooling
but are not always as effective. Spray water cooling increases the efficiency by thedargest;
however the increased complexity of the system increasstsaoonl some ofite increased power output

is needed to run the pump.

2.4. ENGINEERING STANDARDS OF THE CONCURRENT SOLUTIONS

Standards are an important part of engineering, serving as rules to measure or judge capacity, quantity,
content, extent, value arglualty. As solar eergy is still anarea in developmentegislation and
regulation of standards is also under developmeflso, standardsvary according tospecific

application and country. In this project the international standards will be used.
Main Standards are:
x PV Panel
IEC, TC82: International Electrotechnical Commission

The main tasks of TC82 are to prepare international standards for systems of

photovoltaic conversion of solar energy into electrical energy

ANSI: The American national standds institute

x Heat Pipg Heat Sink and PCM Material
ASTM: The American Society for Testing Materials
AISC: The American Institute of Steel Construction.

ASME: The American Society of Mechanical Engineers

x  Design and engineering drawing

ISO: International Organizatiorfior Standardization

x  Safety
SELA: solar energy industries association
OSHA: The Occupational Safegnd HealthPAdministration.
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CHAPTER 3

3. DESIGN AND ANALYSIS

This sectionwill discuss the proposed designs of the-PNP and PCMPV systems. Engineering
Standards regarding these designs will be investigated followed by design calculations for the best
orientations of th solar panelghroughout the yearHP-PV specific calculations and PCRV

calculations. Lastly, this section will give ast analysis foeach of these systems.

3.1. PROPOSEDDESIGNS

3.1.1. PV Panels
The following three solar panels have been choserotepare between them and choose the most

suitable solar panel for the objectiveesd constraintef this project

A. Newpowa 30 VdttsPV panel
B. TommaTech0 Watts PV panel
C. HQST 30 Watts PV panel
Table3 below are the characteristitsatarebeingcompaedthroughfor decision making:

Table3 - Characteristics Comparison Between Solar Panels

NEWPOWA TOMMATEC H HQST
30w 40W 30w
POWER OUTPUT
(good) (bettep (good)
18.79V 21.6V 12v
VOLTAGE
(good) (good) (bad)
CURRENT (good) (bette) (bad)
50USD 45USD 50USD
PRICE
(decent) (bettep (decent)
2.9Kg 3.0Kg 3.2Kg
WEIGHT
(goad) (deceny (bad)
(0.675x0.028x0.357) m (0.674x0.424x0.025 m  (0.66x0.05x0.38) m
DIMENSIONS
(good) (decent) (good)
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Given all the characteristics, ti®@mmaTech 40 WattBV panelwaschosendue toit being
the most suitableonsideringhe pice (one of themain constrainty andfor it having apower output,
weight and dimension better than the other two solar pabetiled electrical and mechanical
characteristics of the PV panel are show@ifh: PV PanelSpecifications

3.1.2. Proposed HP-PV System
The following figures Figure9 & Figure10) show the proposed design of the-AW system.

Finned HP-Saddle Cooling System

Figure 9 - Heat Pipe Cooling System Components
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Figure 10 - Side view Of Heatipe Cooling Systa

3.1.2.1. Finned HP-Saddle CoolingSystem
This degyn consisting of Heat pipes, Fins and a Saddle was adapted from a previous scientific
report by Hughes et ajlHughes, Cherisa, & Bég, 2012)he design was tested out through
ANSYS thermal simulation and wasopen tobe bothfeasible and efficient. Therefore, the

following proposed design was created relatively similar to the previously tested design shown
in Figurel1 & Figure12 below.

Condenser Condenser

Material: Aluminum

Material: Copper
Width: 1mm 6.6cm x6.6cmx 2.2cm Diameter- 2cm
Height: 10cm Evaporator aluminum block Wallthickness: 0.1cm
Depth: 5em Length: 30.5cm

Figure 11 - Shows Previously tested Desigtughes, ) ) ]
Cherisa, & Bég, 2012) Figure 12 - Shows Previously test design attached t

Solar Pane(Hughes Cherisa, & Bég, 2012)
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3.1.2.2. Selection ofHeat Pipe mateial, Diameter and Length

Based on the temperature range of interest, the twmonomly used Heat pipes, namely

A. Aluminum Heat Pipe
B. Copper Heat Pipe

Table4 - Heat Pipe Decision Matrix

] ] Thermal o N
Pipe Material o Availability Cost Manufacturability
Conductivity
Copper Higher High Higher off-the-shelf
Aluminum Lower High Lower off-the-shelf

Observing the decision matr{Xable4), it can be seen that the copper and aluminum pipe are
both suitable bthe design butiven that main criteria is the conduction of heat from the saddle and

then the costopperis more suible.

