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ABSTRACT
The present study is performed experimentally to determine the performance of a ﬂat-plate solar
collector and evacuated tube solar collector with using nanofluid. Three different nanoparticles are
applied during the presented work WO3, CeO2, and Cu. These nanoparticles are used with different
volume concentration. All the experiments are done under different mass flux values of the fluid.
All nanofluids are prepared with new methods. The stability check of nanofluids is performed with
the help of zeta potential measurements apparatus. The thermal conductivity of nanofluids is
measured with transient plate source methods. The effect of using nanofluid on the area of the
collectors is calculated. Based on the presented work, the flat plate solar collector maximum
efficiency increases up to 13.48% compared with pure water when WO3/water is investigated. The
stable CeO2/water nanofluid enhances the performance of the flat and plate solar collector with a
maximum value of 10.74%. The evacuated tube solar collector is tested with the CeO2/water and
WO3/water nanofluid and the results show that the collector thermo-optical efficiency increases
up to 34% and 19.3%, respectively. The performance of the solar collector with copper/water
nanofluid is shown an increase in the thermo-optical efficiency to 0.83. The needed area of the
collector can be decreased with 34% for the application of the copper/water nanofluid. The present
work shows that 312 kg of CO2 could be saved per year when copper nanoparticles are used in the
collector. Moreover, the copper nanoparticles reduce the payback period up to 30.8%.
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NOMENCLATURE
Nomenclature
A area of the solar collector (m2)

α

Cp
FR

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

ηi
𝜌

GT

φ

ṁ

Solar radiation normal to the collector
(W/m2)
The thermal conductivity of nanofluid
(W/m.K)
The thermal conductivity of the base fluid
(W/m.K)
The thermal conductivity of nanoparticles
(W/m.K)
Mass ﬂow rate of nanoﬂuid (kg/sec)

Ta

Ambient temperature (K)

Ti

Collector inlet temperature (K)

To

Collector outlet temperature (K)

Qu

Useful heat energy rate (W)

𝑘𝑛𝑓
𝑘𝑏𝑓
𝑘𝑛𝑝

The absorbance of the evacuated
tube
Instantaneous efﬁciency
Density (kg/m3)
The volume fraction of
nanoparticles

Subscripts
bf
nf
np

Base fluid
Nanofluid
Nanoparticles

Abbreviations
DSC
TCR
CPBT
ACER

UL Overall coefﬁcient of heat loss (W/m2.K)
V ∙ Volume flow rate (L/hr)
Greek symbols
τ the transmittance of the collector glass

EPBT
EYF
GNP
SPP
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Differential scanning calorimeter
Temperature
coefficient
resistance
Carbon payback time
Annual certified emission
reduction
Energy payback time
Energy yield factor
Graphite nanoparticles
Simple payback period

of
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CHAPTER 1: OBJECTIVE

1. OBJECTIVE
The main objective of this thesis is to increase the thermal performance of different types of
solar collectors by using nanofluids. Several types of nanoparticles were used. Different
concentrations of these nanofluids were prepared. The aim of the experiments performed was to
find out the outlet fluid temperature, the increase in absorbed energy. The heat removal factor of
the collectors is reported in this work, energy efficiency is calculated for nanofluids and water
cases. The economic effect of using nanofluids instead of natural fluids is studied. The
environmental impact of the nanofluid is demonstrated. To achieve this, the following subtasks
were defined:
● Searching for non-used nanoparticles to put them under test.
● Finding new chemical methods to synthesis these un-used nanoparticles such as WO3
CeO2, and copper with water. Moreover, find new techniques to increase the stability
of other nanoparticles.
● Checking the stability of the nanofluids with different methods such as the zetapotential and eye check after a certain time.
● Measuring and calculating the thermal properties of the nanofluids like thermal
conductivity.
● Design a test rig to make the necessary measurements.
● Collecting the measurements of fluid temperature, flow rate, solar radiation, and
ambient temperature for all nanofluid studied.
● Calculating different variables using self-made programme Microsoft Excel.
● Drawing the relations to expresses the performance of the solar collector based on the
standard.
The presented work 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 nanoparticles, which there isn’t data about how to
synthesis it with water and it was not used in thermal energy application. One contribution is to
find out a chemical method to prepare WO3, CeO2, and copper nanofluids. Furthermore, to test its
effect on the thermal efficiency of the solar collector. Other novelty 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 one of the interests
throughout the presented work. The environmental impact of using nanofluids as the working fluid
in the solar collector is clearly discussed.
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2. LITERATURE SURVEY
2.1. Introduction
Solar energy is one of the most important types of renewable energy. It is clean, unlimited,
environmentally friend energy. The utilization of solar energy is considered the backbone of
sustainable development. Therefore, many research centers focus on developing the utilization of
this type of energy, but many obstacles stop this effort. The main type of barriers prevents that
work is the high cost of utilization the solar thermal energy compared to other types of energy and
the low solar radiation in many countries. As a result, this current work is trying to resolve these
obstacles. The proposed solution relies primarily on the use of nanofluids as a working fluid rather
than traditional types of thermal fluids. Nanofluids are special mixtures, they contain nanoparticles
and base fluid forming a kind of suspension. The nanoparticles have a diameter lower than 100nm.
Nowadays, scientists believe that this era is the nanomaterials era [1]. Many papers were performed
to explain the preparation and techniques for synthesis practices of nanomaterials. A survey about
the related, previous studies and papers about solar collectors with nanofluid as a working fluid is
presented in this part.

2.2. Literature review
In this chapter, a survey of past research work about the increase of the efficiency of solar
collectors with nanofluid and inserted elements are presented. This survey is divided into three
sections. The first section is about the thermal properties of the nanofluids such as thermal
conductivity and the specific heat capacity of nanofluid. The different methods of checking them
and the main factors affecting them. The second section 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 directly effects on
the performance of heat transfer systems. Solar collectors are one of these systems, which have
undergone a revolution as a result of using the nanofluid. In that part of the work, there are
presented different methods and techniques for determining the thermal conductivity and the heat
capacity of the nanofluids. The experimental methods and the numerical models are used in the
literature to find the mentioned thermal properties. Besides that, papers are referred to where the
main factors affecting these properties were unveiled.

2.2.1.1.

The thermal conductivity of nanofluid

Thermal conductivity plays the main role in the convective heat transfer, so in solar heating
applications as well. Based on that, researchers tried to find a model to estimate the thermal
conductivity. The models can be divided into two groups (i) static and (ii) dynamic. The static
models are preferred when the fluid does not move while the dynamic is used for the moving fluid.
2-8
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The Maxwell model is the most used model for estimating the thermal conductivity of the
nanofluid as equation (2.1). Another attempt was done by Hamilton and Crosser [2] as equation
(2.2). In Hamilton and Crosser’s model equation the shape of the nanoparticles was studied. The
value of “n” mainly depends on the shape of the nanoparticles, for example, n=3 for spherical
nanoparticles. By adding the effect of the nanolayer to the Maxwell model, Yu and Choi [3]
expressed another equation for the thermal conductivity of the nanofluid. Considering of the
Brownian motion and the aggregation structure of nanoparticle clusters effect on the Maxwell
model was done by Xuan et al. [4] and a new equation was established. The combination of the
static and dynamic thermal conductivity of the nanofluid was modelled by Koo and Kleinstreuer
[5].
𝑘𝑛𝑓
𝑘𝑏𝑓

𝑘𝑛𝑓 = 𝑘𝑏𝑓

=

𝑘𝑛𝑝 +2𝑘𝑏𝑓 +2φ(𝑘𝑛𝑝 −𝑘𝑏𝑓 )
𝑘𝑛𝑝 +2𝑘𝑏𝑓 −φ(𝑘𝑛𝑝 −𝑘𝑏𝑓 )

[𝑘𝑛𝑝 +(𝑛−1)𝑘𝑏𝑓 −(𝑛−1)φ(𝑘𝑏𝑓 −𝑘𝑛𝑝 )
[𝑘𝑛𝑝 +(𝑛−1)𝑘𝑏𝑓 +φ(𝑘𝑏𝑓 −𝑘𝑛𝑝 )]

(2.1)
(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 conductivity such as the temperature, the surfactant, particle
size…etc. Several measurement techniques were applied such as transient line heat source method
(hot wire), thermal constants analyser techniques, steady-state parallel plate method and 3ω
method. Zhu et al. [6] and Jiang et al. [7] used thermal constants analyser techniques to test the
thermal conductivity of Al2O3-water and carbon nanotube, respectively. Żyła[8] used a KD2 Pro
Thermal Properties Analyser which follows the transient line heat source method to measure the
thermal conductivity of (Y3Al5O12–Ethylene glycol) nanofluids. Hwang et al. [9] used a
transient hot-wire method to measure the thermal conductivity of nanofluids: multi-walled carbon
nanotube in water, CuO in water, SiO2 in water, and CuO in ethylene glycol. Li et al [10] used a
Hot Disk Thermal Constants Analyser to find the thermal conductivity of Cu/water nanofluid.
Buonomo et al. [11] Used the nano-flash technique to find the thermal conductivity of nanofluids.
Sinha et al [12] applied a guarded hot parallel-plate method and dynamic tests to make a
comparison between the iron and copper nanofluids. Their results presented that copper nanofluids
had more thermal conductivity compared to iron nanofluids.
Das et al. [13] prove that the thermal conductivity of Al2O3-water decreased with the using of
SDBS as a surfactant. Teng et al. [14] found that the smaller particles and a higher temperature
increased the thermal conductivity of (Al2O3)/water nanofluids. Nemade et al. [15] studied the
effect of probe sonication time on the thermal conductivity of CuO/water nanofluid. The higher
sonication time gave higher thermal conductivity. Patel et al. [16] used transient hot wire
equipment as well as temperature oscillation equipment to check the thermal conductivity. They
found that the metallic nanofluids had higher enhancements comparing to oxide type nanofluids.
Feng et al. [17] said that the nanolayer which surrounds the solid particles and the clusters
appeared by nanoparticles' aggregation has a significant effect on the thermal conductivity of
2-9
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nanofluids. Kim et al. [18] studied the effect of different shapes of water-based bohemite alumina
on the stability and the thermal conductivity (shapes brick, platelet, and blade). Timofeeva et al.
[19] found that the interfacial area of larger particles played a role to enhance the thermal
conductivity of the nanofluid. Garg et al. [20] found that the thermal conductivity of multi-wall
carbon nanotube-based aqueous nanofluids enhanced until a certain sonication time and then it
decreased. Gu et al. [21] studied the effect of the aspect ratio of different nanowire on its thermal
conductivity. Abbasi et al. [22] checked the effect of functionalization method on the thermal
conductivity of hybrid nanofluid. Trinh et al. [23] proved that the Hamilton–Crosser model is the
most suitable for obtaining the thermal conductivity of hybrid nanofluid because the Hamilton–
Crosser's model could be applied for spherical particles and other shapes. Afrand [24] submitted a new
correlation to find out the thermal conductivity of the hybrid nanofluid.
Finally, the International Nanofluid 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. The result of that article had been done in over 30 organizations worldwide. They used a
variety of experimental test methods such as the transient hot-wire method, optical methods, and
steady-state methods. Based on that in the current work, the Maxwell model is used – see equation
(1.1) – for calculation the thermal conductivity of the nanofluid.

2.2.1.2.

The specific heat of nanofluid

The energy (heat) calculations depend on the fluid heat capacity so this part of the work was
added. As all the thermal properties of the nanofluids, the heat capacity of the nanofluid attracted
the researchers. The main instrument used for getting the heat capacity of the nanofluid is different
types of differential scanning calorimeter (DSC) as Starace et al. [26]. The first theoretical model
used to find the specific heat capacity was done by Pak and Cho [27] based on the mixing theory
of ideal gas and shown in equation (1.3). Xuan and Roetzel [28] proposed a model based on
thermal equilibrium as shown in equation (1.4) and the density was expressed in equation (1.5).
Experimental work was done by Hanley et al. [29] on heat capacities of water-based SiO2, Al2O3
and CuO nanofluids to valeted the best model. Based on their work, the Xuan and Roetzel model
is preferred. Moreover, the same conclusion was found by Murshed [30]. Pandey and Nema [31]
found that the heat capacity of Al2O3/water mixture decreased up to 20% comparing to water. Ho
and Pan [32] increased the heat capacity of Molten Hitec Salt using Al2O3 nanoparticles. (Base
fluid has lower heat capacity than nanoparticles.) Saeedinia et al. [33] showed that the engine oil
heat capacity goes down when CuO nanoparticles concentration the increase of. When Graphite
was added to poly-alpha olefin, the heat capacity of nanofluids increased up to 50% as Nelson et
al. [34] reported.
C𝑛𝑓 = Cp (φ) + Cbf (1 − φ)
(ρCp )nf = (ρCp )np (φ) + (ρCbf )bf (1 − φ)
2-10
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where,
ρnf = ρnp (φ) + ρbf (1 − φ).

(2.5)

2.2.2. Flat plate solar collector
There are several types of solar collectors. The flat plate solar collector is the most used solar
energy-based device that converts solar energy for usable heat (absorbs solar radiation through its
body then carries the absorbed heat to the working fluid for the increase of its temperature). The
efficiency of flat plate solar collectors relies on many factors such as solar radiation intensity,
environment conditions (temperature, wind, sky etc.), materials and design of collector as well as
the working fluid type and mass flux values. The following part focuses on the flat plate solar
collector as it is the most used type of collectors therefore part of this study performs work on it.
A summary of studies about the usage of the nanofluids in the flat plate collectors are given in
Table (2.1.).
Table (2.1.): A summary of experimental studies on solar collectors using nanofluids
Nanopa
Volume (weight)
Authors
Nanofluid type
rticle
Remarks
fraction
size
Al2O3/ water
0.1 and 0.3 vol%
Said et al.
13 nm - Efﬁciency enhanced by
83.5% using 0.3 vol%
[35]
- Efﬁciency enhanced up to
28.3% using nanofluid with
0.2 wt%.
Youseﬁ et al.
Al2O3/water
0.2 and 0.4 wt%
15 nm
- Efficiency greater by
[36]
15.63% using Triton X-100
as a surfactant.
0.2 and 0.4 vol%
Faizal et al.
SiO2/water
15 nm - Efficiency greater by 23.5 %
[37]
Moghadam
CuO/water
0.4 vol%
40 nm - Efﬁciency raised by 16.7%
et al. [38]
- Particle loading and using
0.2 and 0.4 wt%.
10–30
Youseﬁ et al.
MWCNT/water
surfactant enhances the
nm
[39]
efficiency
0.01- 0.2 wt%
25 and - Efficiency enhancement up
Cu/water
He et al. [40]
50nm
to 23.83%
- Efﬁciency increased
Meibodi et
SiO2/ EG-water 0.5,0.75, and 1 vol%
40nm
approximately between 4
al. [41]
and 8%.
- About 24% increase in
Jamal-Abad
Cu/water
0.05and 0.1 wt%
35 nm
efficiency
et al. [42]
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Faizal et al.
[43]

Al2O3/water

0.2 and 0.4wt%

15 nm

Said et al.
[44]

TiO2/water

0.1 and 0.3vol%

21 nm

Said et al.
[45]

SWCNTs/water

0.1 and 0.3 vol%

Polvongsri
and
Kiatsiriroat
[46]

Ag/water

1,000
and 10,000 ppm

Ahmadi et
al. [47]

Graphene/water

Devarajan Al2O3, CuO, and
ZrO2
and
Munuswamy (water as base
fluid)
[48]
Jeon et
al.[49]

Gold Nano-rods
suspensions

Verma et
al.[50]

Graphene, CuO,
Al2O3, TiO2,
SiO2, MWCNTs
(water as base
fluid)

Noghrehaba
-di et al.[51]

SiO2/water

Vakili et
al.[52]

Graphene/water

0.01and 0.02 wt%

0.2 and 0.4 wt%
gold Nano-rods
dispersed in three
plasmonic
nanoﬂuids are 1.85,
2.65 and 5.17

0.25-2 vol%

1wt%
0.0005, 0.001 and
0.005 wt%

2-12

- Collector size can be
decreased up to 24% by using
nanofluid instead of water.
-Efﬁciency enhanced
by76.6%

D = 1–
- Remarkable enhancement in
2 nm
both energy and exergy
L = 1–3
efficiencies.
µm
20 nm

-Solar collector performance
enhanced by using nanofluids

thickness
lower - Thermal efﬁciency greater
than by 18.87%.
100nm
- Efficiency for nanofluids
having Al2O3, CuO, ZrO2, and
40nm
water was 55, 51.3,47, and
38%, respectively.

16 nm

- Solar thermal collectors
performance was enhanced
using plasmonic nanoﬂuids.

From
7nm to
45nm
differ
from
materia
l to
another

- Maximum efficiency
enhancement (compared to
water) was 23.47% obtained
by MWCNTs/water, and the
minimum was 5.74% for
SiO2.

12nm

-Thermal efficiency was
enhanced by using nanofluids.

diameter
- Enhancement of efficiency
2μm and
up to 33% by using 0.005
thickness
wt% nanofluid.
of 2nm
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Vincely and
Natarajan
[53]
Kim et
al.[54]

Graphene
oxide/water
Al2O3/water

0.005, 0.01 and 0.02
wt%.

