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ABSTRACT

The present studys performed experimentally to determiie¢ p er f or mplatecselaro f a
collector and evacuated tube solar collector with using nanofluid. Three different nanopangicles
appliedduring the presented work WQCeQ, and Cu. These nanoparticergused with different
volume concentratiorAll the experimentaredone under differennass flux valuesf the fluid.

All nanofluidsareprepared with new methods. The stabitiyeckof nanofluidss performed with

the help of zeta potential measurements apparatus. The thermal conductivityoftdidsis
measured with transient plate source methods. The effect of using nanofluid on the area of the
collectorsis calculated.Based onthe presentedvork, the flat plate solar collectanaximum
efficiency increasgup to 13.48% compared with pure elaivhen WQ/wateris investigate. The

stable Ce@water nanofluid enhans¢he performance of the flat and plate solar collector with a
maximum value of 10.74%. The evacuated tube solar collesttested with the Cefbwvater and
WOz/water nanofluid andhe results show that the collector theropiical efficiency increase

up to 34% andl9.3%, respectivelyThe performance of the solar collectwith copper/water
nanofluidis shown an increase in the theroptical efficiency to 0.83The neededarea of the
collectorcanbedecreased with 34%r theapplication of theeopper/water nanofluid’he present

work shows that 312 kg of G@ould besavedper yeamwhen copper nanoparticles are used in the

collector.Moreover the copper nanoparticles reduce thghack period up to 30.8%



NOMENCLATURE

Nomenclature

A

—_—

NN

5

area of the solar collector éin

The specific heatapacity of (J/kg.K)
Heat removal factor

Solar
(W/m?)
The thermal conductivity of nanofluid
(W/m.K)

The thermalconductivity of the base fluic

radiation normal to the collect

(W/m.K)
The thermalconductivity of nanoparticle:
(W/m.K)
Mass pow r adt(kg/seo)f n a

Ambient temperature (K)
Collector inlet temperature (K)
Collector outlet temperature (K)

Useful heat energy rate (W)

Overall coefyci ek}

6° Volume flow rate (L/hr)
Greek symbols

Z

the transmittancef the collector glass

1 The absorbancef the evacuate
tube

s Il nstantaneous

” Density(kg/m?)

3 The volumefraction of
nanoparticles

Subscripts

b Base fluid
Nanofluid

nf

np Nanoparticles

Abbreviations

DSC Differential scanning calorimete
TCR Temperature coefficient @
resistance
CPBT Carbon payhack time
ACER Annua} certified emission
reduction
EPBT Energy payback time
EYF Energy yield factor
GNP Graphite nanoparticte
SPP Simple payback period
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CHAPTER 1:0BJECTIVE

1. OBJECTIVE

The main objective of this thesis is to increase the thermal performance of different types of
solar collectos by using nanofluids. Several types of nanoparticlesre used. Different
concentratios of thesenanofluidswereprepared. The aim of the expaents performedvasto
find out the outlet fluid temperature, the increase in absorbed energy. Therheaalfactor d
the collectors is reported in thvgork, energy efficiency is calculated for nanofluids and water
cases. The economic effect of usingnofluids instead of natural fluids studied. The
environmental impact of the nanofluisldemonstratedTo achieve thisthe following subtasks
weredefined:

0 Searching for nomised nanoparticles to put them under test.

0 Finding new chemical methods synthesis these wsed nanoparticles such as YO
CeQ, and copper with wateMoreover find new techniques to increase the stability
of other nanoparticles.

0 Checking the stability of the nanofluids with different methods such as the zeta
potential ancye check after a certain time.

0 Measuring and calculating the thermal properties of the nanofluids like thermal
conductivity

0 Design a test rig to make the necessary measurements.

0 Collecting the measurements of fluid temperature, flow rate, solar rauiatia
ambient temperature for all nanofluid studied.

0 Calculating different variables using setfade prognaame Microsoft Excel.

0 Drawing the relations to expresses the performance of the solar collector balsed on

standard

The presentediork helps to find a bridge between chemical and energy sciences as different
nanomaterials still in chemicals labs and no much data about the usage of them in the thermal
application. Tungsten trioxide is one of the
syntesis it with water and was notused in thermal energy application. Guuntributionis to
find out a chemical method to prepare ¥OeQ, and copper nanofluids. Furthermore, to test its
effect on the thermal efficiency of the solar collector. Othereltgp can be considered by using
cerium dioxide nanofluid that is hardly used as the working fluid in solar thermal energy
application.Moreover studying the economic effect of copper nanofluids was otteeaiteress
throughout the presented work. Térevironmental impact of using nanofluids as the working fluid
in the solar collector is clearly discussed.
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CHAPTER 2 LITERATURE SURVEY

2. LITERATURE SURVEY

2.1.Introduction

Solar energy is one of the most imaot types of renewable enerdyis clean, unlimited,
environmentally friendenergy The utilization of solar energis considered the backbone of
sustainable development. Therefore, many researclemsdotus on developintpe utilization of
this type of energy, but many obstacles stop this effort. The main type of barriezatprihat
work is the high cost aftilization thesolar thermal energy compared to other types of energy and
the low solar radiation in many countries. As a reshis, current work is trying to resolve these
obstaclesThe proposedolution relies primaly on the use of nanofluids as a working fluid rather
than traditional types of thermal fluids. Nanofluate special mixtures, they contaianoparticles
and base fluidlorming a kind of suspensioifhe nanoparticles have a diaméteverthan 100nm.
Nowadays, scientists believe that this era is the nanomaterifl.évimny papers were performed
to explain the preparation and technigt@synthesigpractcesof nanomaterials. A survey about
therelated, previoustudies angbapes aboutsolar colletors with nanofluid as a workinguid is
presented in this part.

2.2.Literaturereview

In this chapter, a survey of past research work attmuincrease othe efficiency of solar
collectors with nanofluid and inserted elements are presented. This sudreiésl into three
sections. The first section is about the thermal properties of the nanofluids such as thermal
conductivityandthe specific heat capacity of nanofluid. The different methods of checking them
and the main factors affecting them. The secsection is about the published papers using
different nanofluid to enhance the flat plate solar collector efficiency while the final one talks about
nanofluids and its application with the evacuated tube solar collectors.

2.2.1. Thermal properties of nanofluid

The thermal conductivity and the specific heat capacity are the main thermal properties of the
fluid affected by the addition of nanoparticles. The change in these properties diffsattgon
the performance of heat transfgrstems Solar collector@are one of thessystemswhich have
undergone a revolution as a result of using the nanofluid. In that part of the thend,are
preseneddifferent methods angkchniquegor determininghe thermal conductivity and the heat
capacity of the nanofluid§.he experimental methods and the numerical maalelasedin the
literatureto find thementionedhermal properties. Besides that, pameesreferredo where the
main factors affectingheseproperties were unveiled.

2.2.1.1. The thermal conductivity of naroid
Thermal conductivity plays the main role in tbenvective heat transfer, sosolar heating
applicatiors as well Based on that, researchers tried to find a model to estimate the thermal
conductivity. The models can be divided into two groupstatic and (ii) dynamic. The static
modkls are preferred when the fluid does not move while the dynamic isarséeémoving fluid.
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CHAPTER 2 LITERATURE SURVEY

The Maxwell model is the most used model for estimating the thermal conductivity of the
nanofluid as equatior2(l). Anotherattempt was done tyamilton and Crosser [2]as equation

2 2) . I n Hamilton and Crosserds model equatio
value of Ando mainly depends on the shape of
nanopaitles. By adding the effect of theanolayer to the Maxwell modeY,u and Choi [3]

expressed another equation for the thermal conductivity of the nand@larsidering of the

Brownian motion and the aggregation structure of nanoparticle clusters effdue dhaxwell

model was done b)}uan et al. [4] and a new equation was established. The combination of the

static and dynamic thermal conductivity of the nanofluid was modellé&bbyand Kleinstreuer

[5].

— (2.1)

Q  Q (2.2)

Furthermore,many researchers have done experimental work to study how nanoparticles
influence the thermal conductivity of nanofluid. Throughout their work, they discussed the effect
of different parameters on the thermal conduistisuch as the tempature, the surfactant, particle
s i z e &evera measurement techniques veggliedsuch as transient line heat source method
(hot wire), thermal constan@@nalysertechniquessteadyst at e par al | el pl at e
method.Zhu et al. [6] andJiang et al. [7]usedthermal constantanalyseitechniques to test the
thermal conductivity of AlOz-water and carbon nanotube, respectively. [Blaused a KD2 Pro
Thermal Propertiefnalyserwhich follows the transient line heat source method to measure the
thermal conductivity of (Y3AI5SOIliZthylene glycol) nanofluids.Hwang et al. [9] used a
trangent hotwire method to measure the thermal conductieftganofluids:multi-walled carbon
nanotube in water, CuO in water, Sidd2vater, and CuO in ethylene glycal.et al [10] used a
Hot Disk Thermal Constants Analyser to find the thermal condugtofitCu/water nanofluid.
Buonomo et al. [11]Usedthenancflash technique to find the thermal conductivity of nanofluids
Sinha et al [12] applied a guarded hot paralkplate method and dynamic tests to make a
comparison between the iron and copper raids. Their results presented that copper nanofluids
had more thermal conductivity compared to iron nanofluids.

