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Abstract
This study analyses the efficiency enhancement of flat plate solar collector using Al2O3 and
crystal nano-cellulose (CNC) nanofluids. The upward energy demand along with the depletion
of conventional energy sources demands improved utilization of renewable energy resources.
Among all renewable energy resources, solar energy is the most appropriate alternative to
conventional energy sources owing to its inexhaustibility and green property. Solar collectors
are devices that convert solar radiation into heat or energy. However, the efficiency of the solar
collector is still not adequate. The competent step to enhance the efficiency of the solar
collector is to use nanofluids. This study is carried out different phases viz. characterization
and stabilization while both qualitative and quantitative methods used to evaluate the stability
of nanofluids; several thermo-physical properties of Al2O3 and CNC nanofluids such as thermal
conductivity measured at four different temperature using KD2 Pro, viscosity and specific heat
determined at similar temperature range by viscometer and differential scanning calorimetry
respectively; implementation of nanofluids in the solar collector. The experiment is executed
with a fixed flow rate and in steady-state conditions under open solar radiation. The
experimental study has revealed that up to 2.48% and 8.46% efficiency of solar collector
enhanced by using 0.5% Al2O3 and 0.5% CNC nanofluids respectively. Moreover, nanofluids
show good to moderate stability performance. In addition, the thermal conductivity of
nanofluids increased while viscosity is in decreasing trend with increasing temperature.
Applying nanofluids could enhance the efficiency of a flat-plate solar collector.
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1. Introduction
To fulfill the smart demands of people, the utilization of energy is increasing day by day. As a
result, the depletion of fossil energy, as well as its unfavorable response, urges to realize to
take necessary actions rapidly [1, 2]. Therefore, renewable energies are trying to capture the
space of fossil energy. solar energy is the most preferable energy among various renewable
energies as it is inexhaustible, clear and plentiful [3, 4]. To harvest solar energy, the solar
collector is one of the most important devices and green invention as well [5]. Solar collector
suffering from low energy efficiency. But efficiency can be improved by replacing the working
fluids into nanofluids [6]. Newly developed solar collector which is simple and has a wide
range of applications specifically in domestic and industrial usages to heat water named flat
plate solar collector (FPSC). Although FPSC has a versatile implementation, it is suffering
from low energy efficiency. Nanofluid is the most promising and latest method to enhance the
efficiency of FPSC [7, 8].
Nomenclature
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Al2O3

Aluminium Oxide

CNC

Crystal nano-cellulose

CSR

Controlled shear rate

CuO

Copper Oxide

DSC

Differential scanning calorimetry
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DWCNT

Double-Walled Carbon Nanotube

EDX

Energy dispersive x-ray spectroscopy

EG

Ethylene glycol

ELS

Electrophoretic light scattering

FESEM

Field emission scanning electron microscopy

FLIR

Forward-looking infrared

FPSC

Flat plate solar collector

MWCNT

Multi-Walled Carbon Nanotube

MgO

Magnesium Oxide

SiO2

Silicon Dioxide

SWCNT

Single-Walled Carbon Nanotube

TEM

Transmission electron microscopy

TiO2

Titanium Dioxide

W

Water

ZnO

Zinc Oxide

ZrO2

Zirconium Dioxide

Greek symbols
Volumetric concentration of particles (%)
Specific heat (J/g-K)
Mass fraction
Energy gain (kW)
Mass flow rate (kg/s)
Incident solar radiation (W/m2)
Area of the solar collector (m2)
Efficiency (%)
Temperature (K or oC)
Shear stress
Shear rate
Subscripts
p