300 nm

0.5,1,1.5 vol%

20,50
and
100nm

Verma et
al.[55]

MgO/water

0.25, 0.5, 0.75, 1.0,
1.25, and 1.5 vol%

40 nm

Owolabi et
al.[56]

Fe/waterpropylene glycol

0.5 wt%

40 nm

Goudarzi et
al. [57]

CuO/water

0.1, 0.2 and 0.4 wt%

40 nm

Munuswamy
et al. [58]

Al2O3/water and
CuO/water

0.2 and 0.4 vol%

40nm

Al2O3/water

volume
concentrations,
0.1% ,0.3%

lower
than 20
nm

Syam
Sundar [59]

Hawwash et
al. [60]

Alumina
nanofluids

0.1–3%
volume fraction

Farzad et al.
[61]

TiO2/water and
CuO/water

0.99-3.16%
volume fraction

Al2O3/water

0.1%
volume fraction

Mohsen et
al. [62]

Farajzadeh
et al. [63]

Al2O3/ TiO2H2O

Al2O3-H2O (20 nm
0.1 wt%), TiO2-H2O
(15 nm 0.1 wt%)
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- Collector efﬁciency greater
by 7.3%
- Highest efficiency obtained
using 1vol% and particle size
of 20nm.
- Collector efﬁciency
enhancement was 9.34% for
0.75 vol%.
- Efﬁciency enhanced by 9%
using nanoﬂuid.
- Using surfactant enhanced
the maximum efﬁciency by
24.2%.
- Efficiency enhancement of
12% for Al2O3 and 7% for
CuO( at 0.4 vol%)
- Efficiency increased up to
52.80%

- The increase of the volume
fraction of the Alumina
Lower
nanofluid enhanced the
than
thermal efficiency of the solar
20 nm
collector until 0.5% volume
fraction
- CuO/water nanofluid gives
27 nm higher efficiency than
TiO2/water.
- The volume flow rate of 2
L/min was the optimum one
20 nm
and raised the efficiency of
the collector about 23.6%
- Demonstrated that by using
Al2O3 (0.1 wt%), TiO2 (0.1
Al2O3
wt%) and the mixture of these
(20 nm)
two nanofluids, the thermal
TiO2
efficiency increased up to
(15 nm)
19%, 21% and 26%,
respectively
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2.2.3. Evacuated tube solar collectors
Nowadays, evacuated tube collectors are more preferable types of solar collector in new
installations. They have a tubular absorber, which makes them more preferred and exceptional at
low radiation conditions such as in Europe. Kalogirou [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 be replaced easily. Morrison [65] reported that the evacuated tube solar collector
is much better for the unfavourable weather condition. Zambolin [66] and Ayompe et al. [67]
held comparison between the evacuated tube solar and the flat plate. According to their work, the
flat plate solar collector has lower efficiency than the evacuated tube solar collector has. Tong and
Cho [68] performed attest between the heat pipe and the U-tube evacuated tube solar collector.
They found that the efficiency for the heat pipe evacuated tube solar collector was enhanced up to
8% comparing with the efficiency of the U-tube evacuated tube solar collector. Sabiha et al. [69]
proved that the average increase of outlet temperature for the using evacuated tube solar collector
is more than the flat plate solar collectors by 25-40%. The effect of using different type nanofluids
on the efficiency of the evacuated tube solar collectors was studied through many papers. Hussain
et al. [70] added Ag and ZrO2 to water. Based on their work the evacuated tube solar collector
showed higher efficiency with Ag nanofluids than ZrO2 nanoﬂuids. Several papers studied Al2O3
nanofluids such as Al-Mashat [71] and Ghaderian [72] who found that the efficiency of the
collector was enhanced by 28.4% and 25.6%, respectively. Liu et al. [73] applied CuO nanofluid
as the working fluid of an evacuated tubular solar air collector. Another examination was done by
Lu et al. [74] and Javad et al. [75] to test the efficiency of the evacuated tubular solar air collector
with CuO nanofluid. They found that efficiency was increased up to 14% and 30%, respectively.
Mahendran [76] tested the collector when TiO2 nanoﬂuid was the working fluid. They found that
the collector efficiency greater by 42.5%. A comparison between using TiO2 and carbon nanotube
nanofluids in the collector was held by He et al. [77]. They relived that carbon nanotube nanofluid
had higher efficiency than TiO2 nanofluid. Chougule et al. [78] showed that the efficiency of the
evacuated tube solar collector using Carbon nanotube nanoﬂuid was increased up to 90.7%. The
graphene nano-platelets nanoﬂuid was tested by Soudeh et al. [79]. Their work showed that the
evacuated tube solar collector thermal efﬁciency enhanced to 90.7%. Hussain et al. [80] stated
that Ag nanofluids had higher efficiency compared with ZrO2 nanofluid. Sabiha et al. [81] and
Mahbubul et al. [82] increased the evacuated tube solar collector efficiency using single-walled
carbon nanotube. Ozsoy et al. [83] found that the heat pipe evacuated tube solar collector
efficiency increased up 40% with adding silver nanoparticles. Kaya et al. [84] used ZnO/Ethylene
glycol-pure water as the working fluid, hence the efficiency of a U-tube evacuated tube solar
collector increased up to 26.4%. Yan et al. [85] enhanced the heat transfer in the evacuated tube
solar collector by adding SiO2 nanoparticles to water.
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3. EXPERIMENTAL METHOD
3.1. Introduction
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 preparation methods are expressed. The 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 nanoparticles, the synthesis of
them with the liquid, the factors affecting the mixing process and the checking method for the
stability. Hence, a detailed discussion about all these factors is presented in the next parts.

3.2.1. Nanoparticles
Nanoparticles are the particles with a diameter lower than 100nm. The most used types in heat
transfer application are metallic or metal oxides. Nanoscale particles have the main thermal
properties of the bulk material with small size. Therefore, the nanoscale is easier to move with
fluids. When one uses nanoparticles, which aren’t dissolved in base fluids, but these particles
engineered colloidal suspensions liquid. In the presented work, the used metallic oxides
nanoparticles are Tungsten trioxides (WO3) and Cerium oxide (CeO2). All these have high purity
moreover, and the shape of them are spherical. The size of these particles is shown in Table (3.1).
Other types of nanoparticles are metallic nanoparticles, which has a higher thermal conductivity.
Copper is chosen in this study. Highly purity spherical shape of these metallic nanoparticles
applied in the present study. The features of these particles are shown in Table (3.1). 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 noted that the density of
nanoparticles is more than water. The heat capacity of water is more than nanoparticles. However,
the thermal conductivity of nanoparticles is more than water.
Table (3.1): nanoparticle’s features
Average
Nanoparticle Purity
particles
name
size (nm)

Shape

Thermal
conductivity(
W/m.K)

Heat
capacity(J/
kg.K)

Density(kg
/m3)

16

315

7160

12

460

7123

401

385

8940

WO3

99.5%

90

Spherical

CeO2

99.97
%

70

Spherical

Cu

99.9%

50

Spherical
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3.2.2. Synthesis methods
Several methods were used for the synthesis of the nanofluid. One-step method and two-step
methods are the most common ways to produce nanofluid. The difference between the methods is
that the two-step method used dry powder to mix it with the base fluid. Researchers did chemical
or mechanical techniques to mix the nano-powder and the fluid. However, the one-step method
making and dispersing the nanoparticles in the fluid is done at the same time simultaneously by
Yu and Xie [86]. The most used is the two-step method but the one-step method gave more stable
nanofluid. The chemical vapour deposition, co-precipitation oxidative polymerization, wet
grinding method and thermochemical are the most common one-step methods Gupta at al. [87].
Throughout this study work, the two-step method is applied, as it is more suitable for a large
production such as two and three litres. Another reason it is easier and don’t have a complicated
chemical process. However, stability is lower in the two-step method and many techniques were
introduced to increase the stability of the nanofluid. Plenty of experiments were done at different
ultrasonic time and specification to reach good stability. In addition, changing the PH values of
the fluid was moreover applied to raise stability. The next part discusses the steps used in each
investigated nanofluid. An example layout of the synthesis steps is shown in Figure (3.1).

3.2.3. Ultra-sonication
Ultra-sonication is a very common way for the homogenization, the dispersing, the deagglomeration and the milling of solids and fluid Yu 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 high-pressure (compression) and low-pressure (rarefaction) cycles. Ultrasonication of fluids results in different physical mechanisms. The main one is cavitation of the
fluid, which is responsible for the formation and implosion of bubbles during the low-pressure
cycle and with the high-intensity ultrasonic waves. When the volume of the bubble increases and
reaches a point where they cannot absorb more energy, they breakdown violently during a highpressure cycle. During the internal explosion, very high temperatures (approx. 5,000K) and
pressures (approx. 2,000atm) are created locally besides liquid jets of up to 280m/s velocity as
Suslick and Crum [89]. Based on that, one can imagine how the bubbles help to make the
dispersion and the fracture of solids. Moholkar et al. [90] said that the bubbles in the region of
highest cavitation intensity are subjected to a transient 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 the frequency of ultrasound waves. The intensity of ultra-sonication depends
on the electrical 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 ultra-sonication is used to break up agglomeration and promote the
dispersion of nanoparticles into the base fluid to make more stable nanofluid and to reduce the van
der Waals forces. As Mahbubul et al. [91] reported sonication of nanofluids is a helpful technique
to have more stable nanofluids 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 the ultrasonic bath,
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 probe-type device surpass an
ultrasonic bath by a factor of 1000. In this study the ultrasonic probe was used and not 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 restricted to a certain area of the probe tip and gives waves that are more concentrated.
Two different ultrasonic probes were used in this work. The first one was Bandelin, SONOPULS
HD 2200, 24 kHz output power maximum 200 W. The second one was Hielscher UP200 (200W,
26 kHz).

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

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 mainly obtained with using the zeta potential. Zeta
potential refers to electro-kinetic potential in the nanofluid. This electro-kinetic 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 in the region 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 charge. If 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 measurements
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 negative. The 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 beam 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 fluid are known. 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 to Riddick [93] if the average zeta potential values are lower than ±5 mV strong
agglomerations would occur. The threshold of agglomeration is when the values increased up to
±15 mV. By the increase of the values to ±30 mV the threshold of delicate dispersion appears. The
moderated stability is found if the values were between ±30 mV to ±40 mV. Good stability was
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shown when the values were more/lower than ±40 mV. The sign of the values may be positive or
negative depending on the type of charge is in the fluid. Based on that one can consider the stability
of nanofluid if the zeta potential measurement is not lower than ±30mV as Mahbubul et al. [91].
In the present study, the stability of nanofluid is measured by zeta potential machine (PALS Zeta
potential analyser Ver. 3.37 from Brookhaven Instruments). The employed instrument and the
results of zeta potential are illustrated in Figure (3.3) and Table (3.2) respectively. For WO3/water
nanofluid with a pH value of 8 the zeta potential measurement is -43.12 mV. Although the values
reduced to -36.19mV for the CeO2/water nanofluid at pH equals to 8. In the case of metal copper
nanoparticles added to water, the values were -31.1mV.

3.3.2. Eye check
Eye check is a common method to test the stability of the nanofluid [35-63]. Through this
check, the nanofluid is filled in a bottle without any force. Pictures for the 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 as 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 this work, several types of nanofluids were tested. Figure (3.4), (3.5), and (3.6) shows the photos
of the CeO2/water, WO3/water, and the Cu/water nanofluid, respectively. In all photos, no clear
fluid appears which means that one still has a stable nanofluid throughout this period. The period
depends on several factors such as the nanoparticles type, density, the ultrasonic time and the
surfactant. In the case of WO3 and CeO2, the period was 7 days but it reduced for copper
nanoparticles to be 24 hours only. The stability periods for different nanofluids are collected in
Table (3.2).
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Table (3.2): Synthesis methods for nanofluids
Nanoparticles

Base
fluid

WO3

water

CeO2

water

Cu

water

Concentrations
0.0167%, 0.0333%
and 0.0666%,
0.014%, 0.028%,
0.042%
0.015%, 0.025%,
0.035%. 0.0167%,
0.0333% and
0.0666%
0.006%,0.009%,0.0
15%, 0.01%,
0.02% and 0.03%

Ultrasonic
time,
amplitude

pH
value

Surfactant
s

Stability
check

75min,
50%

8

No

7 days,
-43.12 mV

90min,
50%

8

No

7 days,
-36.91 mV

1 hr, 50%

8

No

24 hr,
-31.1 mV

Figure (3.1): Layout of the Synthesis and stability check of nanofluids
(a) weight the nanoparticles,(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

Figure (3.3): Zeta potential instrument

Figure (3.4): Stability of CeO2 after 7 days of preparation

Figure (3.5): Photos for WO3/water at different times
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Figure (3.6): Nanofluid after 24 hr of preparation

3.4. Summarization of the scientific results of chapter 3
Thesis 1 ([102], [103], [104], [105] and [106])
It was found that for getting usable, stable WO3/water nanofluid one needs to apply continuous 75
minutes’ ultrasonic homogenisation, for CeO2/water nanofluid continuous 90 minutes’ ultrasonic
homogenisation needed. To reach the same result with copper/water nanofluid a two-step method
is needed: the first step of preparation is the mixing of nanoparticles with water by a centrifugal
mixer and after that 150 minutes’ ultrasonic homogenisation needed with 50% amplitude settings.
The stability of the nanofluids in point was proven by two methods: first is the repetitive naked
eye observation, the second is the systematic application of the zeta potential investigation. The
WO3/water and CeO2/water nanofluids do not show sedimentation in a 7 days’ period while the
copper/water nanofluid for 24 hours. The observed mean zeta potential for WO3/water is -43.12mV
and for CeO2/water is -36,91 mV with a little decrease in 7 days. The mean zeta potential of
copper/water nanofluid during its stability period was -31,1 mV.
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4. TEST EQUIPMENT AND MATHEMATICAL FORMULATION
4.1. Introduction
In this chapter, the equipment used to perform the study is revealed. A detailed explanation of all
component of the test rig is clarified. Moreover, mathematical formulas are discussed. All the
necessary equations are listed. The error analysis is performed based on the needed equations.

4.2. Test equipment
Two systems of solar collector have been designed including a flat plate and an evacuated tube.
The two systems are nearly the same with only change the type of collectors and the same
connections. The first part of the system is the weather measurements. The experiments were
performed in Budapest (latitude47°28′N longitude 19°03′E), measuring the solar collectors in
outdoor so the weather condition such as the ambient temperature, the wind speed and wind
direction had a very clear effect. Moreover based on ASHRAE standard 93-2003 [94] which was
followed during the test according to have very strict requirements to have reasonable results. The
ASHRAE standard 93-2003[94] are shown in Table (4.1). The conditions for the outdoor test as
the lower limit of normal solar radiation is 790 W/m2 and maximum variation with data period is
±32 W/m2. Moreover, the maximum variation of ambient temperature during the data period was
±1.5°C. The standard mass flux value is 0.02 kg/s.m2 with a maximum variation of the flow rate
of 0.002%. The inlet fluid temperature cannot be changed more than 1℃. All these standard
conditions are subject to the duration of the test period, which is 15 min. Measuring these weather
condition and ensure that the measurements are in the acceptable range is the role of the devices.
The solar radiation was measured with an LP PYRA 03 pyrometer. This pyrometer measure
between 0-2000W/m2 with a sensitivity of 100 μV/(W/m2). It has a response time lower than
30seconds according to the manufacturer, it meets the requirements of the ISO 9060 standards,
and follows the instructions defined by the World Meteorological Organization. Pt-500 resistance
thermometers as shown in Figure (4.1) measured the environmental ambient temperature. The
wind speed was measured by wind speed meter PCE-WL 1 which shown in Figure (4.2). All the
data for the weather is collected using a data acquisition system (DAQ) and can be directly shown
and saved on the system computer and web site.
Table (4.1): Instructions for testing the solar collector in outdoor condition based on [94]
Solar radiation
≥790 W/m2
maximum variation of solar radiation
±32 W/m2
Wind speed
2.2-4.5 m/s
Inlet temperature
Maximum variation of 1℃
Flow rate
Maximum variation of 0.002%
Standard max flux rate
0.02 kg/s.m2
Variation of ambient temperature
±1.5°C
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The second part of the investigated system is the test loops. The main loop contains nanofluids and
the secondary loop which is the storage loop. When one design the nanofluids loop some points
should be taken into consideration. These points minimize the loop as much as one can to reduce
the amount of the nanoparticles used. Reduce the number of valves, elbows to have smother flow
without obstacles, which may make sedimentation of nanoparticles. The loops can be shown in
Figure (4.3). As shown in Figure (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 the collector. The heat was transferred to the secondary
loop which having anti-freezing fluid (water–propylene glycol 60%-40% by weight). The
secondary loop used a pump to deliver the fluid with heat to a fan coil unit. There were used two
types of solar collectors: one is the flat plate and the other is the evacuated tube solar collector.
The specification of the collectors is shown in Tables (4.2) and (4.3). Figure (4.4) show the
different types of solar collectors used. The pumps used in the presented work are GREEN PRO
type: RS 25/4G. They have three different power 38W, 53W and 72W, the max. delivery heads
are 3, 4, and 4.5 m and they can support the temperature of the fluid until the 110℃. Figure (4.5)
show the pump used in the presented work. A plate heat exchanger was used in this work. 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 surface area of 0.42 m2. It has a fluid volume of 0.45 L.
Figure (4.6) show the heat exchanger. The flow meter was measured using fluid oscillation flow
sensor with a measurement range up to 2.5 m3/hr. The flow meter is shown in Figure (4.7). Pt-500
resistance thermometers to get the temperature of the inlet and outlet temperature of the fluid. The
Sontex Superstatic 449 Heat Meter interface was used which measure, calculate and control the
heating load as it collects and displays values of temperature and the flow rate. The Sontex
Superstatic 449 Heat Meter interface is shown in Figure (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 shown in Figure (4.9).

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

Figure (4.3): Layout of a test rig
1. Solar collector, 2. Pump, 3. Heat exchanger, 4. Flowmeter, 5. Temperature sensor
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Table (4.2): Speciﬁcations of the ﬂat-plate solar collector
Speciﬁcation
Width:
Height:
Depth:
Width module size:
Full solar surface:
Free glass surface:
Absorber surface:
Liquid space capacity:
Cover glass thickness:
Thermal insulation thickness and material:
Absorber absorption coefficient
Absorber emission factor

Dimension
1009 mm
2009 mm
75 mm
1040 mm
2.03 m²
1.78 m²
1.78 m²
1.57 liter
4 mm
40 mm rock wool
0.95
0.13

Table (4.3): Speciﬁcations of the evacuated tube solar collector
Speciﬁcation
Dimension
Width:
796 mm
Length :
2005 mm
Height:
136 mm
Gross Area:
1.59 m²
Aperture Area:
0.8 m²
Liquid space capacity:
0.31 liter
Thermal insulation thickness and material:
Average >50mm glass wool
Absorber absorption coefficient
0.93
Absorber emission factor
0.08
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Figure (4.4): Flat plate and evacuated tube solar collectors

Figure (4.5): The pump specification and controller

Figure (4.6): The plate heat exchanger
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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 efﬁciency at different conditions of incident radiation, ambient temperature, and
inlet ﬂuid temperature. In addition, experiments are done under steady-state conditions. The
instantaneous efﬁciency or energy efficiency is calculated based on the 1st law of thermodynamics
according to ASHRAE standard 93-2003 [94]. It is deﬁned as the ratio of useful energy, Qu, and
the solar energy received by the absorber plate of the collector, AcGT and it is calculated by
Equation (3.1) as follows.
Qu

ηi = A

c

(4.1)

GT

The useful heat energy rate is determined by using Equation (3.2), and can be calculated in terms
of the energy absorbed by the absorber, and the energy lost from the absorber as shown in Equation
(3).
Qu = ṁ Cp (To − Ti ) = ρ V ∙ Cp (To − Ti )

(4.2)

The useful heat energy rate can be moreover described as the difference between energy absorbed
by the absorber plate and the energy loss from the absorber as:
Qu = Ac FR [GT (τα) − UL (Ti − Ta )]

(4.3)

So the instantaneous efficiency can be expressed by Equation (4.4) or (4.5) or (4.6)
ηi =
ηi =

ρ V∙ Cp (To −Ti )

(4.4)

Ac GT
Ac FR [GT (τα)−UL (Ti −Ta )]
Ac GT

ηi = FR (τα) − FR UL (

Ti −Ta
GT

)

(4.5)
(4.6)

Equation (3.1) which defines the instantaneous efficiency is known as the Hottel-Whillier
equation. FR is known as the collector heat removal factor and is clarified by Equation (3.7),
FR = A

ṁ Cp (To −Ti )
c [GT (τα )−UL (Ti −Ta )]