Das et al.[13] prove that the thermal conductivity of28ks-water decreased with the using of
SDBS as a surfactanfeng et al.[14] found tha the smaller particles and a higher temperature
increased the thermal conductivity of §8k)/water nanofluidsNemadeet al. [15] studied the
effect of probe sonication time on the thermal conductivity of CuO/water nanofluid. The higher
sonication time gve higher thermal conductivityPatel et al. [16] usedtransient hot wire
equipment as well aemperaturescillation equipment to check the thermal conductivity. They
found that themetallic nanofluids had higher enhancements comparing to typeearofluids.

Feng et al. [17]said that the nanolayer which surroaritie solid particles and the clusters
appeared by nanoparticles' aggregation has a significant effect on the thermal conductivity of
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nanofluids Kim et al. [18] studied the effect of differéishapes of watdvasedohemitealumina

on the stability and the thermal conductivigshapes brick, platelet, and blad€imofeeva et al

[19] found that the interfacial area of larger particles played a role to enhance the thermal
conductivity of the anofluid. Garg et al. [20]found that the thermal conductivity of mutiall
carbon nanotubbased aqueous nanofluids enhanced until a cestaiitationtime and then it
decreasedGu et al. [21]studied the effect of the aspect ratio of different nar®wir its thermal
conductivity. Abbasi et al. [22]checked the effect of functionalization method on the thermal
conductivity ofhybrid nanofluid Trinh et al. [23] proved thathe Hamiltori Crosser model is the
most suitable for obtaining the thermal contlity of hybrid nanofluid because the Hamilton
Crosser's model could be applied for spherical particles and other gfeqed.[24] submiteda new
correlation to find out the thermal conductivity of the hybrid nanofluid.

Finally, the International Narffloid Property Benchmark Exercise reported in its report
Buongiorno, et al.[25] that the nanofluids thermal conductivity measured experimentally had a
great agreement with the effective medium theory developed for dispersed particles by Maxwell
in 1881. e result of that article had been done in over 30 organizations worldwide. They used a
variety of experimental test methods such as the transiemtifmethod, optical methods, and
steadystate methods. Based on thathiacurrent work, the Maxwell nielis used seeequation
(1.1)7 for calculaton the thermal conductivity of the nanofluid.

2.2.1.2. The specific heat of nanofluid

The energyheat)calculations depend on the fluid heat capacity so this part of thewasrk
added As all the thermal properties the nanofluids, the heat capacity of the nanofluid attracted
theresearchers. The main instrument used for getting the heat capacity of the nanofluid is different
types of differential scanning calorimeter (DSCpaaraceet al. [26]. The first theorcal model
used to find the specific heat capacity was donBdkyand Cho [27]based on the mixing theory
of ideal gas and shown in equation (18)an and Roetzel [28]proposeda model based on
thermal equilibrium as shown in equation (1.4) and theithewas expressed in equation (1.5).
Experimental work was done Ibjanley et al. [29]on heat capacities of watbased SiO2, ADs
and @O nanofluids to valeted the best model. Based on their work, the Xuan and Roetzel model
is preferredMoreover the same conclusion was found Murshed [30]. Pandey and Nema [31]
found that the heat capacity of28k/watermixturedecreased up to 20% comparing to wélter.
and Pan [32]increased the heat capacity of Molten Hitec Salt usin@#hanoparticles(Base
fluid has lower heat capacity than nanoparticl8agedinia et al. [33fhowed that the engine oil
heat capacitgoesdown when CuO nanoparticlesncentratiorthe increase ofWhen Graphite
was added to polglpha olefin, the heat capacity of nanofluids@ased up to 50% &elson et
al. [34] reported.

# # 3 # p 3 (2.3)

¥ N 3 ¥ P 3 (2.4)
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where,
Mm M 3 Mmp 38 (2.5)

2.2.2. Flat plate solar coltor

There are several types of solar collectors. The flat plate solar collector is the most used solar
energybased device thabnverts solar energy for usable hedisorbs solar radiation through its
body then carries the absorbed heat to the worfkindy for the increase ats temperature The
efficiency of flat plate solar collectors relies on many factors such as solar radiation intensity,
environment conditions (temperature, wind, sky etgterials and design of collector as well as
the workng fluid type andmass flux valuesThe following partfocuseson the flat plate solar
collector as it is the most used type of collectbesefore part othis studyperforns work on it.
A summary of studies about the usage of the nanofinidise flatplate collectors are given in
Table(2.1.).

Table(2.1.): A summary of experimental studies on solar collectors using nanofluids

Volume (weight) Nanopa
Authors Nanofluid type fraction g rticle Remarks
size
Said et al. Al2Os/ water 0.1 and 0.3 vol% 13nm | - Efyciency en
[35] 83.5% using 0.3 vol%
-Ef yciency en
28.3%using nanofluid with
Yousey 0 0.2 wt%.

[36] Al2Os/water 0.2and 0.4 wt% | 15nm | Efficiency greater by
15.63% using Triton XLOO
as a surfactant.

i 0
Falz[gl7;at al. SiOx/water 0.2 and 0.4 vol% 15 nm | - Efficiency greater by23.5 %
Moghadam 0 —
et al. [38] CuOl/water 0.4 vol% 40nm |-Ef yci ency r a
. , - Particle loading and using
0,
vousey MWCNT/water 0.2and 0.4 wi%. | 10130 surfactant enhances the

[39] nm .

efficiency
0.02- 0.2 wt% 25 and | - Efficiency enhancement up

He et al. [40] Cu/water 50nm 0 23.83%

- -Ef yciency in

Meibodi et SiO/ EGwater | 0.5,0.75, and 1 vol% 40nm approximately between 4

al. [41] and 8%.
_ - 04 | i
Jamal-Abad Cu/water 0.06and 0.1 wt% | 35 nm Abgqt 24% increase In

et al. [42] efficiency
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- Collector size can be

Falz[jlg,]et al Al2Os/water 0.2 and 0.4wt% | 15 nm | decreased up to 24% by usir
nanofluid instead of water.
Said et al. . -Ef yci éhanced en
T . : 9
[44] iI02/water 0.1 and 0.3vol% | 21 nm by76.6%
D=1
. - Remarkable enhancement
Said et al. 2nm
145] SWCNTs/water| 0.1 and 0.3 vol% L=1i3 both energy and exergy
- efficiencies.
Om
Polvongsri
and Aa/water 1,000 20 nm -Solar collector performance
Kiatsiriroat g and 10,000 ppm enhaned by using nanofluids
[46]
thicknes
Ahmadi et lower |-Ther mal grdatgrc
0,
al. [47] Graphene/watel 0.0land 0.02 wt% than | by 18.87%.
100nm
Devarajan | Al2Os, CuO, and - Efficiency for nanofluids
and ZrOz having AbOs, CuO, ZrQ, and
2 A4 wit% 4
Munuswamy | (water as base 0.2:and 0.4 wt% Onm water was 55, 51.3,47, and
[48] fluid) 38%, respectively.
gold Nanerods
Jeon et Gold Nanerods dispersed |n. three - Solar thermal collectors
. plasmonic 16 nm | performance wasndanced
al.[49] suspensions . :
nanopui ds using plasmon
2.65 and 5.17
From
Graphene, CuO 7nm to | - Maximum efficiency
Al>On. TiO 45nm | enhancement (compared to
Verma et Si022 I\jIWCNZTs 0.252 vol% differ | water) was 23.47% obtained
al.[50] ’ from | by MWCNTs/water, and the
(water as base . -
fluid) materia| minimum was 5.74% for
| to SiOz.
another
Noghrehaba . -Thermal efficiency was
. SiOx/wat 9 . .
-di et al.[51] 1Ozl water 1wt 12nm enhanced by using nanofluid
diamete .
vakili et Graphene/watel 0.0005,0.001 and| 2 & m ;JErt]er;/e rgetgiﬁfﬂglgggy
al.[52] P 0.005wt% | thickneg ° ° by using ©.
of 2nm wt% nanofluid.
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Vincely and