Particle

bf

Base fluid
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Nanofluid is the latest approach for modern technology to enhance the performance of
engineering tools and machinery [9]. Nanofluids prepared by dispersing the nanoparticles into
the base fluids [10, 11]. Nanoparticles enable unique properties such as physicochemical,
optical and biological properties which can be manipulated suitably in the intended application
[12, 13]. Thermal conductivity and heat transfer coefficient increased significantly by adding
a tiny number of nanoparticles into the working fluids as well as further enhancement occurred
linearly due to the augmentation of nanoparticles into the base fluid. Moreover, nanofluid
exhibits the enhancement of heat transfer, improved suspension stability, high surface volume,
fewer particles clogging and anomalous increase in thermal conductivity while the heat transfer
or heat transfer coefficient directly related to thermal conductivity. Water and ethylene glycol
have been utilized in much nanofluid related research works as a base fluid. However,
nanofluids are not only great interest to increase the heat transfer but also improving other
properties such as rheological behaviour and mass transfer properties [14-16].
The researchers and scientists have experimented and identified different types of metallic
nanoparticles such as Al, Fe, Cu, Ag, and Au; non-metallic nanoparticles such as CuO, SiC,
Al2O3, ZnO, semiconductors (TiO2), carbon nanotubes (SWCNT, DWCNT, MWCNT) and
composites materials such as nanoparticles core polymer shell composites; while most of them
are chemically stable and functionalized nanoparticles. Generally, nanoparticles produced by
physical and chemical synthesis techniques [17, 18]. In addition to this, over the last few years
nano-cellulose attract more attention to the researchers due to some of their notable properties
such as biodegradability, impressive mechanical properties, lower density, plentiful in nature
and most importantly eco-friendly aspect as well [19, 20].
In the last few years, the researchers are studying more on the efficiency enhancement of flat
plate solar collectors using nanofluids as working fluids in replace of conventional fluids such
as Yousefi, Veisy [21] studied the thermal performance of FPSC with MWCNT-water
nanofluid and concluded the improvement of collector significantly. Moghadam, Farzane-Gord
[22] studied the efficacy of an FPSC increase of 16.7% when CuO-water nanofluid applied in
the solar collector. Said, Sabiha [23] experimentally investigated the output temperature
enhancement of FPSC using TiO2-water nanofluid. The authors revealed that nanofluids can
maximize the temperature up to 65oC. In addition, Verma, Tiwari [24] studied the efficiency
of FPSC using MgO-water nanofluid and revealed that the efficacy of collector enhanced.
Later, Verma, Tiwari [25] again investigated the efficiency performance of FPSC by using
various nanofluids such as CuO, TiO2, MWCNT, Graphene/water nanofluids and found that
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the MWCNT nanofluid shows the highest increment of efficiency of FPSC. Besides,
Ziyadanogullari, Yucel [26] studied the thermal performance of FPSC using Al2O3. TiO2,
CuO/water nanofluids. The authors concluded that the maximum efficiency of collector
achieved by using CuO-water nanofluid while the lowest increase found for TiO2-water
nanofluid. Eltaweel and Abdel-Rehim [27] experimentally investigated the efficiency
performance of FPSC with MWCNT-water nanofluid. They revealed that the efficiency of
16%, 21%, and 34.13% was higher than distilled water at the concentration of 0.01 wt%, 0.05
wt%, and 0.1 wt% nanofluids respectively.
This study aims to analyse the efficiency improvement of the flat plate solar collector by using
nanofluids. The focus will be on the inorganic (Al2O3) and organic (CNC) nanofluids
implementation in FPSC successively, which is incomparable with any study in the literature.
Moreover, in this study, the efficiency of FPSC will be analysed considering the tubes (header
and riser) of FPSC through which the nanofluids can circulate. Thereby, the Al2O3 and CNC
nanoparticles will be characterized and prepared by standard method; thermo-physical
performances of nanofluids will be evaluated and finally, nanofluids will be applied in FPSC
to observe the efficiency enhancement of collector in the steady-state condition under solar
radiation. The result will be compared with other studies which are near it.
2. Material and Methods
In this study, aluminium oxide (Al2O3) anhydrous nanoparticles used which was procured from
Bendosen Laboratory Chemicals. CNC nanoparticle used and was purchased from Blue Goose
Biorefiners Inc. company with a weight concentration of 8.0% w/w. The specification of CNC
nanoparticles was provided by the company as presented in Table 1. EG with water (W: EG
60: 40 ratio) has been selected as the base or working fluids.
Besides, the specification of flat plate solar collector (FPSC) especially the tubes (header and
riser) has been described in Table 2. The efficiency of FPSC has been calculated by the
following (Eq. (1 and 2)).
(1)