Depending on how much Heat is to be removed, the choice of diameter and length of the Heat
Pipe can be very inggtant. The diamter and length of the pipe can affect the heat transfer process
drastically. The larger the diameter, the larger the anoftheat energy that can be transported through
the Heat pipe. As the length of pipe increase, the amount of tnaatsfecat decresas(Enertron, 2015)
Figure 13 below shows relationship between the Heat pipe length and Heat transported for standard
Heat Pipe diameters:

@ 6 mm x 300 mm Copper Waler Sintered Powder Metal Wick Heat Pipe
Evaporator or Condenser Length: 50 mm
dT = 5°C btw Evaporator & Condenser
Horizontal Orientation

30 r
v

_ ¥
o | "
> 13 $
E b ¢ ® 03mm
T @ 4 mm
g - @5 mm
- @ 6 mm
s ® 08 mm
=
..-?JJ 81— —o
T "——-__‘

0

150 175 200 225 250 275 300

Heat Pipe Length (mm)

Figure 13 - Performance affect by Heat Pipe length and Diamé&erertron, 2015)
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Since the amount of heat to be removednftbe PV panels 246W (evaluated in th®esign
Calculationssection) choosing a large diameter Pipe will the more suitable and more economical instead
of having many smaller diameter heat pipes to achieve the s&mkTable5 shows the selected heat
pipe specification:

Table571 Selected Heat Pipe Specificatif@onrad, 2019)

Category Heat pipe

Type QY-SHP-D8-380SA
Type Sintered

Material Copper , Water

Material properties Anti-corrosive coating

Qmax at T, (70 °C) 61 W

Ry, (min.) 0.1 C/W

Ry, (max.) 0.2C/W
Fastener length (front end) 12 mm
Fastener length (tail end) 6 mm

Length 380 mm

(@) 8 mm
RoHS-compliant Yes

R 0.10-0.20 C/W

Based on the above data ahd tequired heaemoval 0f246W, the desired configuration isseHeat

Pipe.
3.1.2.3. Selection of Saddle material
Table6i Saddle Decision Matrix
Pipe Material Uil Densit Availability Cost Manufacturabilit
P Conductivity y y
Copper Higher High Low Higher Difficult
Aluminum Lower Low High Lower Easy

Although the thermal conductivity of copper is higher than Aluminum and would be more
suitable for this application, given the large size of the saddle, the copper saddle will be haavier th
Aluminum one Raw aluminum is less expensive, more availabletagioly manufactural. Therefore,

Aluminum will be chosen for the saddl€his can be seen ifable6 above.
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Moreover, Aluminum has many alloys amdch alloy hasarying properties. Choosing the
Aluminum with the highest thermal conductivity is an important criteribable 7 compares the

common types of Aluminum alloys and their thermal conductivities:

Table7 71 Saddle Decision Matrix: Material

Aluminum 1100 Aluminum 6061 Aluminum 6063

Thermal

Conductivity W/m-K e 170 190

Comparing these alloys, it can be seen Ataminum 1100 has the highest thermal
conductivity and would béne most suitabléor the design purpose of extracting heat for the PV
panels.