. Graphene 0.005, 0.01 and 0.0? -Col | ect o mgreatef
Natarajan . 300nm
(53] oxide/water wit%. by 7.3%
. 20,50 | - Highest efficiency obtained
:\:T;; Al20s/water 0.5,1,1.5 vol% and | using 1vol% and particle size
' 100nm | of 20nm.
Verma et 0.25, 0.5, 0.75, 1.0 “Collector ef
MgO/water o T 40 nm | enhancement was 9.34% for
al.[55] 1.25, and 1.5 vol%
0.75 vol%.
. - —— 5
Owolabi et Fel/water 0.5 W% 40nm E f. y cy eahanced by 9 A)
al.[56] propylene glycol using nanopui
. - Using surfactant enhanced
GO;dE_:;]I et CuO/water 0.1,0.2and 0.4wt%4 40nm |t he maxi mum e
' 24.2%.
- Efficiency enhancement of
Mgtr‘;s"g?y Al fjg"/af:{e?”d 0.2and 0.4 vol% | 40nm | 12% for AbOs and 7% for
' CuO( at 0.4 vol%)
volume lower - .
: - Eff
:ﬁiglar (59] Al2Os/water concentrations, | than 20 50 8|g|;ncy|ncreased up to
0.1% ,0.3% nm R
- The increase ahe volume
Lower fraction of the Alumina
Hawwash et Alumina 0.71 3% than nanofluid enhanced the
al. [60] nanofluids volume fraction thermal efficiency of the sola
20 1 .
collector until 0.5% volume
fraction
Farzad et al. | TiO2/water and 0.993.16% ) .CuO/W;aj[e.r nanofld gives
. 27 nm | higher efficiency than
[61] CuOl/water volume fraction :
TiO2/water.
- The wlume flow rate of 2
Mohsen et 0.1% L/min was the optimum one
Al . 2 . .
al. [62] 20/ water volume fraction 0 nm and raised the efficiency of
the collector about 23.6%
- Demonstrated that by using
ALO Al203 (0.1 wt%), TiQ (0.1
_ 2U3 o .
Farajzadeh | Al,03/ TiO2 Al203 HZO. (20 nm (20 nm) wt%) and th_ermxture of these
0.1 wt%), TiQ-H20 . two nanofluids, the thermal
et al. [63] H20 TiO2 - :
(15 nm 0.1 wt%) (15 nm) efficiency increased up to

19%, 21% and 26%,
respectively
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2.2.3. Evacuatd tube solar collectors

Nowadays,evacuated tube collectors amore preferabldypes of solar collectom new
installations They have a tubular absorber, which makes them more preferred and exceptional at
low radiation conditions such as in Eurof@logirou [64] proved that they have less convection
heat lost and lower cost compared to the flat plate solar collector. Another good point is that
through the maintenance process no need to stop the whole system when one tube is broken or
damaged, it can beplaced easilyMorrison [65] reported that the evacuated tube solar collector
is much bettefor the unfavourablewveather conditionZambolin [66] and Ayompe et al. [67]
held comparison between the evacuated tube solar and the flat plate. Accordangvottk, the
flat plate solar collectdnaslower efficiencythanthe evacuated tube solar colledtas.Tong and
Cho [68] performed attest between the heat pipe and thgbd evacuated tube solar collector.
They found that the efficiendgr theheat fipe evacuated tube solar collector was enhanced up to
8% comparing with the efficiency of thetube evacuated tube solar collec®abiha et al [69]
proved that thaverage increase of outlet temperaforeheusing evacuated tube solar collector
is more than the flat plate solar collectors byZ®%.The effect of using different type nanofluids
on the efficiency of the evacuated tube solar collectors was studied through manyhhagsam
et al. [70] added Ag and Zr@to water. Based on their wotke evacuated tube solar collector
showed higher efficiency with Ag nanofluidsthan ZrfDanopui ds. SevesOal pape
nanofluids such a#l-Mashat [71] and Ghaderian [72] who found that the efficiency of the
collector was enhanced by 28.4% aid62o, respectivelyliu et al. [73] appliedCuO nanofluid
as the working fluid of an evacuated tubular solar air collector. Another examination was done by
Lu et al. [74] andJavad et al. [75]to test the efficiency of the evacuated tubular solar airatolie
with CuO nanofluid. They found that efficiency was increased up to 14% and 30%, respectively.
Mahendran [76] tested the collectorwhenTi@ anopui d was the working f
the collector efficiencgreater by12.5%. A comparison between using Teéddcarbon nanotube
nanofluids in the collector was held Hg et al. [77] They relived thatarbon nanotubeanofluid
had higher diciency than TiQ nanofluid.Chougule et al. [78]showed that the efficiency of the

evacuated tube solar collector using Carbon n
graphensancp | at el et s n a n oSpudehat aMi78]sTheir evarksteowed that the
evacuated tube solar <col | ect dlussainletel [BOdslatede f y ci e

that Ag nanofluids had higher efficiency compared with Zn@nofluid. Sabiha et al. [81]and
Mahbubul et al. [82] increased the evacuated tuloéas collector efficiency using singlealled
carbon nanotubeOzsoy et al. [83]found that the heat pipe evacuated tube solar collector
efficiency increased up 40% with adding silver nanopartiélaga et al. [84]used ZnO/Ethylene
glycol-pure water ashie working fluid, hence the efficiency of atUbe evacuated tube solar
collector increased up to 26.4%an et al. [85]enhancedhe heat transfer in the evacuated tube
solar collector by adding Sianoparticles to water.
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3. EXPERIMENTAL METHOD

3.1.Introdudion
In this chapter, the experimental methods used to test the performance of solar collectors using
nanofluid are discussed. This chapter is divided into several sections. Throughout the first section,
the nanofluids preparatiamethodsare expressedihe second part shows the stability checking
techniques used in the presented work.

3.2.Nanofluids preparation
The preparation of the nanofluids required to know the types of the nanopatrticles, the synthesis of
them with the liquid, the facteraffecting the miing process and the checking method for the
stability. Hence, a detailed discussion about all these factors is presented in the sext part

3.2.1. Nanopatrticles
Nanoparticles are the particles with a diaméerer than 100nm. The most used types in heat
transkr application are metallic or metal oxiddéanoscale particles have the main thermal
properties of the bulk material with smalke Therefore the nanoscales easier to move with
fluids. When oneussnanoparticl es, whi ¢ h dsa butthe8et partitless s o | v
engineered colloidal suspensions liquid. the presented workthe used metallic oxides
nanoparticleareTungsten trioxides (W¢) and Cerium oxide (CeQ All these have high purity
moreoverandthe shape of themarespherical. Tie size othese particles is shown Trable (31).
Other types of nanoparticles are metallic nanoparticles, whigla lagher thermal conductivity.
Copper is chosen in this study. Highly purity spherical shape of these metallic nanoparticles
appliedin the present studyThe features of these particles are shown in T&ul¢. (The supplier
of all particles is a company called MKnano. A digital balance was used to weigh the desired
amount of nanoparticles in each studied case. In addition, it was neatedhéhdensity of
nanoparticles is more than water. The heat capacity of water is more than nanopatrticles. However,
the thermal conductivity of nanoparticles is more than water.

Table3. 1) : nanoparticlebs features
Nanopatrticle i Ave.rage Themal Heat Density(k
naFr)ne Purity partlcles Shape conductivity(| capacity(J/ /m3)y g
size (nm) W/m.K) kg.K)
WOs 99.5% 90 Spherical 16 315 7160
CeQ 990/'097 70 Spherical 12 460 7123
Cu 99.9% 50 Spherical 401 385 8940
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3.2.2. Synthesis methods
Several methods were used for the synthetihe nanofluid. Onstep method and twstep
methods are the most common ways to produce nanofluid. The difference between the methods is
that the twestep method used dry powder to mix it with the base fluid. Reseadibdersemical
or mechanical techquesto mix the nangpowder and the fluid. However, the esiep method
making and dispersing the nanopatrticles in the fluid is done at the same time simultabgously
Yu and Xie [86]. The most used is the tvgbep method but thene step methodjavemore stable
nanofluid The chemical vapour deposition,ogrecipitation oxidative polymerization, wat
grinding method anthermochemical are the most common-step method&upta at al. [87].

Throughoutthis studywork, the twostep method is applieds itis more suitable for a large
production such as two and three |litres. Anot
chemical process. However, stabilisylower in the twestep method andchany techniquewere
introducedto increase the stabyitof the nanofluid. Plenty of experiments were done at different
ultrasonic time and specification to reach good stability. In additibangingthe PH values of

the fluid was moreoverappliedto raise stability. The next part discusses the steps ussatim
investigatechanofluid. An exampléayoutof the synthesis stefpsshown inFigure (3.1).