=

(2)

=

5

Where

is the efficiency (%);

is the specific heat (J/g-K);
collector (m2);

and

is the energy gain (kW);

is the mass flow rate (kg/s);

is the solar radiance (W/m2);

is the total area of the solar

are the outlet and inlet temperature (oC) respectively. Moreover, In

this study, solar radiance has been considered as a constant value of 830 W/m2 which was
selected from the experimental work of solar collector performed by Gaos, Yulianto [28]. The
authors found the maximum average value of solar radiance was 830 W/m2 during the
evaluation of the performance of the solar collector significantly.
2.1 Characterization and Preparation of Nanofluids
The nanoparticles (Al2O3 and CNC) were characterized by using different characterization
equipment such as Field-emission scanning electron spectroscopy (FESEM), Transmission
electron microscopy (TEM) [29-32]. In this study, the two-step method has been used to
prepare the nanofluids as similar to many previous studies such as Ramachandran, Hussein
[33] and Azmi, Hamid [34]. Nanoparticles (Al2O3 and CNC) were suspended in the base fluid
(W: EG 60:40) at different volume fractions such as 0.1%, 0.3%, and 0.5% and then
mixed/blended it using a magnetic stirrer until proper mixing. The required mass of
nanoparticles in a dry form corresponding to the volume concentration was calculated using
(Eq.(3)) [35].

=

(3)

× 100
+

Where

is the volume concentration of nanofluids (%),

for density. The subscripts

and

is the mass fraction and

stands

stand for nanoparticles and base fluid respectively.

Afterward, sonication has been done using probe sonication processor until no agglomerates
could be observed in the suspension [36]. Fig. 1 shows the preparation method for nanofluids.
Sonication of nanofluids is very necessary to prepare stable nanofluids by disperse the
nanoparticles into the base fluids uniformly and to avoid agglomeration or agitation of
nanoparticles.
2.2 Measurement of Thermo-physical Properties
The stability of Al2O3 and CNC nanofluids have been measured by qualitative and quantitative
methods. In the case of the quantitative method, to measure the stability of both nanofluids
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litesizer 500 zeta potential (Anton Paar, Austria) used. ELS (electrophoretic light scattering).
Omega Cuvette measurement cell used to evaluate the electro kinetic potential in colloidal
dispersion. The zeta potential values obtained in the millivolt [37]. Sedimentation observation
(Qualitative method) has been done by naked eyes to examine the stability of Al2O3 and CNC
nanofluids at various volume concentrations similarly with Kadirgama, Anamalai [38]
conducted the qualitative method to measure the stability of nanofluids in thermal analysis of
SUS 304 stainless steel using nano-cellulose/ethylene glycol-based study.
Thermal conductivity of the base fluid, Al2O3, and CNC nanofluid at 0.1%, 0.3%, and 0.5%
volume concentrations were measured by KD2 Pro Thermal Property Analyser (Decagon
Devices, Inc., USA. The transient hot-wire method was the operating principle of that device.
KD2 Pro consists of a handheld controller and a sensor. This sensor can measure the thermal
conductivity between 0.002-2.00 W/m-K with an accuracy of ±5%. The experiment was
performed at a temperature range of 30oC to 80oC (controlled condition). Before starting the
actual sample measurement, the sensor was validated by measuring the thermal conductivity
of glycerine (k= 0.282 W/m-K at 20oC; solution provided by the manufacturer. Moreover, the
thermal conductivity measurement verified by measuring the base fluid (60% water and 40%
ethylene glycol) and compared with predetermined values of ASHRAE standard (American
Society of Heating, Refrigerating and Air Conditioning Engineers). The maximum deviation
between the base fluid and ASHRAE data was 3.2%. Previously many researchers used KD2
Pro Thermal Property Analyser to measure the thermal conductivity of nanofluids in
experimental studies [39-42].
In this study, the dynamic viscosity of CNC nanofluids with various volume concentrations
was measured at a temperature range of 30oC to 80oC by Brookfield RST, Coaxial Cylinder
rheometer. And the dynamic viscosity of Al2O3 nanofluids measured at the same range of
temperature by Malvern Panalytical (model Kinexus lab+) manufactured by Malvern
Panalytical Ltd, United Kingdom. At first, the viscosity of base fluid was measured and
compared the obtained values with the prementioned data of the ASHRAE standard. The
rotational measurement under controlled shear rate (CSR) method used. Previously many
studies used Brookfield RST and Malvern Panalytical in order to measure the viscosity of
nanofluids [34, 43].
Differential scanning calorimetry (DSC) is a highly sensitive technique can be used to measure
the specific heat capacity (