(4.7)

where, ṁ is the mass ﬂow rate of the working ﬂuid. Ti is the collector inlet temperature. To is the
collector outlet temperature. Ta is the ambient temperature, GT is the global solar radiation normal
to the collector, Ac is the surface area of the solar collector, τα is the absorption-transmittance
product, and UL is deﬁned as the overall coefﬁcient of heat loss, while Cp is the heat capacity of
working fluid.
The heat capacity of the nanoﬂuid is calculated as follows Zhou and Ni [95].
(ρCp )nf = (ρCp )np (φ) + (ρCbf )bf (1 − φ)
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The density of the mixture can be evaluated according to the following Equation from Zhang at
al. [96].
ρnf = ρnp (φ) + ρbf (1 − φ)

(4.9)

Thermal conductivity of nanofluid can be estimated as the following Equation from Zhang at al.
[96].
𝑘𝑛𝑓 = 𝑘𝑏𝑓

[𝑘𝑛𝑝 +(𝑛−1)𝑘𝑏𝑓 −(𝑛−1)φ(𝑘𝑏𝑓 −𝑘𝑛𝑝 )
[𝑘𝑛𝑝 +(𝑛−1)𝑘𝑏𝑓 +φ(𝑘𝑏𝑓 −𝑘𝑛𝑝 )]

(4.10)

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

4.4. Uncertainty analysis
Uncertainty analysis is carried out to evaluate 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
uncertainty of Pt-100 sensors used for temperature measurements is ±0.1 °C. The solar radiation
meter of LP PYRA 03 has a precision of ±2%. The flow meter uncertainty is ±1.5%. The
uncertainty of the presented work can be calculated based on the following equation
𝛿𝜂𝑖
𝜂𝑖

𝛿V∙ 2

𝛿(𝑇 −𝑇 ) 2

𝛿𝐺

2 0.5

= [( V∙ ) + ( (𝑇 𝑜−𝑇 𝑖) ) + ( 𝐺 𝑇 ) ]
𝑜

𝑖

𝑇

where
𝛿V ∙ ⁄V ∙ ≤ 1.5%,
𝛿(𝑇𝑜 − 𝑇𝑖 )⁄(𝑇𝑜 − 𝑇𝑖 ) ≤ [(𝛿(𝑇𝑜 − 𝑇𝑖 )⁄(𝑇𝑜 − 𝑇))2 + (𝛿(𝑇𝑜 − 𝑇𝑖 )⁄(𝑇𝑜 − 𝑇𝑖 ))2 ]0.5
= [(0.1⁄(40))2 + (0.1⁄(31))2 ]0.5 = 0.4%
𝛿𝐺𝑇 ⁄𝐺𝑇 ≤ 2%, 𝛿𝜂i ⁄𝜂𝑖 ≤ 2.5%
Therefore, the maximum uncertainty was found at 2.5%.
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5. THERMAL CONDUCTIVITY
5.1. Introduction
Thermal conductivity is one of the most important properties of fluids used in the heat transfer
apparatus. It 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 flow. Principles the thermal conductivity of a
fluid increases it express that a larger amount of heat energy can be transferred through it and vice
versa. Hence, it is believed that higher thermal conductivity fluid leads to a higher energy transfer
from the absorber plate of the solar collector and as a result of that the efficiency of the collector
can be enhanced. When the collector efficiency gets up the performance of the collector will be
effective and the relative cost of the solar energy reduces. The offered solution in this study for
promoted the thermal conductivity of the solar collector is using nanoparticles.

5.2. Thermal conductivity of nanofluids
Throughout this work, nanoparticles are added to the base fluid. These particles are powder. The
mixing between the powder nanoparticles and the base fluid was done using an ultrasonic
homogenous mixing machine (as it was treated in chapter 3). The ultrasonic machine is known as
probe type of Bandelin, 200W and it gives 20KHz of the sound waves. These waves break the
agglomeration between 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 fluids hence, after mixing the nanoparticles with the base fluids, the thermal
conductivity of nanofluids – a mixture of nanoparticles and the base fluid – increases. Throughout
this work, three different nanoparticles were used to enhance the thermal conductivity of the
working fluid. The thermal conductivity of WO3/water and CeO2/water were measured for the first
time ever. The copper/water nanofluid was measured with new volume concentration. According
to the thermal conductivity of nanofluids is affected by the volume fraction of nanoparticles and
temperature so the thermal conductivity during this research was 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 Professor Silas Gustafson
Sweden Chalmers University of Technology [97].
The techniques of the TPS method for measuring thermal conductivity is considered a rapid and
precise technique [97]. The base of it is using a plane sensor which heated transiently. This sensor
consisted of a pure nickel pattern with spiral shape as shown in Figure (5.1), it has high electrical
conductivity. Two thin sheets of Kapton are placed at the outer sides of the sensor to insulate it.
When the temperature increases the nickel temperature coefficient of resistivity (TCR) changes so
the difference in the temperature can be accurately found. During the measurement, the
temperature of the sensor was greater by applying an electrical current. The changing in the sensor
temperature with time can be recorded 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 fluid do not
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 throughout this research






the sensor consists of concentric and equally spaced circular line heat sources
the heat capacity and thickness 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.

The manufacturer brought a programme to solve the following equation which is given by
Gustafsson [97]
𝑇(𝜏) =

𝑃
3
𝜋 2 𝑟𝑘

𝐷(𝜏)

(5.1)

where P is the input power and r is the radius of the sensor, respectively. 𝑘 is the thermal
conductivity and 𝜏 = √𝑡⁄𝜃 the non-dimensional time. Moreover, t is the real-time, and 𝜃 =
𝑟 2 ⁄𝛼 is called the characteristic time and 𝛼 is the thermal diffusivity. The shape function D(τ ) is
calculated as
1

𝜏 𝑑𝑠

𝐷(𝜏) = 𝑛2 (𝑛+1)2 ∗ ∫0

𝑠2

∑𝑛𝑙=1 𝑙 ∑𝑛𝑦=1 𝑦 𝑒𝑥𝑝 (−

𝑙2 +𝑦 2
4𝑛2 𝑠2

𝑙𝑘

) 𝐼0 (2𝑛2 𝑠2 )

(5.2)

where n is the number of concentric circular sources, 𝐼0 the modified Bessel function and s is the
integration variable
The thermal conductivity tester model SKZ1061C TPS was applied in the present study. The tester
is shown in Figure (5.2). The specification of the apparatus is shown in Table (5.1). The key part
of the tester is the sensor, shown in Figure (5.1). It is known as the hot-disk thermal constants
analyser and it has the shape of a double spiral. It is made of 20 μm thick nickel foil insulated on
both sides with 25 μm thick Kapton. According to the manufacturer it has a diameter of 6.4mm
and consists of 16 circular sources. Its resistance is about 13 Ω and the temperature coefficient of
resistance is 0.005 K−1. The other part is shown in Figure (5.2) called the control unit. The samples
were added in an insulated flux to prevent the convection heat lost as shown in Figure (5.3)

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

Figure (5.3): Principles of TPS measurements
Table (5.1): specification of SKZ1061C TPS
Test Range
Probe Diameter
Test Accuracy
Repeatability Error
Test Time
Power Supply Voltage
Overall Power Consumption
Measure Temperature range

0.005—300 W/(m*K)
15mm and 7.5mm
±5%
≤5%
5~160 seconds
AC 220V
<500W
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
𝑅(𝑇) = 𝑅0 [1 + 𝛼 𝑇𝐶𝑅 (𝑇 − 𝑇0 )]

(5.3)

where 𝑇0 is the initial temperature, 𝑅0 the initial resistance (at 𝑇0 ) and 𝛼 𝑇𝐶𝑅 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 of Experiment:
The experiments are carried out according to the following steps:








Choose the suitable probe sensor for liquids with dimensions of 30mm*30mm*7.5mm.
Prepare the fluid samples as 300mL and add it to the flux and wait until the balance in
temperature between the fluid and the flux.
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.
Immerse the probe sensor in the liquid at the flux.
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.
Running the programme and the experiment, giving the initial temperature, power and
probe sensor resistance at the initial temperature.
After that one can get the results such as: thermal conductivity, thermal diffusivity,
temperature increase, and temperature coefficient of resistance (TCR).

5.4. Water thermal conductivity results
In this part the conductivity measurement results are presented. The first part is for the validation
and the accuracy of the apparatus. Then given results for different nanofluids at different
concentration and different temperature are introduced. The range of temperature is between 300 K
and 323 K as it was the real range of solar collector experiments. The concentrations used are
moreover the same as were applied in the experiments.
Validation results
Water was investigated between 300 K and 323 K several times in the apparatus as the best results
were presented. In Figure (5.4), the measured water thermal conductivity and the calculated water
values are shown. Table (5.2) shows the error values for water measurements. The results showed
that the error range is between -0.87% at 300 K to 3.04% at 324K. The error between 304K and
309K has very low values. Moreover, it is clear that the error increases with the increase of the
temperature as Kumar et al. [98] mentioned in his paper. Generally, it can be found that a good
agreement between the measured values and the calculated values was achieved with this
apparatus. The error was calculated based on the following equation:
𝑒𝑟𝑟𝑜𝑟% =

𝐾𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 −𝐾𝑡𝑎𝑏𝑙𝑒
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Water validation
0,67
0,66

k,W/mK

0,65
0,64

water measured

0,63

water calculated

Lineáris (water measured)

0,62

Lineáris (water calculated)
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
Temperature
300
304
309
311
315
320
324

Measured values
W/mK
0.6061
0.6173
0.6247
0.6301
0.6434
0.6577
0.6632

Calculated values
W/mK
0.6114066
0.6171094
0.6244599
0.6270494
0.631684
0.6390005
0.6436068

Error%
-0.87%
0.03%
0.04%
0.49%
1.85%
2.93%
3.04%

5.5. Nanofluids thermal conductivity results
Three different types of nanofluids were tested at different volume concentration. The results were
given at different temperature. Figure (5.5) shows the results for WO3/water nanofluids. The
measured data for WO3/water comparing to water is expressed in Table (5.3). The results of
WO3/water for volume concentration of 0.0167% shows that the thermal conductivity increased
with the range of 1.14% to 4.3% for 300 K and 325 K, respectively. A higher value of increase
was observed for the volume fraction of 0.033%. The values of thermal conductivity enhanced by
4.03% for 300 K to 11.17% for 325 K. Figure (5.6) shows the thermal conductivity of CeO2/water.
The ratio of increase of the thermal conductivity is expressed in Table (5.4). The results were given
for volume fractions of 0.0167%, 0.033%, and 0.066%. For the volume fractions of 0.0167%, the
enhanced values raised from 1.015 at 302 K to 1.057 at 324.5 K. These values were going up from
1.035 at 305.5 K to 1.085 at 324.5 K. For the using 0.033% volume fraction of CeO2 nanoparticles,
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the thermal conductivity enhanced by 1.035 at 305.5 K and 1.085 at 324.5 K. The maximum
enhancement was between 1.041 and 1.146 at 303 K and 324 K, respectively, when the volume
fraction of 0.066% of CeO2 particles was applied. In the frame of this work other nanoparticles
were moreover tested, namely the copper nanoparticles as it belongs to metal nanoparticles.
Cu/water nanofluids thermal conductivity is shown in Figure (5.7) and Table (5.5). It was found
that its values are higher than metal oxides of CeO2 and WO3 for the same volume fraction. Its
increased values for a concentration of 0.01 was found between 2.04% to 10.06% at 307 K and
327.5 K, respectively. However, these values increase when a volume fraction of 0.02% was
applied. The new values are 6.33% for 307.5 K and 12.89 % for 324.25 K.
Generally, it was found that nanofluids have more thermal conductivity compared with pure water.
More increase in thermal conductivity was found when more nanoparticles are added. The thermal
conductivity of nanofluids raised with the increase in temperature. Metal nanofluids give more
enhancement in thermal conductivity compared with metal oxides. The enhanced percentage of
thermal conductivity was calculated as equation (5.5) while The Enhanced ratio of thermal
conductivity was given as equation (5.6).
Enhanced percentage%=

𝐾𝑛𝑓 −𝐾𝑏𝑓
𝐾𝑏𝑓

%

(5.5)

𝐾

Enhanced ratio= 𝑘𝑛𝑓

(5.6)

𝑏𝑓

WO3/water
0,73
0,71

k, W/mK

0,69

0.0167

0,67

0.033

0,65

water

0,63

Lineáris
(0.0167)

0,61
0,59

300

305

310

315

320

325

T, K

Figure (5.5): thermal conductivity of WO3/water nanofluid at different temperature
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Table (5.3): Enhancing of thermal conductivity for WO3/water nanofluid at different temperature
Temperature
WO3-water
WO3-water thermal
Water thermal
Enhanced
(K)
volume
conductivity
conductivity
percentage
fraction
W/mK
W/mK
325
318
313
309
307
302
300
325
318
313
310
307.5
303
300

0.6737
0.6626
0.648
0.6379
0.6347
0.6275
0.6192
0.7181
0.7002
0.6852
0.6636
0.6587
0.6463
0.6369

0.01667

0.0333

0.64590
0.637720
0.631336
0.624834
0.621806
0.615504
0.612235
0.645937
0.638042
0.630986
0.626316
0.623330
0.615500
0.612235

4.30%
3.90%
2.64%
2.09%
2.07%
1.95%
1.14%
11.17%
9.74%
8.59%
5.95%
5.67%
5.00%
4.03%

CeO2/water
0,76
0,74
0,72

0.0167

0,7

0.033

k

0.066
0,68

water

0,66

Lineáris (0.0167)

0,64

Lineáris (0.033)
Lineáris (0.066)

0,62

Lineáris (water)

0,6
300

305

310

315

320

325

T

Figure (5.6): thermal conductivity of CeO2/water nanofluid at different temperature
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Table (5.4): Enhanced ratio of CeO2/water nanofluid at different temperature
CeO2-water
Temperature
CeO2-water
Water thermal
Enhanced
volume
(K)
thermal
conductivity
ratio
fraction
conductivity
324.5
0.6826
0.645400
1.057699
320.5
0.6682
0.640570
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
0.64450
1.085818
318
0.6796
0.63740
1.066213
313.75
0.6704
0.63170
1.06129
0.0333
310
0.6566
0.62630
1.048352
309
0.6541
0.624834
1.046838
305.5
0.6413
0.61950
1.035223
324
0.739525
0.64480
1.146936
318.25
0.70805
0.63770
1.110284
314
0.6876
0.6320
1.087921
0.066
308
0.660971
0.62330
1.060387
305
0.6486
0.61870
1.048336
303
0.641075
0.61550
1.041545

Cu/water
0,74
0,72
0,7

k, W/mK

0.01
0,68

0.02
water

0,66

Lineáris (0.01)
Lineáris (0.02)

0,64

Lineáris (water)

0,62
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
Cu-water thermal Water thermal
Cu-water
Enhanced
Temperature (K)
conductivity
conductivity
volume fraction
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
0.64510
12.89%
320
0.7155
0.639947
11.81%
317.5
0.7045
0.63670
10.64%
0.02
314
0.6848
0.6320
8.35%
310.25
0.667
0.62670
6.43%
307.5
0.662
0.62260
6.33%

5.6. Comparison with the previous work

k, W/mK

Through this part, a comparison with Koo and Kleinstreuer [5] correlation and the measured
value for WO3/water with the concentration of 0.033% was held. Koo and Kleinstreue’s [5]
correlation was used as it contains the effect of temperature and the Browning motion effect.
Figure (5.8) shows the thermal conductivity measured by the department’s transient plate source
tester and values calculated based on Koo and Kleinstreuer [5] correlation at different
temperature. Table (5.6) shows the errors between the presented work values and Koo and
Kleinstreuer [5] values. It was found that the error varies between 0.09% to 0.53%. as the error
did not reach 1% so there is a good agreement between the presented experimental result and Koo
and Kleinstreuer [5] correlation.

0,73
0,72
0,71
0,7
0,69
0,68
0,67
0,66
0,65
0,64
0,63

The presented work
(WO3)
Koo and
Kleinstreuer [5]
Lineáris (The
presented work
(WO3))
Lineáris (Koo and
Kleinstreuer [5])

300

305

310

315
T, K

320

325

330

Figure (5.8): Thermal conductivity of WO3/water nanofluid
vs Koo and Kleinstreuer [5] at different temperature
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Table (5.6): Errors between the presented work values and Koo and Kleinstreuer [5]
The presented work
Koo and Kleinstreuer [5]
T
Error%
(WO3), W/mK
W/mK
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
0.717420
0.09%

5.7. Scientific results of chapter 4
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 increases by the increase of the
concentration and the temperature as well in ranges investigated as the table below shows it.
Table for Thesis 2.
Nanofluid Concentration Temperature Enhancement
vol%
(K)
ratio %
0.0166
324
5.76
302
1.53
0.0333
324.5
8.58
CeO2water
305.5
3.52
0.066
324
14.69
303
4.15
0.01667
325
4.3
300
1.14
WO3water
0.0333
325
11.17
300
4.03
327.5
10.06
0.01
307
2.4
Cu-water
324.25
12.89
0.02
307.5
6.33
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6. OPERATION OF THE SOLAR THERMAL COLLECTOR WITH NANOFLUIDS
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 presented. After that, 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 part can be divided based on Table (6.1). Table (6.1) shows the
concentration of the nanofluids used in each collector. In Table (6.1), five different cases are
observed. Two cases were done for the flat plate collector and three cases were performed for the
evacuated tube solar collector. Three different nanofluids were used such as CeO2/water,
WO3/water, and Cu/water.
Table (6.1): Concentration of the nanofluids used in each collector
Nanofluids
Nanofluid concentration in Flat plate
Nanofluid concentration Evacuated
collector
tube collector
CeO2/water
0.0167%, 0.0333% and 0.0666%
0.015%,0.025% and 0.035%
WO3/water
0.0167%, 0.0333% and 0.0666%
0.014%, 0.028%, and0.042%
Cu/water
1 g/L, 2 g/L and 3 g/L