3.2.3. Ultra-sonication
Ultra-sonication is a very common way for the homogenization, the dispersing, the de
agglomeration and the milling of solids and flofd et al. [88]. Through it, sound waves are
directed to the mixture. Waves have frequencies of 20 kHz. The sound waves are transferred to
the fluid and made higpressure (compression) and kpnessure (rarefaction) cycles. Ulira
sonication of fluids results in ffierent physical mechanisms. The main one is cavitation of the
fluid, which is responsible for the formation and implosion of bubbles during theressure
cycle and with the higintensity ultrasonic waves. When the volume of the bubble increases and
reaches a point where they cannot absorb more energy, they breakdown violently during a high
pressure cycle. During the internal explosion, very high temperatures (approx. 5,000K) and
pressures (approx. 2,000atm) are created locally besides liquid jetsm8pm/s velocity as
Suslick and Crum [89]. Based on thatpne can imagine how the bubbles help to make the
dispersion and the fracture of solididoholkar et al. [90] said that the bubbles in the region of
highest cavitation intensity are subjected toaasient motion, while the bubbles in the region of
lowest cavitation intensity are undergone to a stable oscillatory motion. The size of the bubble
mainly depends on thigequency of ultrasound waves. The intensity of tdtvaication depends
on the eletrical energy input and the probe surface area. For a certain value of the electrical energy
input given: the smaller the surface area of the probe, the higher the intensity of ultrasound. In the
case of nanofluids, the ultsonication is used to breakp tagglomeration and promote the
dispersion of nanoparticles into the base fluid to make more stable nanofluid and to reduce the van
der Waals forces. Aglahbubul et al. [91] reported sonication of nanofluids is a helpful technique
to have more stable nathafls by affecting the surface and structure of nanoparticles and breaking
down the agglomerations. Two different techniques are used to bring ultrasonic waves. The first
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one is the direct method where a probe immersed in the fluid. Another way is diseniltrbath,

which considered as an indirect method where fluids are placed in a container and ultrasonic waves
are promoted. According to Helisher Company, an ultrasonic with fiypleedevice surpass an
ultrasonic bath by a factor of 100 this studythe ultrasonic probewvas used andot the
ultrasonic bath. The reason can be explained as the ultrasonic probe device used, the intense
sonication zones for the samples are directly under the probe. In that case, the ultrasonic irradiation
distance is restted to a certain area of the probe tip and gives waves that are more concentrated.
Two different ultrasonic probes were usedhis work. The first one was Bandelin, SONOPULS

HD 2200, 24 kHz output power maximum 200 W. The second one was Hielsched (2020V,

26 kHz).

3.3.Stability check
The stability of nanofluids has several methods to be checked. In the presented work, two methods
were usedthezeta potential measurement and the eye check. They are the most common methods
to check the stability of narfluids.

3.3.1. Zeta potential measurements

Nanofluids are the result of the colloidal dispersions of nanoparticles in the base fluid. The
stability of that colloidal dispersion process is maiiyained withusing the zeta potential. Zeta
potential refers tolectro-kinetic potential in the nanofluid. This electkimetic potential appeared
between the dispersion medium and the stationary layer of fluid around the dispersed particle. The
zeta potential is happened due to the net electrical charge found egtbe bounded by the
slipping plane and can be decided based on the location of that plane. Scientists believe that the
value of the zeta potential mentions the degree of electrostatic repulsion forces between particles
in a dispersion having the same duwrif the zeta potential values are high, that means stable fluid
and the dispersion can resist aggregation. On the other hand, with low values of zeta potential
attractive forces increase and the dispersion will break and flocculate. The steps of meatsure
start with adding the fluid in the test tube then an electrode is immersed in the fluid as shown in
Figure (3.2). When the instrument is turned on an electrical field is exist, one side of the electrode
became positive, and the other one is negaliie. particles are attracted to the electrode based
on their charge and while they move a laser beam measuring their velocity with the technique of
the laser Doppler anemometer. As the movement of the particles made a phase shift for the incident
laser bem which helps to measure particles mobility. The velocity of the particles is proportional
to the zeta potential value and was used to calculate it based on the equation of Smoluchowski if
the dispersant viscosity and dielectric permittivity of the fluel lenown. Based on the value of
the zeta potential, which is measured with mV, the stability of the dispersion fluid can be clarified
Hanaor et al.[92].

According toRiddick [93] if the average zeta potential value® lowert h a nmVi$tbong
agglomerabnswould occur The threshold of agglomeration is when the values increased up to

N 1V. Bytheincreasedf h e v a | m¥the thresholfl & @elicate dispersion appe@he
moderated stability is f omVrid iK4Goodstabilityaasues we
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shown when the valuegeremorelowerthanf40mV. The sign of the values may be positive or
negative dependingn the type of charge is the fluid. Based on thainecan consider thstability
of nanofluidif the zeta potential measment is nblowert h a nmViagVahbubul et al. [91].

In the present study, the stability of nanoflisggmeaured by zeta potential machi(feALS Zeta
potentialanalyserVer. 3.37 from Brookhaven Instrument3he employed instrument and the
results ofzeta potential are illustrad in Figure (3) and Table (2) respectivelyFor WO3/water
nanofluid with a pH value of 8 the zeta potential measureme#Bis2 nV/. Although the values
reduced t636.19nV for the CeO2/water nanofluid at pH equals to8the case of metal copper
nanoparticles added to water, the values watelnV.

3.3.2. Eye check

Eye check is a common method to test the stability of the nan@@bHé3]. Through this
check, the nanofluid is filled in a bottle without any force. Pictureshf® nanofluid are taken at
different times. The nanoparticles are collected at the bottom of the bottle at the end of the period
when the sedimentation process happens. The sedimentation process occurs when a cluster
formation known as aggregation appear particles collected together because of their strong
attractive forces. Settling of nanoparticles at the bottom of the bottle as they have more gravity
than fluids. The result of that is an agglomeration of the particles and unstable nanofluid.

In thiswork, several types of nanofluidgeretesed Figure(3.4), (35), and (36) shows the photos

of the C&®»/water, WQ/water, and the Cu/water nanofluid, respectively. In all photos, no clear
fluid appears which means thate still hasa stable nanofluithroughout this period. The period
depends on several factors such as the nanoparticles type, density, the ultrasonic time and the
surfactant. In the case of W@nd C&,, the period was 7 days but it reduced for copper
nanoparticles to be 24obrs only. The stability periods for different nanofluids are collected in
Table(3.2).
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Table(3.2): Synthesis methods for nanofluids

. Base . Ultrasonic pH | Surfactant| Stability
Nanoparticleg _ . Concentrations time, check
fluid ) value S
amplitude
0.0167%0.0333% 4
and 0.0666%, 75min, ays
WOs Waler | $.014%0.028% |  50% 8 No | -43.12mv
0.042%
0.015% 0.025% 4
0.035%0.0167% | 90min, ays
CeQ water |4 0333%and 50% 8 No -36.91mV
0.0666%
0.006%40.009%0.0 24hr,
Cu water 15% 0.01% 1 hr, 50% 8 No -31.1mV
0.02%and 0.03%
A

(e)

(N

(c)

(d)

Figure (3.1): Layout of the Synthesis and stability check of nanofluids

(a) weight the nanopatrticles,(b) controlling the pH values,(c)adding the nanoparticles to base

fluid,(d)adding surfactant,(e)Ultrasonic mixing, (f)the stabile nanofluid,
(g) zeta potential measurements
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Figure (3.2): Zeta potential electrode

a) Fresh prepared b) after 7 days

Figure (3.4): Stability of CeQ@after 7 days of preparation

a) After preparation b) After 3 days c) After 7 days

Figure (3.5): Photos for W@water at different times
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?'#_Q —— —_—
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Figure (3.6): Nanofluidafter 24 hr of preparation

3.4.Summarization of the scientific results of chafer

Thesis 1 ([102], [103], [104], [105] and [106])

It was found that for getting usable, stable ¥wter nanofluid one needs to apply continuous 75

mi nut esd ul t sados,donCe@ whaotneorg ennainof | ui d conti nuous
homogenisation needed. To reach the same result with copper/water nanofluisteptwaethod

is needed: the first step of preparation is the mixing of natioles withwater by a centrifgal

mi xer and after that 150 minutesd ultrasonic |
The stability of the nanofluids in point was proven by two methods: first is the repetitive naked

eye observation, the second is the systematic applicatithre zeta potential investigation. The
WOs/water and Ce® wat er nanofl uids do not show sedi me
copper/water nanofluid for 24 hours. The observed mean zeta potential 0w is-43.12mV

and for CeQwater is-3691 mV with a little decrease in 7 days. The mean zeta potential of
copper/water nanofluid during its stability period wa%,1 mV.
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4. TEST EQUIPMENT AND MATHEMATICAL FORMULATION

4.1.Introduction
In this chapter, the equipment used to perform the studyeaed A detailed explanation of all
commnentof the test rig is clarifiedMoreover mathematical formulas are discussed. All the
necessary equatie@re listed. The error analysisperformedbased on the needed equations.