) of both solid and fluids [44, 45]. Here specific heat of nanofluids
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(both Al2O3 and CNC) at various volume concentrations has been measured using the Linseis
DSC 1000 (Differential scanning calorimetry-Germany). In this study, the weight of all
samples was fixed at 13 mg weighing by electrical balance and that has been loaded in
aluminium crucibles. Fig. 2 shows the specific heat measurement tools. This equipment gives
the highest possible accuracy of

by using modulated heating rate temperature profiles. This

method defines a steady change in the heat flow of the samples and the system can observe the
heat uptake superiorly than a linear heating system [46]. Besides,

measurement could be

affected by the mass value of the materials and the heating rate owing to the use of the DSC
[47].
2.3 Application of Nanofluids in FPSC
Two types of volume concentrations have been preferred based on the performance of thermophysical properties of both (Al2O3 and CNC) nanofluids such as 0.3% and 0.5% to apply in
FPSC. The experiment has been run during day time (sunny day) from 10.00 am to 2.00 pm
and the location was University Malaysia Pahang [48]. Forward-looking infrared (FLIR)
thermal camera has been used to measure the surface temperature of copper tubes. Fig. 3
presents the experimental setup and Table 3 shows the list of apparatus of the experimental
setup of the collector with properties.
Prior to starting the measurement of temperature by FLIR thermal camera, FLIR has been
calibrated by sensing the temperature of hot water. To avoid the error data ten reading has been
taken in maximum temperatures and calculated the average of the hot water around 84.94oC.
Before applying the nanofluids in FPSC, the flow rate of the submersible pump has been
checked with water by adjusting the flow control of the pump. At the very beginning of the
running of this experiment, the inner and outer thermocouple shows the unprecedented
temperature difference data between them. To ignore this error reading, three types of
observation has been done. After starting equipment, the data has been checked after 10 min,
30 min, and 60 min consecutively; the stable temperature difference was observed between the
inlet and outlet of the equipment. Fig. 4 presenting the whole process flow of practical work.
However, the temperature difference between inlet and outlet has been evaluated at the lowest
and highest flow rate of the pump. The flow rate does not have any significant effect on it.
Around 2000 ml nanofluid has been prepared for each type of nanoparticles (Al2O3 and CNC).
The volume concentrations were 0.3% and 0.5%. These four-volume concentrations of
8