6.2. The temperature difference
The outlet temperature of the 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 between inlet and outlet has a
remarkable indication about the performance. Hence, special care was given to find it. The inlet
and outlet temperature were measured in each run using Pt-500 thermal resistance. Then the
difference was calculated. The concentration of the nanoparticles 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 CeO2-water nanofluids is shown in Figure (6.1). Three
different concentrations of 0.015%,0.025% and 0.035% besides water were checked. Mass flux
values of the fluids was adjusted at 0.013, 0.015, and 0.017 kg/s.m2. The values of the temperature
difference for water were 6.7, 5.95, and 5.1 °∁ for mass flux values of 0.013, 0.015, and 0.017
kg/s.m2, respectively. The values raised to 8, 6.9, and 6.3 °∁ when the volume fraction of CeO2 –
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 6.58°∁. The maximum enhancement of the temperature difference
was found for the volume fraction of 0.035% to reaches8.6, 7.4, and 7 for mass flux values of
0.013, 0.015, and 0.017 kg/s.m2, respectively.
For WO3-water nanofluids, the values of the temperature difference for different concentration of
the nanofluids at different mass flux values are presented in Figure (6.2). The temperature
difference for the fluids for the mass flux value of 0.013 kg/s.m2 raised from 7.8°∁ to be 8.6,8.9,
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and 9.5 °∁ for the nanoparticles concentrations of 0.014%,0.028%,and 0.042% , respectively. In
additions, For the mass flux value of 0.015 kg/s.m2, the values decreased to be 6.5, 7,7.2, 7.8 °∁
for water and the nanoparticles concentrations of 0.014%,0.028%,and0.042%, respectively. The
lowest values of temperature difference was observed for the mass flux value of 0.017 kg/s.m2 to
be 6.1,6.5,6.7, 7.1°∁ 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. The increase in ratio was shown in Figure (6.3). At
the flow rate of 0.6 L/min, the the increase of ratio was 17 %, 29%, and 40% for the concentration
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 concentration of 0.01%, 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. Hence, the answer should be searched to the
question of why the thermal conductivity augment when nanoparticles added. Based on this 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 diffusion. Figure (6.4) explains how the nanoparticles’
Brownian motion takes place. The second reason is the interfacial layer (Nanolayer). 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 energy. The method, which assists the Nano-layer to enhance the
temperature rate, is shown in Figure (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 through the
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 higher for the lower 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 CeO2 nanofluids

Figure (6.2): Temperature difference for water WO3 nanofluids
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Figure (6.3): The increase 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 nanoparticles in the base fluids

6.3. The useful Heat energy
The aim of this work is to amplify 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 temperature difference was
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 in Table (6.2), (6.3) and (6.4). The heat capacity of base fluid is more than the nanoparticles
so the heat capacity for the nanofluid mixture is lower than the based fluids. An example of the
density and heat capacity is shown in Tables (6.2), (6.3), and (6.4). Table (6.2) shows the density
and heat capacity for WO3 powder, water, and WO3/water nanofluids with different
concentrations. Table (6.3) shows the density and heat capacity for CeO2 powder, water, and
CeO2/water nanofluids with different concentrations. Moreover, Table (6.4) shows properties of
copper nanoparticles and water at 300 K.
Table (6.2): Properties of water and nanofluids at 300 K
Nanofluid (volume fraction)
Cp (J/kg.K)
WO3 (powder)
Water(base fluid)
WO3/water (0.014%)
WO3/water (0.028%)
WO3/water (0.042%)

315
4180
4176.12
4172.25
4168.38
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7160
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998.86
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1000.59
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Table (6.3): Properties of water and nanofluids at 300 K
Cp (J/kg.K)
CeO2 Nanopowder
460
Water
4180
CeO2-water (0.015%)
4176
CeO2-water (0.025%)
4173.4
CeO2-water (0.035%)
4170.7

𝜌(kg/m3)
7220
998
998.9
999.5
1000.1

Table (6.4): Properties of copper nanoparticles and water at 300 K
𝜌 (kg/m3)
𝑘 (W/m.K)
Cp (J/kg.K)
Copper
Water

385
4180

8940
998

400
0.61

However, the increase in temperature difference and in density is more than the decreasing in the
heat capacity. Hence, useful heat energy is enhanced with nanofluids. In this work, the useful heat
gain was calculated for three different nanofluids WO3/water, CeO2/water, Cu/water.
The heat gain by the evacuated tube solar collector at is shown in Figure (6.6) and the
Table inside the Figure. The heat gain values are 417W, 431W, and 439W at the mass flux value
of 0.013 kg/s.m2, 0.015 kg/s.m2 and 0.017 kg/s.m2, respectively for water as a working fluid. If an
amount of 0.014% of WO3 is added to water the heat gain is raised to 441W, 459W, and 478W at
mass flux value of 0.013 kg/s.m2, 0.015 kg/s.m2 and 0.017 kg/s.m2, respectively. Higher values of
the heat gain are registered for the 0.028% volume fraction of WO3 nanoparticles to be 451W,
480W, and 499 W at mass flux value of 0.013 kg/s.m2, 0.015 kg/s.m2 and 0.017 kg/s.m2,
respectively. The highest values of the heat gains are listed for 0.042% volume fraction of WO 3
nanoparticles at 469W, 511W, and 524Wfor mass flux value of 0.013 kg/s.m2, 0.015 kg/s.m2 and
0.017 kg/s.m2, respectively. The heat-gain increases by 23% when WO3 nanoparticles were used.
As shown in Figure (6.7), the useful heat gain values are 376, 387 and 397 watts for water at mass
flux values of 0.013, 0.015 and 0.017 kg/s.m2, respectively. For the using CeO2 nanoparticles with
a volume concentration of 0.015%, the useful heat-gain in the evacuated tube solar collector
increases from 447 watts and 461watts at mass flux values of 0.013 kg/s.m2 and 0.015 kg/s.m2,
respectively to be 475 watts at the mass flux value of 0.017 kg/s.m2. Moreover, it is found that
with the increase of CeO2 nanoparticles to be 0.025% the values of the useful heat transfer raise to
be 478,494 and 513 watts at the mass flux value of 0.013 kg/s.m2, 0.015 kg/s.m2 and 0.017 kg/s.m2,
respectively. The maximum values of useful heat gain in the evacuated solar collector are 493,515
and 535 watts for the mass flux value 0.013, 0.015 and 0.017 kg/s.m2, respectively when the
volume fraction of nanoparticles is 0.035%. Hence, the minimum increase of heat gain is 19% for
the volume fraction of 0.015% at 0.013 kg/s.m2. The maximum rise of heat gain is 42.3% for
volume fraction of 0.035% at 0.017 kg/s.m2.
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Figure (6.8) shows the heat energy absorbed by the evacuated 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 values 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 energy moreover
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 for water, 1 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 WO3/Water Nanofluid
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Figure (6.7): The heat energy absorbed for water and nanofluids at different concentration of
copper/water nanofluid CeO2/Water Nanofluid

Figure (6.8): The heat energy absorbed for water and nanofluids at different concentration of
copper/water nanofluid
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6.4. The heat removal factor
Heat removal factor (FR) is a key factor for testing the solar collector. It can be calculated by
equation (3.7). It points out the ratio between the actual useful heat energy transferred by the
collector to the maximum available heat energy. The maximum heat energy can be transferred if
the inlet fluid temperature is equal to the ambient temperature; in that case, no heat is lost to the
surroundings. However, the heat removal factor ( FR ) calculated at the case of no loss, its effect on
the heat lost can't be neglected as it plays an important role in the increase of the outlet temperature
of the fluid. Moreover, with the increase in the outlet fluid temperature the absorber plate
temperature of the collector was raised up, hence, the heat loss with the ambient temperature gets
up.
Figure (6.9) shows the values of the heat removal factor at the different concentration of WO3
nanoparticles and at different values of the mass flux value. According to Figure (6.9), water has
the minimum values of the removal factor comparing to the nanofluids. Moreover, the heat
removal factor depends on the volume fraction concentration of the nanoparticles as the more
nanoparticles were added the more values of the heat removal factor were achieved. The heat
removal factor of water increases from 0.67 at the mass flux value of 0.013 kg/s.m2 to be 0.69 at
the mass flux value of 0.015 kg/s.m2 and it reaches the bigger value of 0.71 at the mass flux value
of 0.017 kg/s.m2. A sensible increase in the values of heat removal factor is observed at the volume
fraction concentration of 0.014% as the values are 0.71, 0.74, and 0.77 at the mass flux value of
0.013 kg/s.m2, 0.015 kg/s.m2, and 0.017 kg/s.m2, respectively. The values of the heat removal
factors for the mass flux value of 0.013 kg/s.m2, 0.015 kg/s.m2, and 0.017 kg/s.m2 are raised to
0.72, 0.77, and 0.79, respectively at the volume fraction concentrations of 0.028%. The maximum
values of the heat removal factor are found at the volume fraction concentration of 0.042% to be
0.74, 0.81, and 0.82 at mass flux values of 0.013 kg/s.m2, 0.015 kg/s.m2, and 0.017 kg/s.m2,
respectively. The ratio of the increase of the heat removal factor for nanofluids comparing to water
at the same mass flux value is between 1.05 and 1.16. The reason for that can be explained as with
higher nanoparticles concentration more heat can be absorbed as the thermal conductivity
increases.
Figure (6.10) shows different values of heat removal factor for water and different volume fraction
nanofluids. The heat removal factor values for water are 0.604, 0.622 and 0.639 at different values
of mass flux values of 0.013, 0.015 and 0.017 kg/s.m2, respectively. The values of the heat removal
factor when CeO2 nanoparticles with 0.015% volume fraction is add to be 0.719, 0.74 and 0.763
at the mass flux value of 0.013, 0.015 and 0.017 kg/s.m2, respectively. When more volume fraction
of CeO2 nanoparticles was added to be 0.025% the values of the heat removal factor rise to 0.766,
0.794 and 0.824 at the mass flux value of 0.013, 0.015 and 0.017 kg/s.m2, respectively. The
maximum values of the heat removal factor are found at the volume fraction factor of 0.035% and
these values are 0.791, 0.828 and 0.86 for mass flux values of 0.013, 0.015 and 0.017 kg/s.m2,
respectively. The maximum increase in the heat removal factor is 34.66% for the volume fraction
flow rate of 0.035% at the mass flux value of 0.017 kg/s.m2.
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Figure (6.11) shows the values of the heat removal factor for both water and copper/water
nanofluids. These values were calculated based on Equation (3.7). The heat removal factor for the
0.6 L/min volume flow rate is enlarged from 0.6 for water to 0.65, 0.78 and 0.84 for nanofluids
with the concentrations of 1g/L, 2g/L, and 3g/L, respectively. For the examining the volume flow
rate of 0.7 L/min, the heat removal factor for water was 0.62, and the values were enlarged to 0.71,
0.83 and 0.88 for nanofluids concentrations of 1g/L, 2g/L, and 3g/L, respectively. The maximum
values of the heat removal factor were found applying the volume flow rate of 0.8 L/min as 0.64,
0.75, 0.89 and 0.97 for water and copper nanofluids concentrations of 1g/L, 2g/L, and 3g/L,
respectively.
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Figure 6.9: The heat removal factor at different concentrations of WO3 nanoparticles
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Figure (6.10): Heat removal factor for water and nanofluid
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Figure (6.11): the heat removal factor for water and nanofluids at different concentration
As shown the heat removal factors for nanofluids is more than water for all investigated mass flux
values. The highest value of the heat removal factors is gone to the maximum volume fraction of
nanofluid and vice versa. Moreover, the values of heat removal factors increase with the rise of
the mass flux value. The explanation of that is by the increase of the number of nanoparticles added
to the fluid the outlet temperature of the fluid goes up which means more heat is transferred to the
fluid. On the other hand, for the higher fluid temperature lower surface temperature appears which
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leads to lower heat energy loss. Based on that, nanoparticles increase the actual energy absorbed
by the collector comparing to pure water.

6.5. Thermal efficiency
In this part, the thermal efficiency of the collector is presented against the reduced temperature
parameter, [(Ti–Ta)/GT], as an independent variable for all cases studied. According to ASHRAE
standard 93-2003 [94], a linear curve is fitted between thermal efficiency and the reduced
temperature parameter, [(Ti–Ta)/GT] as equation (4.6). The slope of the line is known as thermal
loss coefficient, [−FR UL]. The intersection with y-axis where the reduced temperature parameter,
[(Ti–Ta)/GT], is equal to zero is known as absorbed energy parameter, [FR (τα)]. The maximum
thermal efficiency is given when [(Ti–Ta)/GT] is equal to zero and in that case, the thermal
efficiency is called thermo-optical characteristic of the collector. A detailed discussion about the
effect of volume fraction of nanoparticles was done.

6.5.1. CeO2/water nanofluid as a working fluid in the flat plate solar collector
Observed values of the absorbed energy parameter, 𝐹𝑅 (𝜏𝛼), and the removed energy
parameter, FRUL, for CeO2 nanoﬂuids for different values of mass flux is summarized in Table
(6.5). The result is arranged in Table (6.5) based on the same mass flux value. The efﬁciency of
the collector for nanoﬂuid is drawn against reduced temperature parameters (Ti - Ta)/GT. As shown
in Figure (6.12) and Table (6.5), the volume fraction of CeO2 nanoﬂuid had a noticeable effect on
the efﬁciency of the ﬂat-plate solar collector.
Table (6.5): Values of 𝐹𝑅 𝑈𝐿 and 𝐹𝑅 (𝜏𝛼) for CeO2/water nanofluid and pure water
Volume fraction
R2
𝐹𝑅 𝑈𝐿
𝐹𝑅 (𝜏𝛼)
Mass flux values
𝜑%
(kg/s.m2)
0.0167
-4.7354
0.6428
0.9684
0.033
-7.4975
0.6782
0.9937
0.015
0.066
-10.555
0.687
0.9884
Pure water
-3.6257
0.621
0.9734
0.0167
-5.1247
0.6512
0.9558
0.033
-7.9044
0.6837
0.9804
0.018
0.066
-10.964
0.6919
0.9543
Pure water
-3.7574
0.6301
0.9896
0.0167
-5.9593
0.6675
0.9795
0.033
-7.8871
0.696
0.975
0.019
0.066
-11.029
0.7013
0.9886
Pure water
-3.8961
0.6333
0.968
Results showed that the absorbed energy parameters, 𝐹𝑅 (𝜏𝛼) values for CeO2 nanoﬂuid,
were higher than using only water for all applied mass flux values and volume fractions. As
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visualized in Figure (6.12) (a) and Table (6.5), for mass flux value of 0.015 kg/s.m2, the absorbed
energy parameter, 𝐹𝑅 (𝜏𝛼), values for CeO2 nanoﬂuid were higher than that of water by 3.51%,
9.21%, and 10.63%, for volume fraction (𝜑) 0.0167%, 0.0333% and 0.0666%, respectively.
Although, the removed energy parameter, FRUL values for CeO2 nanoﬂuid raised by 30.61%,
106.79%, and 191.12% compared to water, while the volume fraction (𝜑) was 0.0167%, 0.0333%,
and 0.0666%, respectively. As visualized in Figure (6.12) (b) and Table (6.5), for mass flux value
of 0.018 kg/s.m2, the absorbed energy parameter, 𝐹𝑅 (𝜏𝛼), values for CeO2 nanoﬂuid were higher
than that of water by 3.35%, 8.03%, and 9.81%, for volume fraction (𝜑) 0.0167%, 0.0333% and
0.0666%, respectively. Raising the values of FRUL compared to water are 36.39%, 102.68%, and
191.8%, while the volume fraction (𝜑) was 0.0167%, 0.0333%, and 0.0666%, respectively. As it
can be seen in Figure (6.12) (c) and Table (6.5), for mass flux value of 0.019 kg/s.m2, values
of 𝐹𝑅 (𝜏𝛼) were raised by 5.4 %, 9.9% and 10.74% , and for volume fraction (𝜑) 0.0167%,
0.0333%, 0.0666%, respectively. The values of FRUL for CeO2 nanoﬂuid were raised by 47.98%,
102.44%, and 183.08%, compared to water, while volume fraction (𝜑) was 0.0167%, 0.0333%,
and 0.0666%, respectively.
As one can find in chapter 4 the value of thermal conductivity for nanofluids is more than
pure water. In presented work it was believed that Brownian motion played the main role of this
enhancement as forced circulation pump was used. The pump raised the random motion of the
particles which raised the collision between liquid molecules and solid particles, so this was what
caused the increase in the convective heat transfer coefﬁcient and the efficiency. Moreover, it is
worth to mention that the Reynolds number for cases presented isn’t lower than 2100 which is
mean that turbulent flow is achieved. Turbulence in the fluid increases the fluctuations and mixing
of nanoparticles so more heat transfers by diffusion. Moreover, turbulence helps to prevent the
presence of particles free regions which increase the thermal resistance of the liquid. On the other
hand, one can’t neglect the effect of liquid layering at liquid particle interface as one use particles
with diameter lower than 30nm.
However, a certain value of the reduced temperature parameter, [(Ti–Ta)/GT], limited this
fact, and it could be detected by finding the intersection between the line representing water and
that of nanofluid efficiency with the same mass flux value - but different volume fractions as shown
in Figures (6.12) (a), (b), (c). The values of the reduced temperature parameter, [(Ti–Ta)/GT], of
intersections are in Table (6.6). Before the intersections, the efficiency values of the solar collector
using nanofluid were higher than with applied water. Consequently, after the intersection there
was a reverse trend there. This reverse trend could be explained as follows. When the reduced
temperature parameter, [(Ti–Ta)/GT], raised, the solar radiation value declined; but the raised heat
transfer caused higher mean temperature and higher heat loss compared to pure water. The higher
heat loss coefficient, (𝐹𝑅 𝑈𝐿 ), meant a steeper slope for the efficiency line. Hence, by the increase
of the reduced temperature parameter, the outlet temperature of nanoﬂuids decreased more rapidly
than the outlet temperature of water, so the efficiency of the collector decreased accordingly to
Equation (4.6).
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(a)

(b)
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(c)

Figure (6.12): Linear characteristics for efficiency at different mass flux values:
(a) 0.015 kg/s.m2 (b) 0.018 kg/s.m2 (c) 0.019 kg/s.m2

Table (6.6): Intersections of nanofluids characteristics of water
Mass flux values
Intersection
Volume 𝜑% fraction
2
(kg/s.m )
(Ti–Ta)/GT
0.0167
0.033
0.066
0.0167
0.033
0.066
0.0167
0.033
0.066

0.015

0.018

0.019

0.02
0.015
0.01
0.016
0.014
0.009
0.019
0.016
0.01

The effect of volume fraction of nanofluid on the efficiency of a flat- plate collector was
interlaced. The Nusselt number and heat transfer rise with the increase in the volume fraction of
nanoparticles as a large number of particles increase the micro convection effect between particles
and base fluid. The 0.0666% volume fraction had the highest absorbed energy and heat loss but
the 0.0333% volume fraction showed the best-performed characteristics when comparing the
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results in Table (6.5). It can be concluded from the present work that up to a certain volume fraction
of nanoparticles the performance of the flat-plate collectors might be raised. Although there were
higher efficiencies for the 0.066% volume fraction it was valid only for a short-range; generally,
the 0.033% volume fraction performances were higher. When the volume fraction was too low,
the heat transfer increase was small, while the raised volume fraction caused higher heat transfer.
However, the efficiency of the solar collector did not depend only on the values of 𝐹𝑅 (𝜏𝛼), and
FRUL but moreover depended on reduced temperature parameters [(Ti–Ta)/GT]. For lower values
of [(Ti–Ta)/GT] – high irradiation – the efficiency of the collector with a volume fraction of
nanoparticles (𝜑) 0.066% was higher than others. Therefore, as the value of [(Ti–Ta)/GT] raised
the efficiency of the volume fraction of nanoparticles (𝜑) 0.0333 %, it became higher than others,
and finally, the volume fraction of nanoparticles (𝜑) 0.0167%, efficiency reached the maximum
values at the highest values of [(Ti–Ta)/GT]. These cases were accepted for all studied mass flux
values, 0.015 kg/s.m2, 0.018 kg/s.m2, and 0.019 kg/s.m2as shown in Figures (6.12) (a), (b) and (c),
respectively. The explanation of this behaviour of nanoparticles is as follows. Lower values of
[(Ti–Ta)/GT] meant low-temperature difference or high solar radiation. Hence, a higher volume
fraction of nanofluid is preferred as it absorbed more heat than others and fewer particles tend to
agglomerate compering to lower volume fraction nanofluid. Based on that, the micro heat transfer
resulted because of the collision of particles is higher so the efficiency directly proportional to the
volume fraction of nanoparticles(𝜑). Although, as the values of [(Ti–Ta)/GT] raised the mean fluid
temperature rises to lead to rising the viscosity of nanoﬂuids which rose the thickness of the
boundary layer. Hence, the heat transfer rate decreased causing reduced performance. Moreover,
as the temperature increases the thermal conductivity of nanofluid rises and consequently the
overall heat transfer coefficient goes up and removed heat transfer (𝐹𝑅 𝑈𝐿 ) becomes lager. Form
another hand, the solar radiation drop which decreased absorbed energy and increases heat loss.
The higher heat loss coefficient (𝐹𝑅 𝑈𝐿 ) means a greater slope for the efficiency line. Hence, by
rising the reduced temperature parameter the outlet temperature of nanoﬂuids declined more
rapidly than the outlet temperature of the water so the efficiency of collector reduces accordingly
to equation (4.6).
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(a)