4.2.Test equipment
Two systems of dar collector have been designed includalfiat plate andan evacuated tube
The two systems are nearly the same with only change the type of collectors and the same
connectionsThe first part of the system is the weather measurements. The experineeats w
performed i n Buda pnegsitt u(dlea tli9tAu0dBeddEed Cobeddda Bluor i n g
outdoor so the weather condition such as the ambient temperature, the wind speed and wind
direction had a very clear effedfloreoverbased on ASHRAEtandard93-2003[94] whichwas
followed during theest according to Iva very strct requirements to have reasonable results. The
ASHRAE standard 93200394] are shown inTable(4.1). The conditions for the outdoor test as
the lowerlimit of normal solar radiatio is 790W/m? and maximum variation with data period is
N3 2 A\Moreovet the maximum variation of ambient temperature during the data period was
N1.5AC. Timass flaxtvaluesdO2 lay/s.riwith amaximum variation of the flow rate
of 0.002%. Tl inlet fluid temperature cannot be changed more tl3anAll thesestandard
conditiors aresubject taheduration ofthe test period, which is 15 min. Measuring these weather
condition and ensure thtte measurements are in the acceptable range i®khefithe devices.
The solar radiation was measured with an LP PYRAp@®meter This pyrometermeasure
between @000W/nfwi t h a sensi ti ¥)ilthas aodsporis® tihewenthar{ W/ m
30seondsaccording to the manufacturét mees the requiements of the ISO 9060 standards,
and follows the instructions defined by the World Meteorological Organizatic0Btresistance
thermometers as shown kigure (4.1) measured the environmental ambient temperature. The
wind speed was measured by windespeneter PCBVL 1 which shown inFigure (4.2). All the
data for the weather is collected using a data acquisition system @?#@gan be directly shown
and saved on the system computer and web site.

Table(4.1): Instructions for testing the solar collecito outdoor condition based ¢94]

Solar radiation 0790 ?W/ m

maximum variation of solar radiation N32 W/ m2

Wind speed 2.2-4.5m/s

Inlet temperature Maximum variation of &

Flow rate Maximum variation of 0.002%
Standard max flux rate 0.02 kg/s.m

Variation of ambient temperature N1.5AC
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The second part dfieinvestigatedystem is the test loopBhe main loop contains nanofluids and

the secondary loop which is the storage loop. Woreadesign the nanofluids loogome points

should be takemto considerationThesepointsminimize the loop as much as ocen to reduce

the amount of the nanoparticles used. Reduce the number of valves, elbows to have smother flow
without obstacles, whichhay make sedimentation of nanoparticles. The loops eashown in

Figure (4.3). As shown irFigure (4.3), the main loop consists of a collector connected to a pump

to circulate the nanofluid. The nanofluid reached the heat exchanger to transfer the heat energy to
the secondary loop and then it returns to thléector. The heat was transferred to the secondary
loop which having antireezing fluid (watéerpropylene glycol 60%0% by weight). The
secondary loop used a pump to deliver the fluid with heat to a fan coilteite were usetivo

types of solar colletors one is the flat plate and the other is the evacuatieelsolar collector.

The specification of theollectors is shown iTables(4.2) and (43). Figure (4.4) show the
different types of solar collectors used. The pumps used in the presentedevGREEN PRO

type: RS 25/4G. Thehave three different power 38W, 53W and 72Wé max. delivery heads

are 3, 4, and 4.61 andthey can suppothetemperature of the fluid untihe 1103 . Figure (4.5)

show the pump used in the presented wAnglate heat exchanger was usethiswork. The heat
exchanger type is Regulus 9549. It has 30 sheet plates and has a size of: 223 x 113 x 109 mm
(height x width x depth) with heat transfer sugf@rea of 0.42 fnlt has a fluid volume of 0.45 L.

Figure (4.6) show the heat exchanger. The flow meter was measuredflusthgscillation flow

sensor with a measurement range up to 2/BmriThe flow meter is shown igure (4.7). Pt500
resistanceitermometers to get the temperature of the inlet and outlet temperature of thEhkuid.
Sontex Superstatic 449 Heat Meter interfa@es usal which measure, calculate and control the
heating load as it collects and displays values of temperature andtheate. The Sontex
Superstatic 449 Heat Meter interface is showRigure (4.8). The pressure was measured using
differential manometer. An air vent is used to get rid of the air in the system and to have a stable
flow. The air vent separator is shownHigure (4.9).

Figure (4.1): the environmental ambient temperature sensor
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Figure (4.2): the wind speed meter

e

'0-® e

N .
! . secondary
=3 NG
- .
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)
@

l.l::’.'-'

Figure (4.3): Layout of a test rig
1. Solar collector, ump, 3Heat exchanger4. Flowmeter,5. Temperatursensor
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Table(4.2:Speci ycat i-platessolar follectdre pa't
Speciycation Dimension
Width: 1009 mm
Height: 2009 mm
Depth: 75 mm

Width module size: 1040 mm

Full solar surface: 2. 03 m)
Free glass surface: 1.78 mj
Absorber surface: 1. 78 mj
Liquid spae capacity: 1.57 liter
Cover glass thickness: 4mm
Thermal insulation thickness and material: 40 mm rock wool
Absorber absorption coefficient 0.95
Absorber emission factor 0.13

Table(4.3:Speci ycations of the evacuated tube
Speciorycati Dimension
Width: 796 mm
Length : 2005 mm
Height: 136 mm
Gross Area: 1.59 mj|
Aperture Area: 0.8 mj
Liquid space capacity: 0.31 liter
Thermal insulation thickness and material: Average >50mm glass wo
Absorber absorption coefficient 0.93
Absoter emission factor 0.08
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Figure (4.6): The plate heat exchanger
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Rl /T P

Figure (4.7): The fluid oscillation flow sensor

Figure (4.8): Sontex Superstatic 449 Heat Meter interface

Figure (4.9): The air vent
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4.3.Mathematical formulation
The thermal performance of the solar collector can be calculated by determining the values of
instantaneous efyciency at different conditio

i nl et pbuid temperature. | n eaealdgstate icamditipns. &xep er i m
instantaneous efyciency or e n &lawoftheembdynamicse ncy |
according to ASHRAE standaB88-2003[94]. 't is deyned as ¢t and r at i

the solar energy received ltlye absrber plate ofthe collector, AGr and it is calculated by
Equation (3.1ps follows

s — (4.1)

The useful heat energy rate is determined by using Equation (3.2), and can be calculated in terms
of the energy absorbed by the aftirer, and the energy lost from the absorber as shown in Equation

3).
1 1 # 4 4 m6¥% 4 4 (4.2)

The useful heat energy rate camh@reoverdescribed as the difference between energy absorbed
by the absorber plate atitk energy loss from the absorber as:

1 ' &' z4 5 4 4 (4.3)
So the instantaneous efficiencgn be expressed by Equatioddor @.5) or @.6)

o]

s — (4.4)
S (4.5)
S & 7| &5 — (4.6)

Equation (3.1) which defines the instantaneous efficiency is known as the-Waitkér
equation. kis known as the collector heat remofadtor and is clarified by Equation (3.7),

& (4.7)

where,]l i s the mass pow r 4tsthe aolfector ihlet termperatled. istge p ui d .
collector outlet tempetare.4 is the ambient temperature, is the global solar radiation normal

to the collector! is the surface area of the solar collecipris the absorptiofransmittance
product,and i s deyned as the ovehie# listhe beatfcgpacitge nt o f
working fluid.

The heat capacity of theZhovandNife&li d i s cal cul at
N %2 3 N P 3 (4.8)
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The density of the mixture can be evaluated according to the fojolguationfrom Zhang at
al. [96].

M M 3 M p 3 (4.9)

Thermal conductivity of nanofluid can be estimated agdh@wing Equationfrom Zhang at al.
[96].

~ ~

Q0 (4.10)

Where3 indicates the volume fraction of nanoparticles, n is equal to 3 as the shape of particles
are spherical adamilton and Crosser[2]

4.4.Uncertainty analysis
Uncertainty analysis is carried dotevaluate the accuracy of measurements for the present work.
The efficiency of the solar collector is calculated using Eq. (3). The inlet and outlet collector
temperature, solar irradiation and the volume flow rate are the measured quantities. The
uncertinty of P2 00 sensor s wused for temperature measu
met er of LP PYRA 03 has a precision of N2 %.
uncertainty othepresented work can be calculated based on the following equati

3 8
R — — — (4.11)

where
1696° pd Eh
TV YT Y Y Y YUY Y 1Y Y Yy e
T T T ™ op © mb
170j0 ¢Hi-j—- c®P

Therefore, the maximum uncertainty was found at 2.5%.
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5. THERMAL CONDUCTIVITY

5.1.Introduction
Thermal conductivity i®one of the most important properties of fluids used in the heat transfer
apparatuslt refers to how the amount of heat energy can be transferred through that fluid, or by
other words is that fluids resistance or not to energy fRvimciples the thermatonductivity of a
fluid increases iexpresshatalarger amount of heat energy can be transferred through it and vice
versa. Hencat is believel that higher thermal conductivity fluid leads to a higher energy transfer
from the absorber plate of the aotollector and as a result of that the efficiency of the collector
can be enhancetlvhen the collector efficiency gets up the performance of the collector will be
effective and the relative cost of the solar energy redddesoffered solutionin this gudy for
promoted the thermal conductivity of the solar collector is using nanoparticles