nanofluids have been loaded in bucket one after another and the lowest flow rate has been set
in the pump. This method has been done in a steady-state condition under direct solar radiation.
3. Result and Discussion
3.1 Characterization of Nanofluids
The size of Al2O3 nanoparticles was below 80 nm and most of the particles were spherically
determined by using FESEM, as shown in Fig. 5. The elemental composition of nanoparticles
was analysed by means of FESEM EDX with 10 µm, 20 µm, and 60 µm electron image. The
EDX spectrum shows the presence of aluminium (Al) and oxygen (O) atoms (Fig. 6) and Table
4 depicts the EDX results of the elemental proportion of Al2O3 nanoparticle with 20 µm
electron image [49].
In addition, the shape and size of solid nanoparticles into the base fluid that is in nanofluid
form can also be measured by TEM image [50] as shown in Fig. 7. Moreover, the dispersion
of nanoparticles into the base fluid should be defined precisely. Fig. 7 illustrates that most of
the nanoparticles of Al2O3 nanofluids were nearly spherical and nearly elongated geometry in
morphological shape. Nanoparticles were also better uniform in shape and size. The
nanoparticles were dispersed evenly into base fluids but often agglomerated into small
aggregation.
Apparently, CNC nanoparticles were in gel form and it was not possible to evaluate it
morphologically using FESEM. Therefore, CNC nanoparticles have been prepared into two
forms such as film and powder to analysis it in FESEM. Fig. 8 shows the morphology of CNC
nanoparticles in film form in Fig. 8(a)) and in powder form in Fig. 8(b). The size and shape of
nanoparticles could not be measured using FESEM as there were no individual nanosized
particles observed in the figure though the samples were dried. Fig. 8 showed the CNC
nanoparticles clung with each other. However, the elemental analysis has been done using
FESEM EDX. EDX did with 10µm, 20µm and 60µm electron image similar to Al2O3
nanoparticles.
The EDX spectrum showed that the clear appearance of carbon (C) and oxygen (O) atoms in
CNC nanoparticles as shown in Fig. 9. Besides, Table 5 illustrates the chemical composition
of 20 µm electron image of CNC nanoparticles with standard deviation [51]. The TEM
micrograph of CNC nanoparticles (powder form) and CNC nanofluids showed in Fig. 10 and
Fig. 11 respectively. The size and shape of the CNC nanoparticles determined by Fig. 10. In
9