3.1.2.4. Selection of Wick structure and Material Fluid

There are mainly fourypes of wick structure:

1- Groove Wick

2- Sintered Wick
3- Screen Wick T T—
4- Fiber Wick WIRE MESH

Figure 14 - The Four Types of Wick Structur@eMS Energy, 2018)

Table8 - Advantayes and Disadvantages of each wick structure adapted(ft&@hSIA, 2017)(Enertron, 2015)

WICK TYPE ADVANTAGES DISADVANTAGES
- Commonly Used
SINTERED WICK - Highest Capillary _ MostExpensive
Force
- Highly Available
- Cheaper thaBintered - Lower Capillary Force
SCREEN WICK Wick than Sintered Wick
GROOVE WICK - Cheapest Wick - Lowest Capillary Force
Structure
FIBER WICK - Best for tight radius - iny eﬁgctlye for Heat
bends pipes with tightoends

Looking at theadvantages and disadvantages of each wick struictufable 8 above the

Sintered Wick structure is the best choice due to its highest capillary force and common use.
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Figure15below shows the performance of Heat Pipes with different wick structures when in a
Horizontal position which is the same orientation as the proposed Heat Pipe design. It can be seen that
themal resistance increases as the lengthezitHPipe incre@&s for each wick structure. It can also be
seen that the sintered Heat pipe has the best performance than other wick pipes, thus further proving
that the sintered Heat pipe is the most suitabl¢h®mgiven Heat Pipe Design. The wick matkewill

be coper due to its high availability with the purchase copper heat pipes.

Heat Pipe: @ 3 mm Copper Water Heat Pipe
Heat Load = 10 watts
Orientation: Horizonatal

7
3
£ 5.3
[
o
=
® ® Sintered
¢ o Mesh
o I § Groove
® — —4 Fiber
E 1.8
(]
L
=

0

75 100 125 150 175 200 225

Heat Pipe Length (mm)

Figure 15 - Thermal Resistance Vs Heat Pipe length with different wick stru@mertron, 2015)

3.1.2.5. Selection of Heat ipe Working Fluid
The selection of the working fluid is very impo

operationlifecycle. The selection depends on the two factors:

A. Operating conditions:
The operation conditions are temperature rangetwtihe fluid wak within and for the design its
between 83 to453 . Figurel6shows the Heat Pipe working fluids and at what temperature ranges
they are useful.

Medium Melting point (°C) Boiling point at atmos. press. (°C) Useful range (°C)
Helium —271 —261 —271 to —269
Nitrogen —210 —196 —203 to —160
Ammonia —78 —33 —60 to 100
Pentane —130 28 —20 to 120
Acetone —95 57 0 to 120
Methanol —98 64 10 to 130
Flutec PP2! —50 76 10 to 160
Ethanol —112 78 0 to 130
Heptane —90 98 0 to 150
‘Water 0 100 30 to 200
Toluene —95 110 50 to 200
Flutec PP9! =70 160 0 to 225
Thermex? 12 257 150 to 350
Mercury —39 361 250 to 650
Caesium 29 670 450 to 900
Potassium 62 774 500 to 1000
Sodium 98 892 600 to 1200
Lithium 179 1340 1000 to 1800
Silver 960 2212 1800 to 2300

Figure 16 - (Lee, 2010Heat Pipe Working Fluids
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Looking at the common working fluids used in Heat pipes, it can be seen that under the design

operating conditions, the following fluids can be used:

a) Water

b) Ammonia

¢) Methanol

d) Ethanol

e) Acetone

Although the useful range for water is §3@0 208 and tle operation temperatures3, the

system could warmup until the water heat pipe begins to operate
T AAGBAO GO T CGRA A ARginAty
B. Fluid compatibility with the copper pipe:
Based on previous surveys done by: DandReay(P.D & D.A, 1994) Brennan and Krolicze{®.J &
E.J, 1979)Anderson W.GW.G, 2007)& ! T AA @G0 G O #d A CMA A2 A hglmAn ig that

Copper Heat Pipes are compatible with the following fluids:

a) Compatible with: Water, Methanol and Ethanol
b) Incompatible with: Ammonia

¢) Unsuitable with: Acetone

Previous researdiMasaki, Masao, Keithiro, Kenji, & Makoto, 205)also showed that water
has the highest capillary force compared with other compatible fkiglsre17 on the next page shows
the wicking power (capillary force) of copper heat pipe with different working fluid combirsatioder
different temperatures.

As mentioned before water is best working fluid in combination with the copper heanhplige

the system operating conditidfigure 17 below shows the wicking limit against the temperature.

Figure 17 - Wicking Limit vs Temperatu@®asaki, Masao, Keichiro, Kenji, & Makotq 2005)
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