5.2.Thermal conductivity of nanofluids
Throughouthis work, nanoparticles are added to the base fllickse particles are powddihe
mixing between the powder nanopelds and the base fluid was done using an sdin&
homogenous mixing machine (as it was treated in chaptéh8)ultrasonic machine is known as
probe type of Bardin, 200W and it gives 20KHz of the sound wavEhese waves break the
agglomeration beteen the nanoparticles and allow them to float between the layers of the fluid.
According to previous research work, nanoparticles have a higher value of thermal conductivity
compared to base fluidgence, after mixing the nanoparticles with the basedldiee thermal
conductivity of nanofluid$ amixture of nanoparticles and the base fluidcreasesThroughout
this work, three different nanoparticles were used to enhance the thermal conductithty of
working fluid. The thermal conductivity of Wédwater and Ceéwater were measured for the first
time ever.The copper/water nanofluid was measured with new volume concentraticording
to the thermal conductivity of nanofluids is affected by the volume fraction of nanoparticles and
temperature so thihermal conductivityduring this researctvas measured at different volume
concentration and different temperature. The measurement was based on transient plate source
which developed based on the basis of the hot wire method by the Professd@suSiiason
SwederChalmerdJniversity of Technology97].

The techniques of the TPS method for measuring thermal conductivity is considered a rapid and
precise techniqu@7]. The base of it is using a plane sensor which heated transiently. This sensor
consistedf a pure nickel pattern with spiral shape as showsgare (5.1), it has high electrical
conductivity. Two thin sheets oKaptonareplaced at the outer sides of the sensor to insulate it.
When the temperature increases the nickel temperature caogfb€iesistivity (TCR) changes so

the difference in the temperature can be accurately found. During the measurement, the
temperature of the sensor waeater byapplying an electrical current. The changing in the sensor
temperature with time can be reded as a change in the voltage and the electrical resistance of
the sensor. In that case the TPS sensor acts as a heat source and temperature sensor. The transient
time is a very important parameter. It was chosen so that the outer boundaries of the riloid

affect by the temperature increase of the element to reduce the convection heat loss.
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5.3.Experimental work
Several assumptions were followed througttbig research

1 the sensor consists of concentric and equally spaced circular line heat sources
theheat capacitgndthickness of the sensor can be neglected

thermal resistance between the sensor and the sample is neglected

the nanofluid is considered infinite and isotropic sample in all directions

the input power of the sensor is stepwise.

= =4 4 A

The manufaatrer brought a programme to solve the following equatidrich is given by
Gustafssor97]

Yt —0+t (5.1)

whereP is the input power andis the radius of the sensor, respectiv&ls the thermal

conductivity andt & —the nondimensional timeMoreover t is the reattime, and—
i j| is called he characteristictimeandi s t he t her mal di ffusivity.
calculated as

(O

: —B & ©QoHR — O — (5.2)

wheren is the number of concentric circular sour¢cethe modified Bessel function asds the
integration variable

Thethermal conductivity tester model SKZ1061C TW& appliedn thepresent studyT he tester
is shown inFigure (5.2). The specificationf the apparatus is shownTable(5.1). Thekey part
of the tester is the sens@hown inFigure (5.1). It is known as the hatisk thermal constants

analyserand it has the shape of adoublespiral. i s made of 20 em thick
bot h si des wiKapton. Rcbordimgrto thehmamutacturer it has a diameter of 6.4mm
and consists of 16 circular sources. l'ts resi

resistance is 0.005'K The other part is shown Figure (5.2) called the control unit. The samples
were added in an insulated flux to prevent the convection heat lost as sheguare5.3)

Figure (5.1): TPS sensor
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Figure (5.2): thermal conductivity tester model SKZ1061C TPS

Figure (5.3): Principles of TPS mesurements

Table(5.1): specification of SKZ1061C TPS

Test Range 0.00% 300 W/(m*K)
Probe Diameter 15mm and 7.5mm
Test Accuracy N5 %
Repeatability Error O5 %
Test Time 5~160 seconds
Power Supply Voltage AC 220V
Overall Power Consumption <500W
Measure Temperature range room temperature to 130C degree
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The mean temperature T of the sensor is given from the mean resistance R(T) using the equation
Y'Y Y p | YUY (5.3)

where”Y is the initial temperatureyY the initial resistance (&) and| is the temperature
coefficient of resistance (TCR). A calibration for the sensor was obtained to decrease the
systematic errors and to fulfil a good accuracy of the measurement

Steps ofExperiment:
Theexperiments are carried out according to the following steps:

1 Choose the suitable probe sensor for liquids with dimensions of 30mm*30mm*7.5mm

1 Prepare the fluid samples 300mL and add it to the flux and wait until the balance in
temperature between the fluid and the flux

1 Select the time of 5sec, the power of 1.5W and the baseline of 0.075. all these values are
taken based on the manufacturer requirements

1 Immerse therobe sensor in the liquid at the flux

1 The first experiment is for validation for a known thermal conductivity fluid to get the
sensor coefficient. Then other unknown fluids sample can be tested.

1 Running the programme and the experiment, giving the lingraperature, power and
probe sensor resistance at the initial temperature

1 After that one canget the results such as: thermal conductivity, thermal diffusivity,
temperature increase, atamperature coefficient of resistance (TCR)

5.4.Water thermal condudvity results
In this part theconductivity measuremengsults are presented. The first part is for the validation
and the accuracy of the apparatus. Thygren resilts for different nanofluidsat different
concentration and different temperatare intoduced The range of temperature is between R00
and 323 K as it was the real range of solar collector experiments. The concentra¢idare
moreoverthe same awere applied in the experiments.

Validation results

Water wasnvestigatel betweerB00 Kand 323 K several times in the apparatthe best results

were presented. lRigure (5.4), the measured water thermal conductivity and the calculated water
values are show.able(5.2) shows the error values for water measurements. The results showed
that the error range is betwedh87% at 300 K to 3.04% at 324Khe error between 304K and

309K hasvery low valuesMoreover it is clear that the error increases with therease of the
temperature akumar et al. [98] mentioned in his paper. Geneyalit can befoundthat a good
agreement between the measured values and the calculated values was achieved with this
apparatusThe error was calculated based on the following equation:

Qi iR % (5.4)
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Water validation

0,67
0,66
0,65
X 064
s Y water measured
2
2 0,63 water calculated
AYStNRE o041
0,62 LAy R
[AYStNARE 061
0,61
0,6
300 305 310 315 320 325

T K

Figure (5.4): water validation for the thermal conductivity tester
Table(5.2): Validation results for the apparatus

Measured values Calculated values

Temperature W/mK W/mK Error%
300 0.6061 0.6114066 -0.87%
304 0.6173 0.6171094 0.03%
309 0.6247 0.6244599 0.04%
311 0.6301 0.6270494 0.49%
315 0.6434 0.631684 1.85%
320 0.6577 0.6390005 2.93%
324 0.6632 0.6436068 3.04%

5.5.Nanofluids thermal conductivity results
Three different types of nanofluids weested at different volume concentration. The results were
given at different temperatur&€igure (5.5) shows the results for Wivater nanofluids. The
measured data for Wivater comparing to water is expressedrlable (5.3). The results of
WOs/water forvolume concentration of 0.0167% shows that the thermal conductivity increased
with the range of 1.14% to 4.3% for 3B0and 325K, respectively. A higher value of increase
was observed for the volume fraction of 0.983 he values of thermal conductivitywhanced by
4.03% for 30K to 11.17% for 32%K. Figure (5.6) shows the thermal conductivity of C#@ater.
The ratio of increase of the thermal conductivity is express€dbte(5.4). The results were given
for volume fractions of 0.0167%, 0.033%, an@@5%. For the volume fractions of 0.0167%, the
enhanced values raised from 1.015 atRR@@ 1.057 at 324.K. These values were going up from
1.035 at 305.K to 1.085 at 324.K. For theusing 0.033% volume fraction of Ce@anoparticles,
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the thermal coductivity enhanced by 1.035 at 30%5and 1.085 at 324.K. The maximum
enhancement was between 1.041 and 1.146 aK3®&1 324K, respectively, whethe volume
fraction of 0.0666 of CeQ particleswasapplied In the frame of thisvork other nanoparties
were moreovertested namelythe copper nanoparticles as it belongs to metal nanoparticles.
Cu/water nanofluids thermal conductivity is showrFigure (5.7) andTable(5.5). It was found

that its values are higher than metal oxides of Cat@ WQ for the same volume fraction. Its
increased values for a concentration of 0.01 was found between 2.04% to 10.06%Kar@D7
327.5K, respectivelyHowever,these values increase when a volume fraction of 0.02% was
applied The new values are 6.33% for 30K &and 12.89 % for 324.28.