this micrographic view, it was observed that the size of the CNC nanoparticles was less than
50 nm. The shape of nanoparticles was in both elongated and nearly spherical geometry. On
the other hand, Fig. 11 represents the dispersion phenomenon of CNC nanofluids into the base
fluid. The dispersion was not enough fairly even as some aggregation of nanoparticles was
obtained due to strong Van der Waals force between the nanoparticles [52].
3.2 Analysis of Thermo-physical Properties
3.2.1 Stability Analysis
Both qualitative and quantitation method has been applied to evaluate the stability of Al2O3
and CNC nanofluids. In case of sedimentation observation (Qualitative method), the stability
of Al2O3 and CNC nanofluids have been examined at various volume concentrations which is
similar with Ramachandran, Kadirgama [53] experimental study on effective thermal
conductivity and relative viscosity of CNC/water-EG nanofluids through a combined
experimental and statistical approach. The authors evaluated the stability of nanofluids by
sedimentation observation. In this study, the observation has been done every day. No
aggregation of Al2O3 and CNC nanoparticles observed at the bottom of the test tube after one
week of nanofluids preparation as shown in Table 6. This observation demonstrates the
moderate to good stability of both nanofluids meanwhile the numerical values of stability have
been investigated by quantitative methods.
From the quantitative method point of view, measurement of the zeta potential of nanofluids is
one of the techniques used to evaluate the stability of nanofluids by analyzing electrophoretic
behaviour [54]. The measured value of zeta potential above 30 mV is considered to be a good
stable nanofluid [11]. The absolute zeta potential values of all nanofluids are presented in Fig.
12. The highest zeta potential value is about 36.1 mV of 0.3% Al2O3 nanofluids followed by
0.5% Al2O3 nanofluid with 33.6 mV. While 0.1% and other three-volume concentrations of
CNC nanofluids showed the absolute value of zeta potential is less than 30 mV. Meanwhile,
the Al2O3 nanofluids showed positive charge and CNC exhibited negativity potential
behaviour. Long term physical and chemical stability of nanofluids is one of the fundamental
requirements for its proper usage in heat transfer applications [54]. Because strong Van der
Walls interactions of nanoparticles create clusters/aggregation causing non-homogeneity of
nanofluids. Moreover, sedimentation of nanoparticles degrades the thermo-physical properties
such as thermal conductivity, density, viscosity, specific heat capacity as stability of nanofluids
has a significant effect on thermal conductivity directly or indirectly [55]. Aggregation of
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nanoparticles within the nanofluids can block the tubes which are responsible for
discontinuation of heat transfer and resulting deflation of advantages of nanofluids in heat
transfer [56].
3.2.2 Thermal Conductivity Analysis
The thermal conductivity of the base fluid (60% water and 40% EG), Al2O3 and CNC
nanofluids with different volume concentrations (0.1%, 0.3%, and 0.5%) measured at four
different temperatures such as 30oC, 50oC, 70oC, and 80oC. Thermal conductivity of working
fluids increased anomalously due to adding nanoparticles into base fluids and Fig. 13 shows
the enhancement of thermal conductivity of nanofluids (Al2O3 and CNC) at 0.1%, 0.3%, and
0.5% volume concentrations. Despite the increment phenomena of thermal conductivity; 0.1%
CNC, nanofluid exhibited a slight decrement of thermal conductivity at a temperature of 50oC
and 70oC. However, Al2O3 exhibited the increment of thermal conductivity consistently.
Moreover, the thermal conductivity increases with an increase in temperature as well [33, 34].
Fig. 13 illustrates that the enhancement of thermal conductivity is not linear with linearly
increased volume concentration percentage of nanoparticles at any temperature. This similar
phenomenon also observed by Wei, Zou [57]. The authors found thermal conductivity
enhancement is not even with increased in volume concentration at a temperature of 20oC.
Prior to the experiment with nanofluids, the thermal conductivity of the base fluid (W: EG
60:40) measured to evaluate the measurement accuracy of KD2 Pro Thermal Property
Analyser. The error percentage between resulting data and ASHRAE standard of base fluid has
been analysed and shown in Fig. 14 which defines the good agreement with the measurement
accuracy of the thermal conductivity equipment as well as the thermal conductivity
characteristic of the experimental base fluid. The reason for thermal conductivity enhancement
can be discussed by the experimental study of Wen and Ding [58]. The authors studied that the
nanoparticles in the base fluid increase the thermal conductivity by reducing thermal boundary
layer thickness causing convection heat transfer enhancement. Not only that, the migration of
nanoparticles in the based fluid is one of the roots of heat transfer enhancement which forms
non-uniform distribution of thermal conductivity and viscosity field due to Brownian motion,
shear action and spatial gradient in viscosity [59].
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3.2.3 Dynamic Viscosity Analysis
Earlier, the deviation of experimental viscosity data and ASHRAE Standard data of the base
fluid has been analysed and presented in Fig. 16. The maximum standard deviation of about
0.27 found at the 80oC temperature of the base fluid. The viscosity of nanofluids (Al2O3 and
CNC) with different volume concentrations (0.1%, 0.3%, and 0.5%) determined at four distinct
temperatures such as 30oC, 50oC, 70oC and 80oC as shown in Fig. 15. In this study, viscosity
increases with increasing volume fractions of nanoparticles but decreases when the temperature
increased, and this phenomenon is similar to many previous studies [33, 34, 53]. The maximum
viscosity obtained at 30oC of 0.5% volume concentration Al2O3 nanofluid whereas 0.3%
volume concentration CNC nanofluid exhibited the highest viscosity. According to Newtonian
Fluid theory, shear stress

and shear rate

are straight and viscosity remains constant as

defined Newtonian fluid [60]. In this study, the nanofluids (both Al2O3 and CNC) at various
volume concentrations showed the non-Newtonian behaviour as shear viscosity increases with
increasing shear stress at every individual temperature.
3.2.4 Specific Heat Analysis
The resulting data of specific heat capacity (