(b)

6-56

CHAPTER 6: OPERATION OF THE SOLAR TERMAL COLLECTOR WITH NANOFLUID

(c)

Figure (6.13): Efficiency of solar collector at different volume fractions of CeO2/water
nanofluid: (a) 𝜑% = 0.0167% (b) 𝜑% = 0.033% (c) 𝜑% = 0.066%

Table (6.7): Values of 𝐹𝑅 𝑈𝐿 and 𝐹𝑅 (𝜏𝛼) for CeO2/water nanofluid and water
Volume fraction
Mass flux values
R2
𝐹𝑅 𝑈𝐿
𝐹𝑅 (𝜏𝛼)
(kg/s.m2)
𝜑%
0.015 -4.7534
0.6428
0.9684
0.018 -5.1247
0.6512
0.9558
0.0167
0.019 -5.7656
0.6675
0.9795
0.015 -7.4975
0.6782
0.9937
0.018 -7.6154
0.6807
0.9833
0.033
0.019 -7.8871
0.696
0.975
0.015 -10.555
0.687
0.9884
0.018 -10.964
0.6919
0.9543
0.066
0.019 -11.092
0.7013
0.9886
0.015 -3.6257
0.621
0.9734
0.018 -3.8961
0.6333
0.968
Pure water
0.019 -3.7574
0.6301
0.9896
Figure (6.13) shows the efficiency of the solar collector using volume fraction (𝜑) of
0.0167%, 0.0333%, and 0.0666%, and applying CeO2 with different-mass flux values of 0.015,
0.018 and 0.019 kg/s.m2. The values of 𝐹𝑅 𝑈𝐿 and 𝐹𝑅 (𝜏𝛼) were indicated in Table (6.7), for the
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same volume fraction to make it more clear and easy to detect. The changes in the 𝐹𝑅 (𝜏𝛼) and
FRUL values for different volume fraction(𝜑) and mass flux values were listed previously, they are
not repeated here again.
Generally, the 𝐹𝑅 (𝜏𝛼) energy absorbance factors gradually increase as the mass flux value
raised in the case of each volume fraction. The 𝐹𝑅 𝑈𝐿 heat loss factor values show the same
tendencies for all the applied volume fractions, the increase of flow rate caused more heat loss
factors. This is because the increase of the mass flux value caused enhancement in Brownian
motion, the turbulence of the particles in the nanofluid, and the Reynolds and Nusselt numbers.

6.5.2. WO3/water nanofluid as a working fluid in the flat plate solar collector
Values of FRUL and 𝐹𝑅 (𝜏𝛼) for different working fluids and mass flux values have been provided
in Table (6.8). As presented in Table (6.8), at a given mass flux values, the absorbed energy
parameter 𝐹𝑅 (𝜏𝛼) augments with an increase in the concentration of WO3 nanoparticles. At low
concentrations, the Brownian motion of nanoparticles may enhance significantly the effective
thermal conductivity of working fluid. Therefore, the heat transfer rate in the collector increases
by particle loading [43]. In addition, the thermophoresis phenomenon may moreover enhance the
heat transfer rate in nanofluids. However, the performance enhancement by nanofluids moreover
depends on the value of the decreased temperature parameter. Figures (6.14) (a), (b) and (c) show
the variation of collector efficiency against the reduced temperature parameter for water, and
nanofluids at different concentrations. As seen, at low values of reduced temperature parameter
the efficiency of the nanofluid-based collector is higher than that of water-based collector and the
difference increases when the reduced temperature parameter tends to zero. In other words, at a
specified value of (Ti-Ta), using nanofluid instead of water at higher values of solar radiation is
more advantageous from the first law of thermodynamics viewpoint. Therefore, it may be stated
that the effects of Brownian motion and thermophoresis on the collector performance enhancement
highlight with the increase of solar radiation. With the increase in the reduced temperature
parameter, the efficiency line of water may cross the efficiency line of nanofluids. The point that
efficiency lines of water and nanofluid cross each other can be called “critical reduced temperature
parameter” so that for reduced temperature parameters higher than critical point the efficiency of
water-based solar collector becomes higher than that of water-based solar collector, and, hence,
using nanofluid instead of water is not advantageous. Table (6.9) present the values of critical
reduced temperature parameter for different mass flow rates and concentrations.
Figures (6.14) (a), (b) and (c) display the effect of volume fraction of nanoﬂuids on the efﬁciency
of flat plate solar collector for volume fractions of (𝜑%) of 0.0167%, 0.0333% and 0.0666% for
several mass flux values of 0.0156, 0.0183 and 0.0195 kg/s.m2 respectively. The efﬁciency of
collector for nanoﬂuid is drawn against temperature parameters, [(Ti–Ta)/GT]. As shown in Figures
(6.14) (a), (b) and (c) the efﬁciency of the ﬂat plate solar collector with WO3 nanoﬂuid has a large
impact on volume fraction. This conclusion can detect by finding the value of the absorbed energy
parameter, 𝐹𝑅 (𝜏𝛼) and the removed energy parameter, FRUL for WO3 nanoﬂuid in Table (6.8).
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As shown in Figure (6.14) (a) and Table (6.8) for the mass flux value of 0.0156 kg/s.m2,
absorbed energy parameter, 𝐹𝑅 (𝜏𝛼) values for WO3 nanoﬂuid is more than water by 2.85%, 6.04%
and 7.44%for volume fraction (𝜑) 0.0167, 0.0333% and 0.0666%, respectively. Although the
removed energy parameter, FRUL, values for WO3 nanoﬂuid rise by 7.11%, 42.46% and 52.32%
for volume fraction (𝜑) 0.0167, 0.0333% and 0.0666% respect to water.
Based on Figure (6.14) (b) and Table (6.8), going up in values of 𝐹𝑅 (𝜏𝛼) for the mass flux
value of 0.0183 kg/s.m2 is 3.78%, 8.47% and 10.08% for volume fraction 𝜑 0.0167 ,0.0333% and
0.0666%, respectively and the increase of in values of FRUL is 38.39%,64.75% and 68.53% for
volume fraction (𝜑) 0.067 ,0.0333% and 0.0666%, respectively comparing to water.
Figure (6.14) (c) and Table (6.8) showed values of 𝐹𝑅 (𝜏𝛼) and FRUL for the mass flux
value of 0.0195 kg/s.m2. Values of 𝐹𝑅 (𝜏𝛼) is raised by 4.25%, 10%and 13.48% for volume
fraction 𝜑 0.0167, 0.0333% and 0.0666%, respectively. It is observed that the gain in values of
FRUL for WO3 nanoﬂuid raised by 40.75%, 67.49% and 101.8% for volume fraction (𝜑) 0.0167,
0.0333% and 0.0666% respect to water.
The effect of volume fraction of nanofluid on the efficiency of the flat plate collector is
complicated. It is found that higher volume fraction of nanoparticles (𝜑) 0.0666% absorbed and
removed more energy than other volume fraction 0.0167, 0.0333% and pure water as it has the
maximum values of 𝐹𝑅 (𝜏𝛼) and FRUL for all mass flux values of nanofluids. The explanation of
that is as the volume fraction raised the thermal conductivity of fluid rose because more particles
were added.
However, the efficiency of solar collector doesn’t depend only on values of 𝐹𝑅 (𝜏𝛼) and
FRUL but moreover lean on the reduced temperature parameter [(Ti–Ta)/GT]. The efficiency of the
collector with a volume fraction of nanoparticles (𝜑) 0.0666% is more than others for the lower
values of [(Ti–Ta)/GT]. Although, the efficiency of volume fraction of nanoparticles (𝜑)
0.0333%and 0.0167% got higher as the value of [(Ti–Ta)/GT] rises. The collector efficiency for
water at the highest values of [(Ti–Ta)/GT] become the maximum. The sequence was the same
whatever the mass flux value as shown in Figures (6.14) (a) (b) and (c).
The lower values of [(Ti–Ta)/GT] could be due to the increase in solar radiation or by
reducing the temperature difference. Hence, a higher volume fraction of nanofluid is considered
useful as it absorbed more heat than others. Moreover, fewer particles tend to agglomerate
compering to lower volume fraction nanofluid. The microwatts of heat transfer raised as the
collision of particles raised. Based on these reasons, the efficiency of the solar collector raised with
the rising of the volume fraction.
On the other hand, higher viscosity of nanoﬂuids and wider thickness of the boundary layer
were found as the values of [(Ti–Ta)/GT] raised because the mean fluid temperature rose. At the
same time the solar radiation drop which reduced absorbed energy and increases heat loss. Hence,
lower performance and lower efficiency were detected as the heat transfer rate decreased. All of
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the above explanation given the fact that the efficiency of the solar collector has a noticeable
depends on the value of [(Ti–Ta)/GT].
Figures (6.15) (a), (b) and (c) present the efficiency of solar collector using volume fraction (𝜑)
of 0.0167 %, 0.0333% and 0.0666% of WO3 with different mass flux values 0.0156, 0.0183 and
0.0195 kg/s.m2. The values of 𝐹𝑅 𝑈𝐿 and 𝐹𝑅 (𝜏𝛼) are given in Table (6.8), as previously. The
changes in 𝐹𝑅 (𝜏𝛼) and FRUL values for different volume fraction(𝜑) and mass flux values are
mentioned previously here they are not repeated. Based on the present results, it is found that both
values of 𝐹𝑅 (𝜏𝛼) and 𝐹𝑅 𝑈𝐿 for all studied mass flux values more than the values for water.
Generally, the 𝐹𝑅 (𝜏𝛼) energy absorbance factors and the 𝐹𝑅 𝑈𝐿 heat loss factor values are raised
as the mass flux value rise. As shown in from Figures (6.15) (a), (b) and (c) the efﬁciency lines
intersect each other. As seen, the efﬁciency of solar collector rises with the increase of the mass
flux value for the wide range of reduced temperature parameter, [(Ti–Ta)/GT] and different
concentration of nanoparticles. The enhancement of solar collector efficiency due to mass flux
values augmentation is greater at higher concentrations; this can be attributed to the increase of
Brownian motion in the nanofluid, and, consequently the increases of interruptions in the boundary
layer.
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Figure (6.14): The efficiency of a solar collector using WO3-water nanofluid and water for
(a) 0.0156 kg/s.m2 , (b) 0.0183 kg/s.m2,(c) 0.0195 kg/s.m2 volume flow
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Table (6.8): Values of 𝐹𝑅 𝑈𝐿 and 𝐹𝑅 (𝜏𝛼)for WO3/water nanofluid and water
Mass flux values
R2
−𝐹𝑅 𝑈𝐿 𝐹𝑅 (𝜏𝛼)
Volume fraction
2
(kg/s.m )

𝜑%

0.0167

0.0333

0.0666

water

0.0156

-3.8835

0.6387

0.9461

0.0183

-5.1998

0.6539

0.9746

0.0195

-5.4837

0.6602

0.9981

0.0156

-5.1652

0.6585

0.9821

0.0183

-6.1904

0.6835

0.9729

0.0195

-6.5256

0.6966

0.9935

0.0156

-5.5225

0. 6672

0.9943

0.0183

-6.3325

0.6936

0.9782

0.0195

-7.8624

0.7187

0.967

0.0156

-3.6257

0.621

0.9734

0.0183

-3.7574

0.6301

0.9896

0.0195

-3.8961

0.6333

0.968

Table (6.9): Intersections of nanofluids characteristics of water
Volume fraction
Mass flux values
Intersection
2
(kg/s.m )
(Ti–Ta)/GT
𝜑%
0.0167
0.0167
0.0167
0.0333
0.0333
0.0333
0.0666
0.0666
0.0666

0.0156
0.0183
0.0195
0.0156
0.0183
0.0195
0.0156
0.0183
0.0195
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0.0687
0.0165
0.0169
0.0244
0.022
0.0241
0.0244
0.0247
0.0215
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(a)

(b)
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(c)

Figure (6.15): The efficiency of a solar collector using WO3-water nanofluid
with different mass flux values and (a): 𝜑=0.0167%, (b): 𝜑=0.0333%, (c): 𝜑=0.0666%

6.5.3. Copper/water nanofluid working fluid in the evacuated tube solar collector
In this subsection, the thermal efficiency of the evacuated tube solar collector is presented for
water and for copper/water nanofluids concentrations of 0.01%, 0.02%, and 0.03%. Figures (6.16)
(a), (b) and (c) show the thermal efficiency of the collector for the volume flow rates of 0.6 L/min,
0.7 L/min and 0.8 L/min, respectively. The values of the absorbed energy parameter FR (τα) and
the removal energy parameter FR UL are presented in Table (6.10). Based on Figure (6.16) (a) and
Table (6.10), at the volume flow rate of 0.6 L/min, the absorbed energy parameter FR (τα) raised
from 0.52 (value for pure water) to be 0.56, 0.67 and 0.73 for copper/ water nanofluids
concentrations of 0.01%, 0.02%, and 0.03%, respectively. On the other hand, the removal energy
parameter, FR UL absolute values moreover rise from a value of 7.57 for water to 11.31, 12.3 and
16.25 for copper/water nanofluids concentrations of 0.01%, 0.02%, and 0.03%, respectively. For
the volume flow rate of 0.7 L/min, the values of the absorbed energy parameter FR (τα) increases
from 0.53 for water to 0.61, 0.72 and 0.76 for the nanofluids concentrations of 0.01%, 0.02%, and
0.03%, respectively. The values are shown in Figure (6.16) (b) and Table (6.10). In addition, the
removal energy parameter, FR UL absolute values grow from 8.11 for water to 13.59, 15.26, and
20.34 for the nanofluids concentrations of 0.01%, 0.02%, and 0.03%, respectively. The maximum
(absolute) values of both absorbed energy parameter FR (τα) and the removal energy parameter,
FR UL is registered for the volume flow rate of 0.8 L/min as shown in Figure (6.16) (c) and Table
(6.10). For this case, the values of the absorbed energy parameter FR (τα) increase from 0.55 for
water to 0.65, 0.76 and 0.83 for nanofluids concentrations of 0.01%, 0.02%, and 0.03%,
respectively. Additionally, the values of the removal energy parameter FR UL absolute values
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increase from 8.74 for water to 15.7, 18.28, and 21.66 for the nanofluids concentrations of 0.01%,
0.02%, and 0.03%, respectively.
The result proved that both the absorbed energy parameter FR (τα) and the removal energy
parameter FR UL are significantly influenced by adding copper nanoparticles to the working fluids,
since a remarkable improvement was observed in both values. This increase mainly depends on
the higher thermal conductivity, the temperature difference, the heat energy absorbed and the heat
removal factor. All these parameters improve the energy gained by the working fluid for the same
solar radiation. Hence, adding copper nanoparticles to the working fluid of the evacuated tube solar
collectors make them more efficient. However, the values of the absorbed energy
parameter FR (τα) and the removal energy parameter FR UL are not the only parameters that affect
the efficiency of the solar collector as the values of the efficiency are clearly sensitive to the
reduced temperature parameter, [(Ti–Ta)/GT]. Hence, studying the behaviour of the efficiency of
the collector with nanofluids against the reduced temperature parameter, [(Ti–Ta)/GT] must be
inspected in detail. As shown in Figs. (39a), (39b), (39c), when the value of the reduced
temperature parameter, [(Ti–Ta)/GT] equals to zero the efficiency of the collector, with
concentrations 0.03%, has the highest. With the rise of the reduced temperature parameter, [(Ti–
Ta)/GT], the efficiency of the collector for all working fluids is decreased. The line that represents
efficiency using water as a working fluid intersects with the other cases nanofluids lines. Before
the intersection, the efficiency of nanofluids is more than water, but after it, water is more efficient.
The first nanofluid line intersects water line is the 0.01% line, which is the lowest concentration
of copper nanoparticles in the presented investigation. Although 0.03% is the highest
concentration nanofluids and has the highest value of the absorbed energy parameter FR (τα) and
the removal energy parameter FR UL , its line intersects water line before the 0.02% line. Therefore,
it was found that there is a limitation on the higher efficiency of the solar collector when using
nanofluids. In addition, adding nanoparticles to enhance the evacuated tube solar collector should
consider the effect of the inlet fluid temperature and the atmospheric circumstances such as solar
radiation and the ambient temperature. Based on a parameter called the reduced temperature
parameter, [(Ti–Ta)/GT], one can determine which concentration is preferred to get higher
efficiency. The optimal value of the concentration of copper nanoparticles mainly depends on
finding a balance between positive values for the absorbed energy parameter FR (τα) and negative
values for the removal energy parameter FR UL for the impact of nanoparticle on both sides of
efficiency i.e. the absorbed energy parameter FR (τα) and the removal energy parameter FR UL .
The reasons for the adverse effect of the reduced temperature parameter, [(Ti–Ta)/GT] on the
thermal efficiency of the collector can be explained as follows. First, when the reduced temperature
parameter, [(Ti–Ta)/GT] increases this leads to higher inlet fluid temperature so that the bulk
temperature of the fluid is moreover raised which leads to higher convection losses. Second, with
the reduction of solar radiation, the available heat energy goes down and the nanoparticles became
lower effective, which reduce their effect on the outlet fluid temperature. Overall, the efficiency
of the collector for the nanofluid quickly deteriorates and water became more efficient. Moreover,
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it was concluded that the 0.03% concentration case rapidly declined when compared to the case of
0.02%. This happened as adding more nanoparticles enlarge the probability of the sedimentation
of the particles and increase of the viscosity value, which will deteriorate the heat transfer because
Reynolds number of nanofluid becomes lower.
Table (6.10): Observed absorbed energy parameter and removal energy parameter values
The volume flow rate (L/min)
The Copper nanoparticles
FR (τα)
F R UL
volume concentration, %
water
0.52
-7.57
0.01%
0.56
-11.31
0.6
0.02%
0.67
-12.3
0.03%
0.73
-16.25
water
0.53
-8.11
0.01%
0.61
-13.59
0.7
0.02%
0.72
-15.26
0.03%
0.76
-20.34
water
0.55
-8.74
0.01%
0.65
-15.7
0.8
0.02%
0.76
-18.28
0.03%
0.83
-21.66
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Figure (6.16): Thermal efficiency of the collector for copper/water nanofluid
at different volume flow rate of (a) 0.6 L/min, (b) 0.7 L/min, (c) 0.8 L/min