Generally, it was found that nanofluids have more thermal conductivity compared with pure water.
More increase in thermal conductivity was founttewmore nanoparticlesreadded. The thermal
conductivity of nanofluids raisedith the increase in temperature. Metal nanofluids give more
enhancement in thermal conductivity compared with metal oxites.enhanced percentage of
thermal conductivity was calculated as equation (5.5) while The Enhanced ratio of thermal
conductivity was given as equation (5.6).

% h a npceerdc e n +—ag-80%= (5.5)
Enhamae-d-o = (5.6)
WO3/water

0,73

0,71

0.69 0.0167
X
g067 0.033
=
~ 0,65 water

0,63 [ AY St NR

(0.0167)
0,61
0,59
300 305 310 315 320 325
T, K

Figure (5.5): thermal conductivity of \@s/water nanofluid atlifferent temperature
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Table(5.3): Enhandng of thermal conductivity for Welwater nanofluid at different temperature

Temperature | WOs-water | WOs-water thermal|  Water thermal Enhanced
(K) volume conductivity conductivity percentage
fraction W/mK W/mK
325 0.6737 0.6459 4.30%
318 0.6626 0.6377D 3.90%
313 0.648 0.631336 2.64%
309 0.01667 0.6379 0.624834 2.09%
307 0.6347 0.621806 2.07%
302 0.6275 0.615504 1.95%
300 0.6192 0.612235 1.14%
325 0.7181 0.645937 11.17%
318 0.7002 0.638042 9.7%%
313 0.6852 0.630986 8.59%
310 0.0333 0.6636 0.626316 5.95%
307.5 0.6587 0.62333 5.67%
303 0.6463 0.615%0 5.00%
300 0.6369 0.612235 4.03%
CeO2/water
0,76
0,74
0,72 0.0167
07 0.033
0.066
x 0,68
water
0,66 Line8ris
0,64 LineS8ris
0,62 Line8ris
Line8ris
0,6
300 305 310 315 320 325
T

Figure (5.6): thermal conductivity of Ceffiater nanofluid at different temperature
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Table(5.4): Enhancedatio of CeQ/water nanofluid at different temperature

CeQ-water Temperature| CeQ-water Water thermal Enhanced
volume (K) thermal conductivity ratio
fraction conductivity

324.5 0.6826 0.64500 1.057699
320.5 0.6682 0.6405D 1.043133
315 0.6547 0.633405 1.033619
0.0166 310.25 0.645025 0.626684 1.029268
307.5 0.6336 0.622571 1.017716
304 0.6294 0.617109 1.019916
302 0.6233 0.613879 1.015346
324.5 0.6998 0.644% 1.085818
318 0.6796 0.63740 1.066213
0.0333 313.75 0.6704 0.6310 1.06129
' 310 0.6566 0.6263 1.048352
309 0.6541 0.624834 1.046838
305.5 0.6413 0.619% 1.035223
324 0.739525 0.6448 1.146936
318.25 0.70805 0.6370 1.110284
314 0.6876 0.63D 1.087921
0.066 308 0.660971 0.623D 1.060387
305 0.6486 0.618D 1.048336
303 0.641075 0.615% 1.041545
Cu/water
0,74
0,72
0,7
0.01
£ 068 0.02
i 0,66 water
Line8ris
0,64 Line8ris
0,62 Line8ris
0,6
305 310 315 320 325 330
T,K

Figure (5.7): thermal conductivity of Cu/water nanofluid at different temperature
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Table(5.5): Enhanced percentage of thermal conductivity for Cu/water nanofluid
Cuwater thermal Water thermal

Cuwater o o Enhanced
volume fraction Temperature (K}  conduetivity conductivity percentage
W/mK W/mK

327.5 0.713967 0.648729 10.06%

321 0.680525 0.641189 6.13%

0.01 316.75 0.6646 0.635757 4.54%

313.75 0.659433 0.631684 4.39%

307 0.6367 0.621806 2.40%

324.25 0.7282 0.645D 12.8%

320 0.7155 0.639947 11.81%

0.02 317.5 0.7045 0.6360 10.64%

' 314 0.6848 0.632D 8.35%

310.25 0.667 0.6260 6.43%

307.5 0.662 0.622® 6.33%

5.6.Comparison with the previous work
Through this part, a comparison wikoo and Kleinstreuer [5] correlation ad the measured
value for WQ/water with the concentration of 0.033% was hétddo o and KI Bl nstr el
correlation was used as it contains the effect of temperahgréha Browing motion effect.
Figure (5.8) shows the thermal conductivity measuredtby d e p atramsiere plateGaurce
tester and values calculated based Kwo and Kleinstreuer [5] correlation at different
temperature Table(5.6) shows the errors between the presented work valuekamdand
Kleinstreuer [5] values. It was found thahe errorvariesbetween 0.09% to 0.53%. as the error
did not reach 19%o0 there is a good agreement betwiberpresentedxperimentatesult andKoo
and Kleinstreuer [5] correlation.

0,73 The presented wol
0,72 (WO3)
0,71
' Koo and
0,7 :
Kleinstreuer [5]
E 0,69
;0,68 LineS8ris
'~ 0,67 presented work
0,66 (WO3)) _
0’65 LineS8ris
, Kleinstreuer [5])
0,64
0,63
300 305 310 315 320 325 330

T, K
Figure (5.8): Thermal conductivity of W@water nanofluid
vs Koo and Kleinstreuer [5] at different temperature
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Table(5.6): Errors between the presented work valueskaoa and Kleinstreuer [5]

The presented work| Koo and Kleinstreuer [5
T (W%3), W/mK W/mK o) Error%
303 0.6364 0.635387 0.16%
310 0.6636 0.660061 0.53%
315 0.683 0.679496 0.51%
320 0.702 0.698522 0.50%
325 0.7181 0.7174D 0.09%

5.7.Scientific results of chaptdr
Thesis 2([102], [103], [104], [105], [106])

It was investigated how the concentration and the temperature influence the thermal conductivity
of the nanofluids. It was found that the heat conductivity increasethdyncrease othe
concentration and the temperature as well in ramyestigatedas the table below shows it.

Table for Thesis 2.

Nanofluid | Concentration Temperaturg Enhancemset

vol% (K) ratio %

0.0166 324 5.76

302 1.53

CeQr- 0.0333 324.5 8.58
water 305.5 3.52
0.066 324 14.69

303 4.15

0.01667 325 4.3

WOs- 300 1.14
water 0.0333 325 11.17
300 4.03

327.5 10.06

Cu-water . 307 2.4
0.02 324.25 12.89

307.5 6.33
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6. OPERATION OF THE SOLAR THERMAL COLLECTOR WITH NANOFLL

6.1.Introduction
In this chapter, the energy efficiency of solar collectors using nanofluids is discussed. At the first
part, the experimental results for the outlet fluid temperature are preskfeedhat, the absorbed
heat energy is calculated and shown. Finally, the energy efficiency, which calculated based on the
first law of thermodynamics, is expressed. A discussion about the reasons for these results is given.
The results shown in this gacan be divided based ofable (6.1). Table (6.1) shows the
concentration of the nanofluids used in each collectoildble (6.1), five different cases are
observed. Two cases were done for the flat plate collectohesel ¢ases were performed for the
evacuated tube solar collector. Three different nanofluids were used such asvai&Q
WOzs/water, and Cu/water.

Table(6.1): Concentration of the nanofluids used in each collector
Nanofluids | Nanofluid concentration in Flat plat Nanofluid conentration Evacuated

collector tube collector
CeQ/water | 0.0167%, 0.0333% and 0.0666% | 0.015%,0.025% and 0.035%
WOs/water | 0.0167%, 0.0333% and 0.0666% | 0.014%, 0.028%, and0.042%
Cu/water 1g/L,2g/Land 3g/L

6.2.The temperature difference
The outlet temperature tie fluid is one of the main points that researchers and users are focusing
on it. Always, users of the solar collectors ask how many temperature degrees can be added if the
nanoparticles added to the base fluid. The temperature difference betweendrdetlanhas a
remarkable indication about the performance. Hence, special care was given to find it. The inlet
and outlet temperature were measured in each run usifgOPthermal resistance. Then the
difference was calculated. The concentration of tieparticles in the base fluid and the volume
flow rate of the fluids affects the values of the temperature difference. The temperature difference
between different concentrations of Cefater nanofluids is shown ifigure (6.1). Three
different concentrigons of 0.015%,0.025% and 0.035% besides water were chddlesd. flux
valuesof the fluids was adjusted at 0.013, 0.015, and 0.017 kig/$hm values of the temperature
difference for water were 6.7, 5.95, and 3.1for mass flux valuesf 0.013, 0.015and 0.017
kg/s.n¥, respectively. The values raised to 8, 6.9, andr6v@hen the volume fraction of Ce®
water nanofluid was 0.015%. A great boost was observed for the volume fraction of 0.025% of the
nanofluids to be 8.23, 7.17, and 6)58The maxinmm enhancement of the temperature difference
was found for the volume fraction of 0.035% to reaches8.6, 7.4, andniaky flux valuesf
0.013, 0.015, and 0.017 kg/g,mespectively.