) of Al2O3 and CNC nanofluids (all volume

concentrations) are shown in Fig. 17. Insufficient numerical and experimental studies had been
conducted to determine the specific heat capacity of nanofluids at different temperature and
volume concentrations. O'Hanley, Buongiorno [61] studied the specific heat capacity of
nanofluids at various volume concentrations with different types of nanofluids (water-based
alumina, silica, copper-oxide). The authors also used a size range (diameter) of nanoparticles.
They revealed specific heat capacity decreased due to the crease of volume fractions of
nanofluids. Sekhar and Sharma [62] found that the increasing volume concentration of
nanofluids (water-based aluminium oxide) decline the specific heat capacity of nanofluids
owing to the increase of thermal diffusivity of nanofluids. They also mentioned the increment
of temperature causes the decrement of effective specific heat capacity of nanofluids. In this
study, the adding of Al2O3 nanoparticles into the base fluid causes the loss of specific heat
capacity and its increases (Fig. 17) with an increase in the mass fraction of nanoparticles into
the base fluid [61], whereas 0.5% Al2O3 nanofluid showed the negative result at 30oC
temperature. However, specific heat is an increasing trend due to the increasing temperature of
Al2O3 nanofluid at all volume concentrations [63]. On the other hand, CNC nanofluids with all
volume concentrations at a range of temperatures from 30oC to 80oC exhibited the negative
12