The effect of the volume flow rate is shown in Figure (6.17). Figures (6.17) (a), (b) and
(c) show the thermal efficiency of the collector for the concentrations of 0.01%, 0.02%, and 0.03%,
6-67

CHAPTER 6: OPERATION OF THE SOLAR TERMAL COLLECTOR WITH NANOFLUID
respectively. For all concentration of copper nanoparticles, higher values of volume flow rate lead
to higher efficiency. This is attributed to the increment in the volume flow rate that helps in
enhancing the movement of the nanoparticles, which will give extra mixing, and accordingly, more
collision will take place among nanoparticles and between nanoparticles and water molecules. This
collision facilitates the energy transport between the particles and water which enhances the energy
extracted from the heat pipe heads. Moreover, it is clear that when the volume flow rate raised the
outlet fluid temperature drop and the heat loss by convection to the surroundings drops down.
However, if the inlet temperature increases the outlet temperature increases too and leads to
unfavorable effect as portrayed in Figure (6.17).
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Figure (6.17). Thermal efficiency of the collector for copper/water nanofluid at different
concentration (a) 0.01%, (b) 0.02%, (c) 0.03%

6.5.4. Evacuated tube solar collector performance using CeO2/Water Nanofluid
Three different volume fraction of nanoparticles are investigated in the study work. The
minimum volume fraction used is 0.015%, the average one is 0.025% and the maximum one is
0.035%. Thermal efficiency is drawn against the reduced temperature parameter, [(Ti–Ta)/GT], for
both water and nanofluids at a different mass flux values of 0.013, 0.015and 0.017 kg/s.m2 in
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Figures (6.18) (a), (b) and (c), respectively. The explanation of how the efficiency of the solar
collector changes with the reduced temperature parameter, [(Ti–Ta)/GT] depends on the value of
[(Ti–Ta)/GT]. The value of the solar collector efficiency at [(Ti–Ta)/GT] equals zero is known as
the thermo-optical characteristic of the collector or the absorbed energy parameter which shown
in Figure (6.19). The thermo-optical characteristic of the collector of the solar collector is 0.522,
0.5374 and 0.552 for water at the mass flux value of 0.013, 0.015 and 0.017 kg/s.m2, respectively.
As shown in Figure (6.19), for the mass flux value of 0.013, 0.015 and 0.017 0.025, the thermooptical characteristic of the collector of the solar collector is 0.6213, 0.6398, and 0.6596,
respectively for the volume fraction (𝜑) of 0.015%. The thermo-optical characteristic of the
collector for the volume fraction (𝜑) of 0.025% increases from 0.6644 for the mass flux value of
0.013 kg/s.m2 to be 0.6863 for the mass flux value of 0.015 kg/s.m2 and to reach the mass flux
value of 0.7123 for 0.017 kg/s.m2. Moreover, it is clear in Figure (6.19) that the value of the
thermo-optical characteristic of the collector for the volume fraction of 0.035% is constantly
raising between the values of 0.6842, 0.7159 and 0.7433 for the mass flux value of 0.013, 0.015
and 0.017 kg/s.m2. Based on Figures (6.18) (a), (b), (c) and (5.19), the thermo-optical characteristic
of the collector of the solar collector increases with using nanofluids comparing to water.
Moreover, the thermo-optical characteristic of the collector rises by adding more amount of
nanoparticles. Furthermore, higher thermo-optical characteristic of the collector is achieved at
higher mass flux values. As consequence for that, the maximum thermo-optical characteristic of
the collector among all cases studied is 0.7433 for the value for the volume fraction of 0.035% at
the mass flux value of 0.017 kg/s.m2. The minimum value is 0.522 for water at the mass flux value
of 0.013 kg/s.m2. The ratio between the maximum and the minimum value of the thermo-optical
characteristic of the collector is 1.34.
Three arrows are drawn in Figures (6.18) (a), (b) and (c). These arrows refer to intersection
points where critical values of the reduced temperature parameter, [(Ti–Ta)/GT] are pointed out.
These critical points are turning points before them the efficiency of the solar collector with
nanofluids is more than water unlike the values of the efficiency of the solar collector shown after
them. Moreover, it can be noted that these values differ if the volume fraction of nanoparticles or
the value of mass flux is modified. The comment on this performance depends on finding out the
slope of the linear fitted curve. The slope of the linear fitted curve is known as thermal loss
coefficient. The values of thermal loss coefficients are presented in Figure (6.20). The values of
thermal loss coefficients at the mass flux values of 0.013 kg/s.m2 are 17.37, 15.41, 13.68 and 7.64
for the volume fraction of nanoparticles 0.035%, 0.025%, 0.035% and water, respectively. These
values are raised for the mass flux value of 0.015 kg/s.m2 to be 19.36, 16.8, 14.95 and 8.21 for the
volume fraction of nanoparticles 0.035%, 0.025%, 0.035% and water, respectively. The maximum
values the thermal loss coefficient are reached for the mass flux value of 0.017 kg/s.m2 of 20.85,
17.79, 16.23 and 8.66 for the volume fraction of nanoparticles 0.035%, 0.025%, 0.035% and water,
respectively. These values of the slope are clearly proved that the thermal loss coefficient is raised
when nanoparticles are added. Moreover, these values are raised up when higher mass flux values
are used. As well, it easy to compare the effects of the different volume fraction of nanoparticles
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by locating the intersection points of the lines curve with others. As a result of that the values of
the reduced temperature parameter, [(Ti–Ta)/GT] is the key factor for figuring out the efficiency of
the solar collector.
Another important remark is appeared by reviewing the location of the efficiency points in
Figures (6.18) (a), (b) and (c). This remark is the values of the efficiency of the solar collector for
the volume fraction of 0.025% is always more than others values although, the absorbed and
thermal loss coefficient is more for the volume fraction of 0.035%. The reason for that can be
explained as for the higher value of the reduced temperature parameter, [(Ti–Ta)/GT] the difference
between the inlet temperature and ambient temperature increases. As sequence for that, the
absorber surface of the collector becomes hotter and lost more heat. Hence, the thermal loss
coefficient is more for the volume fraction of 0.035%. So for the economic usage of nanoparticles,
it should be clearly knowing the range of the reduced temperature parameter, [(Ti–Ta)/GT] for the
working collector as adding more nanoparticles isn’t meaning that more efficiency is fulfilled.
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Figure (6.18): Linear characteristics for efficiency at different mass flux values:
(a) 0.013 kg/s.m2 (b) 0.015 kg/s.m2 (c) 0.017 kg/s.m2
6-72

CHAPTER 6: OPERATION OF THE SOLAR TERMAL COLLECTOR WITH NANOFLUID

Figure (6.19): Absorbed Energy Parameter against mass flux values for water and nanofluids

Figure (6.20): Thermal loss coefficient against the mass flux values for water and nanofluids
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The effect of the mass flux value for both water and different volume fraction of CeO2
nanoparticles against the reduced energy parameter, [(Ti–Ta)/GT] are shown in Figure (6.21).
Water at different mass flux values is shown in Figure (6.21) (a). The volume fraction of 0.015%
is presented in Figure (6.21) (b) at the values of mass flux values of 0.013, 0.015 and 0.017
kg/s.m2. Figure (5.21) (c) shows the effect of several values of mass flux values of 0.013, 0.015
and 0.017 kg/s.m2 when a volume fraction of 0.025% of CeO2 nanoparticles is used. For checking
the effect of the volume fraction of CeO2 nanoparticles of 0.035% at different values of mass flux
Figure (6.21) (d) is drawing. The values of the absorbed energy parameter and thermal loss
coefficient for both water and nanofluids are presented in Figures (6.19) and (6.20), respectively
and it was explained in detail so no need for explaining it again
It can be said clearly that the increase of mass flux values of the solar collector raises the
thermo-optical characteristic of the collector and thermal loss coefficient. The reason is when the
mass flux value the Reynolds number increases the heat transfer goes up due to the turbulence and
the mixing between the fluid layers. The reason for that effect is the Brownian motion, which is
considered as the main reason for the higher thermal conductivity of nanofluids comparing to
water. In the presented work; the same behaviour is found which is meant that the higher mass
flux value gives higher efficiency in the range studied. Evacuated tube solar collector has a lower
contact area between the absorber plate and the moving fluid in the manifold of the collector,
unlike the flat plate collector. This lower contact area forced the users to run out the evacuated
tube collector at low speed to produce the desired outlet collector. Hence, this problem gives more
motivation for using nanofluids in evacuated tube solar collector as it is observed that the thermooptical characteristic of the collector and the thermal loss coefficient are raised with the using of
nanofluids at the same mass flux value in comparison to water. One may believe that the increase
in the thermal efficiency of the collector when nanofluids added helps to gain more temperature
difference so when higher outlet temperature is required the thermal efficiency of the collector
must be raised.
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(d)

Figure (6.21): Linear characteristics for efficiency at different volume fraction of CeO2
nanoparticles: (a) water (b) 0.015% (c) 0.025% (d) 0.035%
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6.5.5. The efficiency of evacuated tube solar collector using WO3/Water Nanofluid
The effect of volume fraction of WO3 nanoparticles on the thermal efficiency of the
evacuated tube solar collector is discussed in detail in this part. Three different volume fraction
were investigated in this work side by side with pure water. These volume fractions are 0.014%,
0.028, and 0.042% as theses volume fraction concentration gave good results for both stability and
thermal performance. The experimenters were carried out at different mass flux values of 0.013
kg/s.m2,0.015 kg/s.m2, and 0.017 kg/s.m2. The results of these experimenters are shown in Figures
(6.23) (a), (b) and (c) for different mass flux values of 0.013 kg/s.m2,0.015 kg/s.m2, and 0.017
kg/s.m2, respectively. Figures (6.23) (a), (b) and (c) show the efficiency values against the reduced
energy parameter, (Ti-Ta)/GT and a linear fitted curve is drawn for each studied case. According to
ASHRAE standard 93-2003 [94], equation (4.6) is the equation of this line. The intersection point
of this line and the Y-axis is known as the absorbed energy parameter, FR (τα) or the thermaloptical efficiency of the collector. Moreover, the slope of this line is known as the removed energy
parameter, 𝐹𝑅 𝑈𝐿 and it refers to the energy lost from the collector. The efficiency of the collector
has the maximum value when the inlet fluid temperature is equal to the ambient temperature as in
that case no heat loss and this value is known as (the thermal-optical efficiency) -FR (τα)- of the
collector. It is clear that as the inlet fluid temperature increases the heat lost raises and the
efficiency of the collector drop which explained why the removed energy parameter has a negative
sign. The values of both the absorbed energy parameter, FR (τα) and the removed energy
parameter, 𝐹𝑅 𝑈𝐿 for all cases studied are shown in the Table (6.11) where the root mean square
error, R2 for the fitted line curve are presented.
(a)
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(b)

(c)

Figure (6.23): The efficiency of evacuated tube solar collector for
different concentration of WO3 nanoparticles at the
mass flux values of a): 0.013 kg/s.m2, b): 0.015 kg/s.m2 , c): 0.017 kg/s.m2.
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Table (6.11): Values of 𝐹𝑅 𝑈𝐿 and 𝐹𝑅 (𝜏𝛼)for WO3/water nanofluid and water
Mass flux
Volume fraction
R2
𝐹𝑅 (𝜏𝛼) −𝐹𝑅 𝑈𝐿
values(kg/s.m2)
𝜑%
Water
0.579
-9.99
0.997
0.013
0.014
0.6131
-22.23
0.992
0.028
0.626
-25.72
0.997
0.042
0.6518
-29.14
0.998
Water
0.5991
-11.9
0.996
0.014
0.638
-25
0.999
0.015
0.028
0.6673
-30.12
0.998
0.042
0.7091
-31.77
0.997
Water
0.6103
-12.94
0.993
0.014
0.6633
-26.03
0.987
0.017
0.028
0.6931
-33
0.999
0.042
0.7283
-33.22
0.999

As shown in Figures (6.23) (a), (b) and (c) and Table (6.11), the thermal-optical efficiency
-FR (τα)- at the mass flux value of 0.013 kg/s.m2 increases from 0.579 for water to be 0.6131,
0.626, and 0.6518 for the volume fraction of WO3 of 0.014%, 0.028%, and 0.042%, respectively.
Simultaneously, the removed energy parameter rising from -9.99 for water to be -22.23, -25.72,
and -29.14 for the volume fraction of WO3 of 0.014%, 0.028%, and 0.042%, respectively. The
thermal-optical efficiency -FR (τα)- values jump to 0.5991, 0.638, 0.6673, and 0.7091 at the mass
flux value of 0.015 kg/s.m2 meanwhile the removed energy parameter goes up to -11.9,-25,-30.12,
and-31.77 for water and the volume fraction of WO3 of 0.014%, 0.028%, and 0.042%, respectively.
The maximum values of the thermal-optical efficiency - FR (τα) - and the removed energy
parameter are observed at the mass flux value of 0.017 kg/s.m2 to be 0.6103, 0.6633, 0.6931,
0.7283 and -12.94,-26.03,-33, and -33.22 for water and the volume fraction of WO3 of 0.014%,
0.028%, and 0.042%, respectively.
It is obvious that the thermal-optical efficiency-FR (τα)-of the evacuated tube collector has
a higher value when the WO3 was used compared to water and the more particles added the more
thermal-optical efficiency-FR (τα)-enhanced. The thermal-optical efficiency-FR (τα)- of the
evacuated tube solar collector comparing to water was raised by 19.3% when 0.042% volume
fraction of WO3 is used at the mass flux value of 0.017 kg/s.m2. On the hand, the value of the
removed energy parameter for water is lower than the values when WO3 nanoparticles were
inserted, moreover higher values of the removed energy parameter were detected with higher
volume fraction concentration of WO3 nanoparticles. The highest value of the removed energy
parameter is -33.22 for the case of the maximum volume fraction of WO3 of 0.042% at the mass
flux value of 0.017 kg/s.m2.
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Finding an explanation for the efficiency of the collector behaviour depends on observing
the nanofluids line and water lines in Figures (6.23) (a), (b) and (c) besides equation (4.6) and
Table (6.11). According to equation (4.6), the efficiency calculated as the difference between the
absorbed energy parameter-FR (τα)- and the removed energy parameter- FR UL -multiplied by the
reduced energy parameters(

Ti −Ta
GT

). As shown in Figures (6.23) (a), (b) and (c), the efficiency of

the collector at the maximum value when the reduced energy parameters(

Ti −Ta
GT

) is equal to zero

and at that case, the efficiency of the collector is equal to absorbed energy parameter-FR (τα)-(
thermal-optical efficiency) and no loss or removing energy to the surroundings as shown in
equation (4.6). When the reduced energy parameters(

Ti −Ta
GT

) raised the removed energy parameter-

FR UL - make its effect on the efficiency and as it has a negative value, it reduced efficiency. This
effect can be observed by the increase of the slope of the lines in Figures (6.23) (a), (b) and (c).
Generally, the effect happened the inlet fluid temperature increases so the mean fluid temperature
raises, which causes more heat loss by convection. On the other hand, the higher solar radiation
incident the as higher absorber plate temperature-gain and because of that the convection heat loss
gets up.
In the present study, it is believed that the nanofluid thermal conductivity is more than
water and it is the main reason to use them. When the thermal conductivity increases more heat
was absorber and because of that, the heat removal factor raises. However, the efficiency decreased
rapidly for the nanofluid as it has a higher value of heat removal factor (FR ) which is in both sides
of the efficiency equation (4.6) the energy absorbed parameter- FR (τα)- and the heat removed
parameter - FR UL -. As a result of that, the efficiency line of nanofluids and water were intersected
at certain points called critical values. These critical values were mentioned in Figures (6.23) (a),
(b) and (c) and the values of reduced energy parameters(

Ti −Ta
GT

) was pointed out. These points are

important as they give a clear value about the limit of the effect of nanofluids on the efficiency of
the collector. Moreover, the critical values are the turning point before it the efficiency of the
collector with nanofluids is more than efficiency with water but after it, water has a higher efficacy.
In addition, it is found that the reduced energy parameters values (

Ti −Ta
GT

) for the critical points

increase with the rising of the concentration and the mass flux value of the working fluids. Hence,
the critical points clarify when the collector efficiency with nanofluids is suitable for working
based on the different parameters affecting the solar collector performance.
In the presented work, different values of the mass flux were investigated. Variable speed
pump was used to give mass flux values of 0.013, 0.015, and 0.017 kg/s.m2. The effect of these
different values of mass flux can be detected in Table (6.11) and Figures (6.24) (a), (b) and (c). It
is clear based on these figures that the efficiency of the evacuated tube solar collector increases
with the rising of the mass flux value. Moreover, this conclusion is reinforced by the value of the
critical points shown in Figures (6.23) (a), (b) and (c) as when the mass flux value goes up the
value of the reduced energy parameters for the critical points became greater. The maximum values
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of the absorbed energy parameter, -FR (τα)- (thermal-optical efficiency) are recorded for the mass
flux value of 0.017 kg/s.m2 to be 0.6103, 0.6633, 0.6931, and 0.7283 for water and volume
fractions of 0.014%, 0.028%, and 0.042%, respectively. Moreover, the removed energy parameter
have the highest values of -12.94 ,-26.03, -33, and -33.22 for water and volume fractions of
0.014%, 0.028%, and and0.042%, respectively when the mass flux value is 0.017 kg/s.m2.The
value of the reduced energy parameter gets a top-level for the mass flux value is 0.017 kg/s.m2 too.
The explanation for that is based on the phenomena of heat transfer which proves that as the mass
flux value the mixing and turbulence happened between the fluid particles goes up so the heat
transfer coefficient increases and accordingly the Nusselt number and heat transfer rate rise.
Hence, the efficiency of the evacuated tube solar collector reaches higher values.
(a)
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(b)

(c)

Figure (6.24): The efficiency of evacuated tube solar collector for different mass flux values for
the concentration of WO3 a): 0.014% b): 0.028%, c): 0.042%.
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6.6. The area reduction
One of the main obstacles facing the expanding of the application of solar energy is the
capital cost of associated systems including collectors. This makes the capital cost for establishing
a new solar collector power plant is relatively higher compared to conventional types of the power
plant. The size of the component materials used in the collector such as glass, absorber and
insulation can be decreased by using nanofluids. Figure (6.25) shows the reduction potential of
the area of the collector if copper nanoparticles are used, which reduces the material cost. The
calculations are done based on Eq. (5) where the same heat gain and the same solar radiation is
assumed. The area of the collector is decreased by 28%, 22% and 7% for concentrations of 0.03%,
0.02%, and 0.01%, respectively at the volume flow rate of 0.6 L/min. When the volume flow rate
is boosted to 0.7 L/min the area of the collectors is decreased by 30 %, 25% and 12% for 0.03%,
0.02%, and 0.01%, respectively. The highest reduction of the area of the collector is registered at
the volume flow rate of 0.8 L/min as 34%, 28%, and 15% for the copper nanoparticles
concentration of 0.03%, 0.02%, and 0.01%, respectively.