For WGs-water nanofluids, the values of the temperature differenadifferent concentration of
the nanofluids at differentnass flux valuesare presented ifrigure (6.2). The temperature
difference for the fluids for thenass flux valuef 0.013 kg/s.raraised from 7.8 to be 8.6,8.9,
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and 9.53 for the nanoparticles concentrations of 0.014%,0.028%,and 0.042% , respectively. In
additions, For thenass flux valuef 0.015kg/s.nt, the values decreased to be 6.5, 7,7.2,)7.8

for water and the nanoparticles concentraiof 0.014%,0.028%,and0.042%, respectively. The
lowest values of temperature difference was observed fondiss flux valuef 0.017kg/s.nf to

be 6.1,6.5,6.7, 7 for water and the concentrations of 0.014%,0.028%,and0.042%, respectively.
Moreover when copper nanoparticles were used to prepare the nanofluid an increase in
temperature was found comparing to water. iHoeeasdn ratio was shown ifrigure (6.3). At

the flow rate of 0.6 L/min, ththe increase afatio was 17 %, 29%, and 40% for the cemication

of 0.01%, 0.02%, and 0.03%, respectively. These ratios were risen to 19%, 34%, and 42% for the
concentration of 0.01%, 0.02%, and 0.03%. The maximum ratios were noted for the flow rate of
0.8 L/min to be 21%, 38%, and 51% % for the concentratio.01%, 0.02%, and 0.03%,
respectively.

The main role in improving the temperature difference throughout the solar collector was played
by the enhancement of the thermal conductivity. Hetlee,answer should beearched to the
guestion of why the therrheonductivity augment when nanoparticles added. Basdi®study,

the first reason was the Brownian motion, which indicates to the random movement of
nanoparticles inside the base fluid. These motions make a collision between the nanoparticles itself
and with the fluid molecules which increases the heat energy transfer inside the fluid. The
Brownian motion develops more thermal diffusiéigure(6. 4) expl ains how t he
Brownian motion takes place. The second reason is the interfacia{N&yeolayer). This layer is

known collision as the layer between the solid nanoparticles and the liquid molecules, which work
as a bridge to move the heat enerflye method, which assists the Ndager to enhance the
temperature rate, is shownhigure (6.5). The interfacial layer has a remarkable effect especially

in metal nanoparticles more than metal oxides nanoparticles as the metal nanoparticles have more
free electrons in its outer orbit. The free electrons aid to raise the heat transfer theugh th
nanoparticles and transmit it to base fluids. Based on that, it was concluded that the more
nanoparticles added to the base fluids the higher values of temperature difference were obtained.
Moreover it was found that temperature difference is higbethelower volume flow rate as in

that case the fluids were exposed to solar energy for more time.
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Figure (6.1): Temperature difference for water Ceanofluids
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Figure (6.2): Temperature difference for water W@anofluids
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Figure (6.3): The increas of the temperature difference using copper nanoparticles

Figure (6.4): The Brownian motion of the nanoparticles in the base fluids
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Figure (6.5): Nano layer of the nanopatrticles in the base fluids

6.3.The useful Heat energy
The aim of this work is to aptify the heat energy absorbed by the collector. Based on Equation
(3.3), the useful heat gain depends on the thermal properties of the fluid such as the density and
heat capacity, in addition to the temperature difference. The effect of temperatuendéferas
explained in the previous part of this work. It was observed that the density of the fluid increases
with adding more nanoparticles as the nanoparticles' density is generally more the base fluids as
shown inTable(6.2), (6.3) and(6.4). The heatapacity of base fluid is more than the nanopatrticles
so the heat capacity for the nanofluid mixturdoiser than the based fluids. An example of the
density and heat capacity is showrTables(6.2), (63), and (64). Table(6.2) shows the density
and feat capacity for W@ powder, water, and Wfwater nanofluids with different
concentrationsTable (6.3) shows the density and heat capacity for £p@vder, water, and
CeQJ/water nanofluids with different concentratiohoreover Table (6.4) showspropertes of
copper nanoparticles and water at 300 K.

Table(6.2): Properties of water and nanofluids300 K

Nanofluid (volume fraction) # (J/kg.K) ” (kg/n)
WO:; (powde) 315 7160
Water(base fluid) 4180 998
WOs/water (0.014%) 4176.12 998.86
WOs/water (0028%) 4172.25 999.73
WOs/water (0.042%) 4168.38 1000.59
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Table(6.3): Properties of water and nanofluias300 K

# (J/kg.K) " (kg/m)
CeQ Nanopowder 460 7220
Water 4180 998
CeQ-water (0.015%) 4176 998.9
CeQ-water (0.025%) 4173.4 999.5
CeO-water (0.035%) 4170.7 1000.1

Table(6.4): Properties of copper nanoparticles and water at 300 K

# (Akg.K) | 7 (kg/m?) AW/mM.K)
Copper 385 8940 400
Water 4180 998 0.61

However, the increase in temperature difference and in density is maoréhe decreasing in the
heat capacyt Hence, usefulémat energy is enhanced with nanofluidsthis work, the useful heat
gain was calculated for three different nanofluids 3M@ter, CeQwater, Cu/water.

The heat gain by the evacuated tube solaectil at is shown ifrigure (6.6) and the
Tableinside theFigure. The heat gain values are 417W, 431W, and 439Weahass flux value
of 0.013kg/s.nt, 0.015kg/s.n? and 0.017kg/s.n¥, respectivelyor water as a working fluid. If an
amount of 0.014% diVOs is added to water the heat gain is raised to 441W, 459W, and 478W at
mass flux valuef 0.013kg/s.nt, 0.015kg/s.n? and 0.01kg/s.n?, respectively. Higher values of
the heat gain are registeréat the 0.028% volume fraction of Wnanoparticles tod 451W,
480W, and 499 W ammass flux valueof 0.013 kg/s.nf, 0.015 kg/s.nf and 0.017kg/s.nf,
respectively. The highest values of the heat gains are listed for 0.042% volume fraction of WO
nanoparticles at 469W, 511W, and 524Wifaass flux valuef 0.013kg/s.nt, 0.015kg/s.n? and
0.017kg/s.nt, respectively. The hegfain increases by 23% when \W@anoparticles were used.

As shown inFigure (6.7), the useful heat gain values are 38, and 397 watts for waterragass

flux valuesof 0.013, 0.015 and 010 kg/s.m, respectivelyFor theusing CeQ@ nanoparticles with

a volume concentration of 0.015%, the useful fyza in the evacuated tube solar collector
increasedrom 447 watts and 461watts miass fluxvaluesof 0.013 kg/s.rhand 0.015 kg/s.f
respetively to be 475 watts at theass flux valuef 0.017 kg/s.rh Moreover it is found that

with the increase d€eQ nanoparticles to be 0.025% the values of the useful heat transfer raise to
be 478,494 and 513 watts at thass flux valuef 0.013 kg/s.r, 0.015 kg/s.rhand 0.017 kg/s.f
respectively. The maximum values of useful heat gain in the evacuated solar collector are 493,515
and 535 watts for thenass flux valued.013, 0.015 and 0.017 kg/€,mespectively when the
volume fraction of nanoparties is 0.035%. Hence, the minimum increase of heat gain is 19% for
the volume fraction of 0.015% at 0.013 kg/&.Mhe maximum rise of heat gain is 42.3% for
volume fraction of 0.035% at 0.017 kg/$.m
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Figure (6.8) shows the heat energy absorbed by theuatad tube solar collector for both water

and the different concentration of copper/water nanofluids. It is obvious that using copper
nanoparticles boost up the provided heat energy by the solar collector and this is the main concept
of this work. The valas of the provided heat energy developed from 417 W for water to be 451
W, 539 W, and 584 W for the concentration of 1 g/L, 2g/L, and 3g/L, respectively at the flow rate
of 0.6 L/min. When the flow rate was raised up to 0.7 L/min the provided emeogso\er
developed up to 428W, 488 W, 574 W, and 609.6 W for water, 1 g/L, 2g/L, and 3g/L, respectively.
The highest values of the provided energy were found at the greatest values of the flow rate of 0.8
L/min, as they were 441 W, 520 W, 612 W, and 699 W fotewal g/L, 2g/L, and 3g/L,
respectively.

Figure (6.6): The heat energy absorbed for water and nanofluids at different concentration of
copper/water nanofluid W4DNater Nanofluid
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