Figure (6.25): Reduction ratio of the area for copper/water nanofluid
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6.7. Scientific results related to the collector’s operation parameters
Thesis 3 ([102], [103], [104])
By keeping the same inlet temperature, the outlet temperatures of the flat plate and the evacuated
tube solar collector were investigated. It was found that using nanofluids increases the outlet
fluid temperature and a maximum increase could be reached in the ranges investigated. Certain
values will vary according to the collector type. For the used collector types it was found that:


The maximum increase of the temperature for WO3/water nanofluid was 21% comparing
to water at the volume fraction of 0.042%, at the mass flux value of 0.017 kg/s.m2.
The maximum increase in temperature for CeO2/water nanofluid was 37.3% at the
volume fraction 0.035%, at the mass flux value of 0.017 kg/s.m2.
For copper/water nanofluid maximum increase in temperature was observed at 0.03%
concentration as the values for the flow rates of 0.6, 0.7 and 0.8 L/min: 39, 42 and 51.5%,
respectively.




Thesis 4 ([102], [103], [104])
It was found that the flat plate and evacuated tube solar collectors absorb more energy for the
operating with nanofluid comparing to water operation. Certain heat gain values will vary
according to the collector type. In the case of the collector types used it was found that:






For copper/water nanofluid, the highest values of the heat gain were found at the greatest
values of the flow rate 0.8 L/min. These values were 441 W for water, and 520, 612 and
699W for concentration of 0.01, 0.02 and 0.03%, respectively.
For CeO2-water nanofluid the minimum increase of heat gain was 19% for the volume
fraction of 0.015% at 0.013 kg/s.m2. The maximum increase of heat gain was 42.3% for
the volume fraction of 0.035% at 0.017 kg/s.m2.
For WO3-water nanofluid the maximum heat gain greater by 23%. The highest values of
the heat gains are listed for 0.042% volume fraction of WO3 nanoparticles and 0.017
kg/s.m2.

Thesis 5 ([102], [103], [105], [105], [106])
Heat removal factor (FR) is a key factor for testing the solar collector. For evacuated tube solar
collector the results were:




For copper/water nanofluid, the maximum values of the heat removal factor were at the
volume flow rate of 0.8 L/min as 0.64, 0.75, 0.89 and 0.97 at the concentrations of 0.01,
0.02 and 0.03%, respectively.
For WO3/water nanofluid, the ratio of the increase of the heat removal factor for nanofluids
comparing to water at the same mass flux value is between 1.05 and 1.16.
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For CeO2/water nanofluid, the maximum increase in the heat removal factor is 34.66% for
the volume fraction flow rate of 0.035% at the mass flux value of 0.017 kg/s.m2.

For a flat plate collector, the heat removal factor for nanofluid is greater than that of water. The
heat removal factor rises with the increase of mass flux values and nanofluid concentration.
Therefore, it can be concluded that by using WO3-water and CeO2-water nanofluids the flat plate
solar collector performance improves.
Thesis 6 ([102])
To get the same energy from the solar radiation, the size of the component materials used in the
collector such as glass, absorber and insulation can be reduced by using nanofluids. For
copper/water nanofluid:




The area of the collector is decreased by 28, 22 and 7% for concentrations of 0.03, 0.02
and 0.01%, respectively at the volume flow rate of 0.6 L/min.
When the volume flow rate is boosted to 0.7 L/min the area of the collectors is decreased
by 30, 25 and 12% for 0.03, 0.02 and 0.01%, respectively.
The highest reduction of the area of the collector is registered at volume flow rate 0.8 L/min
as 34, 28 and 15% for the copper nanoparticles concentration of 0.03, 0.02 and 0.01%,
respectively.

Thesis 7 ([102], [103], [104], [105], [106])
The thermal efficiency of collectors is determined based on the absorbed energy parameter FR
(τα) and the removal energy parameter FRUL as follows:






For the copper/water nanofluid used in evacuated tube solar collector, their maximum
values of the absorbed energy parameter FR (τα) and the removal energy parameter FRUL
were found for a volume concentration of 0.03% and at the volume flow rate of 0.8 L/min
to be 0.83 and 21.66, respectively.
The absorbed energy parameter FR (τα) of the evacuated tube solar collector reached 72.8%
when volume fractions 0.042% of WO3 nanoparticles used.
The absorbed energy parameter FR (τα) of the evacuated tube solar collector is raised up to
34% with a concentration of 0.035% of CeO2 nanofluid.
The experimental results of WO3/water and CeO2/water nanofluids reveal that the
maximum enhancement in the efficiency of the of flat plate solar collector at zero value of
[(Ti-Ta)/GT] was 13.48% and 10.74, respectively for the volume fraction of 0.0666% and
mass flux value of 0.019kg/s.m2 compared to water.

Thesis 8 ([102], [103], [104])
It was found that there is a limitation on the efficiency of the solar collector when using nanofluids.
In addition, adding nanoparticles to enhance the performance of the evacuated tube solar collector
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one should consider the effect of the inlet fluid temperature and the atmospheric circumstances
such as solar radiation and the ambient temperature. Based on a parameter called the reduced
temperature parameter, [(Ti–Ta)/GT], one can determine which concentration is preferred to get
higher efficiency. The optimal value of the concentration of nanoparticles mainly depends on
finding a balance between the positive and the negative impact of nanoparticle on both sides of
efficiency i.e. the absorbed energy parameter FR(τα) and the removal energy parameter FRUL.
These turning values of reduced temperature parameter, [(Ti–Ta)/GT] are found for copper, WO3,
and CeO2 nanofluids.

6.8. Economic and environmental impact
In this part, economic and environmental analysis for the collector with water and copper
nanofluids is presented. embodied energy is the energy consumed for manufacturing the system
(here solar collector). The embodied CO2 emission is the amount of CO2 emission released to
produce each material. Tables (5.12) and (5.13) provide the embodied energy and embodied CO2
emission for each component of the evacuated solar collector and whole set-up, respectively. In
addition, the weight and the cost of each component are given. The results show that the embodied
energy of the collector is 2011.45 MJ while 252.55 kg of CO2 is emitted in the manufacturing
process of the collector. The weight of the collector is around 51.8 kg and its cost is 242.1$. The
system with all components such as the collector, the fan coil, the heat exchanger, copper pipes,
pipe insulation and support frame costs 495$ and its weight is 88 kg. The embodied energy to
establish the system is 3808 MJ and 385kg of CO2 is released during the production of all
components. Table (6.14) shows the cost, the embodied energy and embodied CO2 emission for
different concentrations of copper nanoparticles used in the present work. The embodied energy is
calculated based on the embodied energy for the raw materials, the energy used during the
preparation process and the electrical energy used through the ultrasonic mixing. The chemical
reduction process, which used copper (II) sulphate pentahydrate as precursor salt and starch as a
capping agent, was used to prepare the Cu nanoparticles. The embodied energy and the embodied
CO2 emission were calculated for the stirrer and the heater used in that process. Moreover, the
embodied energy and the embodied CO2 emission were estimated for the ultrasonic mixing process
which, used an electrical energy supplier. These values for the embodied energy and the embodied
CO2 emission were used to calculate several factors such as CPBT, ACER, EPBT and EYF where
it can be found in the Table (6.15) as explained with Michael and Selvarasan [99] and Deeyoko
et al. [100].
CPBT is known as Carbon Payback Time, which is the number of years the collector takes to
offset the carbon emissions. It can be calculated based on equation (5.1).
CPBT =

Total calculated embodied CO2 emission (kg)
Annual CO2 emission mitigation (kg)
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The results indicate that the Carbon Payback Time drop by adding copper nanoparticles. As the
concentration of nanoparticles increases the Carbon Payback Time shortens. The lowest value of
the Carbon Payback Time was 0.419 year and it was for the volume flow rate of 0.8 L/min and a
concentration of 0.3%.
ACER is the Annual Certified Emission Reduction that is defined as the amount of money can be
saved by avoiding the one-ton equivalent of CO2 emission through solar energy systems. The value
of it can be calculated based on equation (5.2). Its value for all cases are shown in Table (6.15).
The monetary value of one carbon credit for Europe can be found in Table (6.16). Because of the
Annual CO2 emission mitigation has its higher value at the maximum concentration of copper
nanoparticles with the highest mass flow rate the maximum value of the ACER is 14.823$ for that
case.
ACER = Monetary value of one carbon credit ∗ Annual CO2 emission mitigation (kg)
(5.2)
EPBT is the abbreviation of the Energy payback time. It refers to the ratio of total embodied energy
needed to establish the system to the annual useful heat energy produced by the evacuated tube
solar collector (It can be calculated with equation (5.3) Its value can be found in Table (6.15).
Based on the results, the nanoparticles can reduce the energy payback time. The lowest Energy
payback time is found for the maximum concentration and maximum flow rate.

EPBT =

Total calculated embodied energy (MJ)
Annual useful thermal energy (MJ)

(5.3)

The Energy Yield Factor can be written as EYF. It reads as the ratio between the cost of the solar
system to the lifetime of the collectors as shown in equation (5.4). It refers to the money, which
can be saved from the collector for 25 years. The values of it change from 19.8 for water to 20.664
for 0.03% concentration of copper nanofluids. All the values of EYF can be found in Table (6.15)

EYF =

The total calculated cost of the system (USD)
Solar energy system useful lifetime (years)

(5.4)

Simple Payback Period (SPP) is a method used to determine the capital recovery duration.
Unfortunately, this method does not take into account the time value of money. SPP can be
calculated based on equation (5.5) and shown in Table (6.15). Useful thermal energy in terms of
cost is calculated with equation (5.6). The cost of electricity in Hungary is given in Table (6.16).
The copper nanoparticles have a remarkable effect on the payback period. The copper
nanoparticles decreased the payback period up to 30.8% with a 0.03% concentration compared to
water at the same flow rate.
SPP =

The total calculated cost of the system (USD)
Useful thermal energy in terms of cost
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Useful thermal energy in terms of cost = Annual useful thermal energy ∗ cost of electricity (USD) ∗ 0.2778

Table (6.12): Data used for the analysis for the evacuated solar collector parts
Total
embodied
Cost
Total
Cost
in
Weight
energy
Collectors parts
USD
%
(kg)
MJ

(5.6)

embodied CO2
emission
kg of CO2 /kg

Evacuated tubes glass

18.2

21.5

8.88

427.29

15.6

Heat pipes

9.7

153.2

63.28

684.84

35.4

Copper header pipe

1.4

20.8

8.59

98.84

5.11

Manifold insulation

2.6

2.3

0.95

78.78

4

Heat transfer fins

7

13.3

5.49

240.8

78.4

Rubber components

1.2

1.5

0.62

81

3.19

Tube clips

0.5

2.92

1.2

17.25

0.75

Fasteners

1.5

6.87

2.84

48

2.25

Manifold casing

3.2

7.36

3

110.4

35.7

Mounting frame

6.5

12.35

5.1

224.25

72.15

Total

51.8

242.1

100

2011.45

252.55

Table (6.13): Data used for the analysis for the system used
System components

Total
Weight

Total Cost in
USD

(kg)

Cost
%

MJ

embodied
CO2 emission
(kg of CO2
/kg)

embodied
energy

Collector

51.8

242.1

49

2011.45

252.55

Fan coil unit

15

120

24.2

900

69

Heat exchange

10

50

10.1

600

46

Copper pipes

5

60

12.1

210

13

Pipe insulation

0.2

10.5

2.1

8

0.35

Support frame

6

12.4

2.5

78.55

4.1

Total

88

495

100

3808

385
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Table (6.14): Data used for the analysis for copper particles
Concentration
0.01%
0.02%
Mass (g)

2

4

6

7.2

14.4

21.6

0.114

0.228

0.342

During
preparation
process

1.44

2.88

4.32

Ultrasonic

1.8

1.8

1.8

Cost in USD
Raw material

embodied
energy

0.03%

(MJ)

mixing
electricity
Total

3.354

Raw material
embodied
CO2 emission
During
(kg of CO2
preparation
/kg)
process
Ultrasonic

4.908

6.462

0.0073

0.0146

0.0219

0.76

1.52

2.28

0.218

0.436

0.654

mixing
electricity
Total

0.9853

1.9706
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Table (6.15): Results for water and copper nanofluids
Concentration

0.3

0.2

Flow rate

0.1

water

0.3

0.2

0.8

0.1

water

0.3

0.2

0.7

0.1

water

0.6

Efficiency

0.83

0.76

0.65

0.55

0.76

0.72

0.61

0.53

0.73

0.67

0.56

0.52

The total
calculated
cost of the
system
(USD)

516.6

509.4

502.2

495

516.6

509.4

502.2

495

516.6

509.4

502.2

495

Total
calculated
embodied
energy (MJ

3814.462 3812.908 3811.354

3808

3814.462 3812.908 3811.354

3808

3814.462 3812.908 3811.354

3808

385

388.153

385

Total
calculated
embodied
CO2 emission
(kg)

388.153

386.971

385.985

385.000

388.153

Annual
overall useful
thermal
energy (MJ)

2988

2736

2340

1980

2736

2592

2196

1908

2628

2412

2016

1872

Annual CO2
emission
mitigation
(kg)

926.413

848.282

725.504

613.888

848.282

803.635

680.858

591.565

814.797

747.827

625.050

580.403

386.9706 385.9853
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CPBT (years)

0.419

0.456

0.532

0.627

0.458

0.482

0.567

0.651

0.476

0.517

0.618

0.663

ACER (USD)

14.823

13.573

11.608

9.822

13.573

12.858

10.894

9.465

13.037

11.965

10.001

9.286

EPBT(years)

1.28

1.39

1.63

1.92

1.39

1.47

1.74

2.00

1.45

1.58

1.89

2.03

EYF

20.664

20.376

20.088

19.8

20.664

20.376

20.088

19.8

20.664

20.376

20.088

19.8

Useful
thermal
energy in
terms of cost

107.91

98.81

84.51

71.51

98.81

93.61

79.31

68.91

94.91

87.11

72.81

67.61

SPP(years)

4.79

5.16

5.94

6.92

5.23

5.44

6.33

7.18

5.44

5.85

6.90

7.32
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Table (6.16): Assumptions used for the analysis
Parameters

Value

Annual fuel cost escalation rate (%)

3.26%

Solar energy system useful lifetime (years)

25

Sunny hours per year (hours)

1988

Annual sum Budapest global radiation (kW h/m2)

1280

The average annual global radiation (MJ/m2)

4500

Cost of electricity (USD/kWh)

0,13

Thermal power plant efficiency (%)

31.35

Thermal power plant CO2 emission (kg CO2/kWh)

1.09

The monetary value of one carbon credit

USD16/tCO2

6.9. Summarization of the scientific results of the economic analysis
Thesis 9 ([102])
The economic effect – as a highly important issue – were investigated and according to the findings
the use of nanofluid makes more economical the solar thermal energy utilization. The lowest
energy payback time is found for the maximum concentration and maximum flow rate of copperwater nanofluids. The Energy Yield Factor varies from 19.8 for water to 20.664 for 0.03%
concentration of copper nanofluids. The copper nanoparticles reduced the payback period up to
30.8% with a 0.03% concentration compared to water at the same flow rate. The present work
indicates that it takes 1.28 years for the payback period which is by 50% less compared with water
at the same circumstances.
Thesis 10 ([102]
The results show that the Embodied energy of the collector is 2011.45 MJ while 252.55 kg of CO2
is emitted in the manufacturing process of the collector. The Embodied energy to establish the
system is 3808 MJ and 385 kg of CO2 is released during the production of all components. The
Carbon Payback Time decreases by adding copper nanoparticles. As the concentration of
nanoparticles increases the Carbon Payback Time shortens. The lowest value of the Carbon
Payback Time was 0.419 year for the volume flow rate of 0.8 L/min and a concentration of 0.3%
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of copper nanoparticles. The Annual Certified Emission Reduction is defined as the amount of
money can be saved by avoiding the one-ton equivalent of CO2 emission through solar energy
systems. Because of the Annual CO2 emission, mitigation has its higher value at the maximum
concentration of copper nanoparticles with the highest mass flow rate. The maximum value of the
ACER is 14.823$ for this case. The present work shows that 312 kg of CO2 is saved when copper
nanoparticles are used in the collector.

6.10.

Comparison with the previous work

In this part, comparisons were made. Examples for cases of this work are compared with other
work. Comparison of the absorbed energy parameter was held. Another one was don or the
economic and environmental impact of nanofluids in solar collectors. A lot of parameters must be
found to have justice comparisons such as solar radiation, ambient temperature, inlet fluid
temperature, nanoparticles shape, nanoparticles size, volume fractions etc. Hence, it may be stated
that it is not possible to control all these parameters at the same time. Based on that one should try
to find cases with the closest parameter.
Based on ASHRAE Standard 93-2003[94], many conditions that are required to check the
performance of the solar collector such as the maximum change in both ambient and inlet
temperatures in each test period must be lower than ±0.8℃ and ±0.5℃, respectively, while the
maximum deviation in global radiation was ±30 W/m2. These conditions limited and try to make
a comparison between two solar collectors as they tested at different solar radiation, ambient
temperature and inlet temperature. Hence, the best way to make such type of compassion is to find
out the increase in absorbed energy parameter, FR (τα), which is known as the maximum
efficiency when nanofluids are used over the value of water for each individual researcher’s work.
This way is a fairer way as in that case the only difference in the absorbed energy parameter,
FR (τα) is going to be a result of using nanofluids without any heat energy loss. In addition, the
comparison is held on at closer values of volume concentration and mass flow rate as it makes the
comparison more applicable. Figure (6.26) shows the comparison between the CeO2/water and
Cu/water nanofluids, Iranmanesh et al. [79], Ghaderian et al. [75], and Ghaderian et al. [72].
It was chosen the case of 1L/min and 0.025% volume fraction of graphite nanoparticles
(GNP)/water nanofluid from Iranmanesh et al. [79] work. The values for the absorbed energy
parameter for 1L/min and 0.03% volume fraction of CuO/water nanofluid and Al2O3/water
nanofluid from Ghaderian et al. [75], and Ghaderian et al. [72] were selected. In addition, the
value of 0.017 kg/s.m2 (0.83 L/min) and 0.035% volume fraction of CeO 2/water nanofluid was
the best option for comparison from the present study. Moreover, the value for 0.03% volume
fraction of copper/water nanofluids at 0.8L/min was selected. The results showed that the absorbed
energy parameter greater by 35%,51%,9%,32% and 40% for CeO2/water nanofluid, copper/water
nanofluid, graphite nanoparticles (GNP)/water nanofluid, CuO/water nanofluid and Al2O3/water
nanofluid, respectively. These results indicated that copper/water nanofluids have the best values
compared with others. In addition, CeO2/water nanofluid has a great benefit comparing to other
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types of nanofluids and has an evaluation effect on the performance of the evacuated tube solar
collector.

Figure (6.26): The comparison between the presented work and the previous work
In the case of environmental and economic impact, a comparison was done between the
copper/water nanofluid and Faizal et al. [101]. They found that the amount of CO2 emission can
be reduced by 180 kg, 159kg, 155 kg for the solar collector with CuO, TiO2, and SiO2 nanofluids
respectively but the copper/water nanofluids show that 312 kg of CO2 is saved when copper
nanoparticles are used in the collector. CuO nanofluid takes 2.4 years as payback period according
to Faizal et al. [101], but copper/water nanofluids indicate it takes 1.28 years for the payback
period. The results indicated that copper nanoparticles have a massive economic and
environmental effect on the heat energy produced by the solar collectors.
Thesis 11 ([102], [104])
Comparisons were performed between the present work and the previous work. In the case of
thermal efficiency, the derived results indicated that copper/water nanofluids have the best values
compared with others. In addition, CeO2/water nanofluid has a great benefit comparing to other
types of nanofluids and has a significant effect on the performance of the evacuated tube solar
collector. In the case of environmental and economic impact, results showed that more CO 2
emissions were saved and lower payback time was achieved.
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7. SUMMARY
7.1. Summary of PhD study
The present study was performed experimentally to determine the performance of a ﬂat-plate
and an evacuated tube solar collector with using nanofluid. Three different nanoparticles were
applied during the presented work WO3, CeO2, and Cu. These nanoparticles were used with
different volume concentration. All the experiments were done under mass flux values of the fluid.
All nanofluids were prepared with new methods. The stability of nanofluids was performed with
the help of zeta potential measurements apparatus. The thermal conductivity of nanofluids was
measured with transient plate source methods. The effect of using nanofluid on the area of the
collectors was calculated. The economic effect of nanofluid on solar heat energy production was
exposed. The environmental impact of nanofluid was studied.
The experiments and results showed that using CeO2-water nanofluid raised the efficiency of
the solar collector more efficiently than using only water. It was found that the maximum
efficiency when reduced temperature parameter, [(Ti–Ta)/GT], equals to zero was 10.74%, volume
fraction(𝜑) was 0.066% and mass flux value was 0.019 kg/s.m2. However, for a wide range of
reduced temperature parameters, [(Ti–Ta)/GT], the best performance was given with the application
of 0.0333% volume fraction for all mass flux values, as it can be followed in Figures (6.7), (6.12),
and (6.13). The changes in absorbed energy parameter,𝐹𝑅 (𝜏𝛼) vary from 3.51% to 10.74%, and
in removed energy parameter,𝐹𝑅 𝑈𝐿 vary from 30.61% to 191.8%, compared to water at the same
mass flux value. The efficiency of the collector was directly proportional to mass flux values, and
it seemed that an optimal volume fraction might be 0.0333% for the present study’s ranges.
The stability of WO3-water nanoﬂuid was found to be 7 days. Volume fractions of 0.0333%, and
0.0666% were tested at three mass flux values, including 0.0156, 0.0183, and 0.0195 kg/s.m2. The
experiments and results indicated that using WO3-water nanofluid raises the efficiency of the solar
collector more than using water only. It was found that the maximum efficiency when the reduced
temperature parameter, [(Ti–Ta)/GT] equals to zero was 71.87% for volume fraction(𝜑) 0.0666%
and mass flux value 0.0195 kg/s.m2. The highest increase in the absorbed energy parameter,
𝐹𝑅 (𝜏𝛼) was 13.48% for the the volume fraction(𝜑) 0.0666% and mass flux value 0.0195 kg/s.m2
so this case has the maximum increase in efficiency compared with water. The maximum increase
in 𝐹𝑅 𝑈𝐿 was for the case of the volume fraction(𝜑) 0.0666% and mass flux value 0.0195
kg/s.m2.The changes in absorbed energy parameter,𝐹𝑅 (𝜏𝛼), varies from 6.04% to 13.48% and in
removed energy parameter, 𝐹𝑅 𝑈𝐿 , varies from 42.46% to 101.8% compared with water. Hence, it
was concluded that the efficiency of the collector is directly proportional to both volume fraction
of nanoparticles and mass flux values.
In the case of evacuated tube collector, the CeO2- water nanofluid was used as the working fluid.
The stability of CeO2- water nanofluid was investigated and no sedimentation was found for a
period of 7 days. Different values of CeO2 were used in the present study. These volume fractions
of CeO2 nanoparticles values were 0.015%, 0.025% and 0.035%. The experiments were performed
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at different mass flux values of 0.013, 0.015 and 0.017 kg/s.m2. The performance of the evacuated
solar collector was checked with different variables like temperature difference, the useful heat
gain, and thermal efficiency. Findings showed that using nanoparticles raises the temperature
difference comparing to water. Moreover, the higher volume fraction of CeO2 nanoparticles had a
higher temperature difference. The performed study shows that the maximum increase in
temperature difference is 37.3% for the using a volume fraction of CeO2 nanofluids of 0.035% at
the mass flux value of 0.017 kg/s.m2 if compared with water at the same mass flux value. On the
other hand, the results indicated that useful heat gain increased using nanofluids. Moreover, the
more CeO2 nanoparticles inserted to water the more heat was absorbed. Based on that the
maximum rise of heat gain was higher by 42.3% than the heat-gain for water for the volume
fraction of 0.035% at 0.017 kg/s.m2. The maximum rise in the heat removal factor was found
34.66% for the case of volume fraction flow rate of 0.035% at the mass flux value of 0.017 kg/s.m2
compared with water at the same mass flux value. The thermo-optical characteristic of the collector
of the evacuated tube solar corrector is increased up to 34% for all the range studied. One can say
that most of the presented results clearly found that the increase of the volume fraction of CeO2
enhance the outlet temperature of the solar collector, increase the heat transfer to the fluid and
raises the thermo-optical characteristic of the collector but it moreover raises the thermal loss
coefficient. Hence, the best performance of the evacuated tube solar collector was indicated with
the using of 0.025% volume fraction for all cases studied of the mass flux value.
In another working paper, a copper/water nanofluid was prepared by using an ultrasonic machine.
The stability of the nanofluid was investigated using two approaches an eye inspection approach
and a zeta potential approach. Three different concentrations (0.01%, 0.02%, and 0.03%) were
checked at three-volume flow rates of (0.6, 0.7 and 0.8 L/min). Results found that the minimum
and the maximum increase in the temperature difference were 17% and 51.5%, respectively. The
heat collected by the collector was directly proportional to the concentration of nanoparticles. On
the other hand, the area of the evacuated tube solar collector was decreased by 34% when copper
Nanoparticles with a concentration of 0.03% was applied. The heat removal factor was clearly
increased with the adding of copper nanoparticles. The absorbed energy parameter FR (τα) was
enhanced and it reached a maximum value of 0.83 for the concentration of the copper nanoparticles
was 0.03%. For the same case, the removal energy parameter FR UL the absolute value was
enhanced to 21.66. Moreover, the results indicated higher efficiency of the collector especially at
lower values of the reduced energy parameter [(Ti–Ta)/GT]. The present work shows that 312 kg
of CO2 is saved more than water when copper nanoparticles are used in the collector. Moreover,
the copper nanoparticles reduced the payback period up to 30.8%
Another experimental study is performed to find the effect of the WO3 nanoparticles on the
performance of the evacuated tube solar collector. A comparison between three volume fractions
concentrations of the WO3 nanoparticles of 0.014%, 0.028%, and and0.042% was performed. The
experiments were done at several cases of the mass flux value to illustrate out the effect of these
mass flux values of 0.013, 0.015, and 0.017 kg/s.m2 on the efficiency of the solar collector. The
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results showed that using WO3 helps to push up the outlet temperature of the fluid. Nanoparticles
enhance the useful heat gain by the evacuated tube solar collector. The highest increase in the heat
removal factor was 16%. Both thermal-optical efficiency and the removed energy parameter
greater by adding WO3 nanoparticles and by the increase of the mass flux value. The thermaloptical efficiency of the evacuated tube solar collectors was 72.83%, which is, mean a plus rate of
19.3% compared with water. It worthy mention that there are critical points which are considered
as a limit for using nanoparticles. It was found that using nanofluids doesn’t necessarily mean
improvement in solar collector efficiency. Based on the presented review, there is no previous
work about using WO3 nanofluid as the working fluid of the evacuated tube solar collector.

7.2. New scientific results
Thesis 1 ([102], [103], [104], [105] and [106])
It was found that for getting usable, stable WO3/water nanofluid one needs to apply continuous 75
minutes’ ultrasonic homogenisation, for CeO2/water nanofluid continuous 90 minutes’ ultrasonic
homogenisation needed. To reach the same result with copper/water nanofluid a two-step method
is needed: the first step of preparation is the mixing of nanoparticles with water by a centrifugal
mixer and after that 150 minutes’ ultrasonic homogenisation needed with 50% amplitude settings.
The stability of the nanofluids in point was proven by two methods: first is the repetitive naked
eye observation, the second is the systematic application of the zeta potential investigation. The
WO3/water and CeO2/water nanofluids do not show sedimentation in a 7 days’ period while the
copper/water nanofluid for 24 hours. The observed mean zeta potential for WO3/water is -43.12mV
and for CeO2/water is -36,91 mV with a little decrease in 7 days. The mean zeta potential of
copper/water nanofluid during its stability period was -31,1 mV.
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 increases by the increase of the
concentration and the temperature as well in the ranges investigated as the table below shows it.
Table for Thesis 2.
Nanofluid Concentration Temperature Enhancement
vol%
(K)
ratio %
0.0166
324
5.76
302
1.53
0.0333
324.5
8.58
CeO2water
305.5
3.52
0.066
324
14.69
303
4.15
0.01667
325
4.3
300
1.14
WO3water
0.0333
325
11.17
300
4.03
Cu-water
0.01
327.5
10.06
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307
324.25
307.5

0.02

2.4
12.89
6.33

Thesis 3 ([102], [103], [104])
By keeping the same inlet temperature, the outlet temperatures of the flat plate and the evacuated
tube solar collector were investigated. It was found that using nanofluids increases the outlet
fluid temperature and a maximum increase could be reached in the ranges investigated. Certain
values will vary according to the collector type. For the used collector types it was found that:


The maximum increase of the temperature for WO3/water nanofluid was 21% comparing
to water at the volume fraction of 0.042%, at the mass flux value of 0.017 kg/s.m2.
The maximum increase in temperature for CeO2/water nanofluid was 37.3% at the
volume fraction 0.035%, at the mass flux value of 0.017 kg/s.m2.
For copper/water nanofluid maximum increase in temperature was observed at 0.03%
concentration as the values for the flow rates of 0.6, 0.7 and 0.8 L/min: 39, 42 and 51.5%,
respectively.




Thesis 4 ([102], [103], [104])
It was found that the flat plate and evacuated tube solar collectors absorb more energy for the
operating with nanofluid comparing to water operation. Certain heat gain values will vary
according to the collector type. In the case of the collector types used it was found that:






For copper/water nanofluid, the highest values of the heat gain were found at the greatest
values of the flow rate 0.8 L/min. These values were 441 W for water, and 520, 612 and
699W for concentration of 0.01, 0.02 and 0.03%, respectively.
For CeO2-water nanofluid the minimum increase of heat gain was 19% for the volume
fraction of 0.015% at 0.013 kg/s.m2. The maximum increase of heat gain was 42.3% for
the volume fraction of 0.035% at 0.017 kg/s.m2.
For WO3-water nanofluid the maximum heat gain greater by 23%. The highest values of
the heat gains are listed for 0.042% volume fraction of WO3 nanoparticles and 0.017
kg/s.m2.

Thesis 5 ([102], [103], [105], [105], [106])
Heat removal factor (FR) is a key factor for testing the solar collector. For evacuated tube solar
collector the results were:




For copper/water nanofluid, the maximum values of the heat removal factor were at the
volume flow rate of 0.8 L/min as 0.64, 0.75, 0.89 and 0.97 at the concentrations of 0.01,
0.02 and 0.03%, respectively.
For WO3/water nanofluid, the ratio of the increase of the heat removal factor for nanofluids
comparing to water at the same mass flux value is between 1.05 and 1.16.
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For CeO2/water nanofluid, the maximum increase in the heat removal factor is 34.66% for
the volume fraction flow rate of 0.035% at the mass flux value of 0.017 kg/s.m2.

For a flat plate collector, the heat removal factor for nanofluid is greater than that of water. The
heat removal factor rises with the increase of mass flux values and nanofluid concentration.
Therefore, it can be concluded that by using WO3-water and CeO2-water nanofluids the flat plate
solar collector performance improves.
Thesis 6 ([102])
To get the same energy from the solar radiation, the size of the component materials used in the
collector such as glass, absorber and insulation can be reduced by using nanofluids. For
copper/water nanofluid:




The area of the collector is decreased by 28, 22 and 7% for concentrations of 0.03, 0.02
and 0.01%, respectively at the volume flow rate of 0.6 L/min.
When the volume flow rate is boosted to 0.7 L/min the area of the collectors is decreased
by 30, 25 and 12% for 0.03, 0.02 and 0.01%, respectively.
The highest reduction of the area of the collector is registered at the volume flow rate of
0.8 L/min as 34, 28 and 15% for the copper nanoparticles concentration of 0.03, 0.02 and
0.01%, respectively.

Thesis 7 ([102], [103], [104], [105], [106])
The thermal efficiency of collectors is determined based on the absorbed energy parameter FR
(τα) and the removal energy parameter FRUL as follows:






For the copper/water nanofluid used in evacuated tube solar collector, their maximum
values of the absorbed energy parameter FR (τα) and the removal energy parameter FRUL
were found for a volume concentration of 0.03% and at the volume flow rate of 0.8 L/min
to be 0.83 and 21.66, respectively.
The absorbed energy parameter FR (τα) of the evacuated tube solar collector reached 72.8%
when volume fractions 0.042% of WO3 nanoparticles used.
The absorbed energy parameter FR (τα) of the evacuated tube solar collector is raised up to
34% with a concentration of 0.035% of CeO2 nanofluid.
The experimental results of WO3/water and CeO2/water nanofluids reveal that the
maximum enhancement in the efficiency of the of flat plate solar collector at zero value of
[(Ti-Ta)/GT] was 13.48% and 10.74, respectively for the volume fraction of 0.0666% and
mass flux value of 0.019kg/s.m2 compared to water.

Thesis 8 ([102], [103], [104])
It was found that there is a limitation on the efficiency of the solar collector when using nanofluids.
In addition, adding nanoparticles to enhance the performance of the evacuated tube solar collector
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one should consider the effect of the inlet fluid temperature and the atmospheric circumstances
such as solar radiation and the ambient temperature. Based on a parameter called the reduced
temperature parameter, [(Ti–Ta)/GT], one can determine which concentration is preferred to get
higher efficiency. The optimal value of the concentration of nanoparticles mainly depends on
finding a balance between the positive and the negative impact of nanoparticle on both sides of
efficiency i.e. the absorbed energy parameter FR(τα) and the removal energy parameter FRUL.
These turning values of reduced temperature parameter, [(Ti–Ta)/GT] are found for copper, WO3,
and CeO2 nanofluids.
Thesis 9 ([102])
The economic effect – as a highly important issue – were investigated and according to the findings
the use of nanofluid makes more economical the solar thermal energy utilization. The lowest
energy payback time is found for the maximum concentration and maximum flow rate of copperwater nanofluids. The Energy Yield Factor varies from 19.8 for water to 20.664 for 0.03%
concentration of copper nanofluids. The copper nanoparticles reduced the payback period up to
30.8% with a 0.03% concentration compared to water at the same flow rate. The present work
indicates that it takes 1.28 years for the payback period which is by 50% less compared with water
at the same circumstances.
Thesis 10 ([102]
The results show that the Embodied energy of the collector is 2011.45 MJ while 252.55 kg of CO2
is emitted in the manufacturing process of the collector. The Embodied energy to establish the
system is 3808 MJ and 385 kg of CO2 is released during the production of all components. The
Carbon Payback Time decreases by adding copper nanoparticles. As the concentration of
nanoparticles increases the Carbon Payback Time shortens. The lowest value of the Carbon
Payback Time was 0.419 year for the volume flow rate of 0.8 L/min and a concentration of 0.3%
of copper nanoparticles. The Annual Certified Emission Reduction is defined as the amount of
money can be saved by avoiding the one-ton equivalent of CO2 emission through solar energy
systems. Because of the Annual CO2 emission, mitigation has its higher value at the maximum
concentration of copper nanoparticles with the highest mass flow rate. The maximum value of the
ACER is 14.823$ for this case. The present work shows that 312 kg of CO2 is saved when copper
nanoparticles are used in the collector.
Thesis 11 ([102], [104])
Comparisons were performed between the present work and the previous work. In the case of
thermal efficiency, the derived results indicated that copper/water nanofluids have the best values
compared with others. In addition, CeO2/water nanofluid has a great benefit comparing to other
types of nanofluids and has a significant effect on the performance of the evacuated tube solar
collector. In the case of environmental and economic impact, results showed that more CO 2
emissions were saved and lower payback time was achieved.
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7.3. Possibilities for practical application of scientific results
Using nanofluids in the thermal application has its own advantages. It impacts not only on the
scientific community but moreover in the investment companies. I believe that the era is the nanoera. Nanofluids will reduce not just the size of the thermal apparatus but moreover its cost. The
economic side is very attractive for companies and end-users. Besides, the environmental problems
and CO2 reduction are very incorrigible for using nanofluids. The optimal use of available natural
resources such as the sun 's energy production is made easier by using nanotechnology. Hence, the
benefits of using nanofluids in solar thermal energy production can be summarized as:
1. Develop new types of nanofluids with more thermal conductivity
2. Increases the outlet fluid temperature of the solar collector
3. Absorb more energy using sun
4. Reduce the size of the solar collector with the same energy production
5. Rise the solar collector efficiency
6. reduce the CO2 emission
7. Decrees the cost of solar energy
8. Encourage built new solar energy power station in low solar radiation places
9. Get up the investment revenue and reduce the payback period on the solar energy industry
Directions for further development

Although, I believe that the presented work is an important step for enhancing renewable energy
production, a lot of future steps must be done in that direction. For example, the stability of
nanofluids must be increased to fillable the investor requirements. One day or one weak is not
enough for large continue of application. Besides, hybrid nanofluids in the new techniques of
nanofluids. They must put under the scope of researchers. More numerical work shall be done to
predict the performance of solar collectors’ performance with nanofluids.
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