potentiality of specific heat capacity. Moreover, negativity increases with an increasing volume
concentration of CNC nanofluids and with the improvement of temperature as well. In addition,
CNC nanofluids at all volume concentrations showed fewer negativity results at 50oC
temperature than at 30oC temperature. The smaller specific heat of solid particles compared to
that of base fluid obviously will decrease the specific heat of the nanofluid mixture. The
declining will be continued at the increment of the volumetric loading of particles [64].
Moreover, literature stated, there is good relation between specific heat and thermal
conductivity, especially with thermal diffusivity as nanofluids can diffuse heat much better
than base fluid such as Vajjha and Das [65] studied that among three of (Al2O3, SiO2, CuO)
CuO showed the highest thermal diffusivity at a defined temperature due to it lowest specific
heat and high thermal conductivity values.
3.3 Efficiency Analysis of FPSC
The inlet and outlet temperature have been monitored several times for individual nanofluids
and averaged the data, as shown in Table 7. Fig. 18 and Fig. 19 present the energy gain and
efficiency scenario of FPSC. Fig. 18 presents the gradual enhancement of energy gain of 0.3%
Al2O3 and 0.5% Al2O3 nanofluids at a temperature range of 30o to 80oC; while 0.3% CNC and
0.5% CNC nanofluids do not exhibit the linearity of energy gain increment at the same
temperature. Both volume concentrations (0.3% and 0.5%) of CNC shows the decrement of
energy gain at 50oC temperature. Moreover, the base fluid performs the discontinuation trend
of energy gain in this system.
In addition, Fig. 19 illustrates the progressive enhancement of efficiency of Al2O3 nanofluids
(both of 0.3% and 0.5% volume con.) whereas CNC nanofluids at both volume concentrations
and base fluid do not maintain the gradual improvement of efficiency of solar collector.
Besides, the maximum efficiency of 2.48% and 8.46% achieved by 0.5% Al2O3 and 0.5% CNC
at 80oC temperature respectively; while there is a big difference between these two values of
efficiency. On the other hand, the base fluid shows a maximum efficiency of 1.17% at 50oC
temperature.
Currently, there are a few studies conducted with a mixture of water and ethylene glycol (60:
40) as the base or working fluid for FPSC. This is due to the stability of nanoparticles in the
water-EG mixture. Not all nanofluids stable in water/EG base fluid. It is different compared
with water where nanoparticle easily stable specifically Al2O3 nanoparticles. A comparison
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illustration of efficiency enhancement of FPSC using Al2O3 and CNC nonfluids with the
experimental study of Meibodi, Kianifar [48] prepared as shown in Table 8. The authors
investigated the thermal efficiency of FPSC using SiO2/water-EG nanofluids with 0%, 0.5%,
0.75% and 1% volume fraction of nanofluids at three mass flow rates including 0.018, 0.032
and 0.045 (kg/s). They concluded that the enhancement of the thermal efficiency of FPSC was
4 to 8% in maximum. Moreover, they remarked thermal efficiencies associated with
concentrations of 0.75% and 1% are very close. The efficiency enhancement of FPSC using
CNC/water-EG is higher than Al2O3/water-EG and SiO2/water-EG nanofluids have been
presented in Table 8. Even though the Al2O3 nanofluids exhibit lower efficiency enhancement,
stability of Al2O3 nanofluids was good.
4. Conclusion
In this study, the energy gain and the efficiency of flat plate solar collector enhanced by using
Al2O3 and CNC nanofluids (at 0.3% and 0.5% volume concentrations for both nanofluids)
flowing through inside the tubes (header and riser) under direct solar radiation. Nanofluids play
the role of working fluids. Therefore, findings of the works done throughout the study can be
concluded as follows,
0.3% and 0.5% Al2O3 nanofluids performed good stability while 0.1% Al2O3 showed
moderate stability. On the other hand, CNC nanofluids (all volume concentrations)
exhibited the initial stage of instability.
Maximum enhancement of thermal conductivity was 11.5% and 13.4% for CNC and
Al2O3 nanofluids respectively at 80oC temperature.
Dynamic viscosity of Al2O3 nanofluids (all volume con.) was decreasing and at 800 C
temperature showed the lowest value of it, while CNC nanofluids (all volume fractions)
show the decreasing trend of dynamic viscosity until at 70oC temperature. 0.5% Al2O3
nanofluid performed the lowest increment of the viscosity of about 4.9% at 80oC
temperature whereas it was in maximal of 57% at 30oC temperature than the base fluid.
Specific heat decreases with increasing nanofluids volume concentrations, but it is
improved with the improvement of temperature. Moreover, CNC showed negative
specific heat capacity which defines the mechanical instability that means the
isothermal compressibility is negative or equivalent [66].
Experimental data reveal that the outlet temperature enhanced by nanofluids and
maximum increased by 0.5% Al2O3 nanofluid of about 4.4%.
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Energy gain and efficiency of flat plate solar collector improved too. Maximum
efficiency of flat plate solar collector obtained of around 2.48% for 0.5% Al2O3 and
8.46% for 0.5% CNC nanofluids. Thus, about 5.8% efficiency can be improved using
CNC/water-EG nanofluid in a flat plate solar collector.
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Table 1
Specification parameters of CNC [28].
Parameter
Crystallinity index
Crystal length
Crystal diameter
Hydrodynamic Diameter

Value
80%
100-150 nm
9-14 nm
150nm

Table 2
Specification of the tubes of FPSC.
Properties
Inner diameter
Outer diameter (mm)
Number of tubes
Total length (m) of the tubes
Tube material

Parameters
12.5
12.7
10
12.325
Copper

Table 3
List of apparatus of the experimental setup of FPSC.
Sr. no Name of the apparatus
Characteristics
1
2

Frame
Tubes

3
4
5

Thermocouples
Pump (Dolphin PA500)
Bucket

Wooden
Copper; outer diameter 12.7 mm; inner
diameter 12.5 mm; length 1m
Sensing element: coiled bimetallic
Electrical submersible filter
Plastic

Number of
apparatus
One
Ten
Three
One
One

Table 4
Quantification results of Al2O3 nanoparticles.
Element
Weight %
Standard
deviation
Oxygen, O
49.49
5.34
Aluminium, Al
45.90
9.41

Atomic %
59.73
32.85

Standard
deviation
3.36
8.35

Table 5
Quantification results of CNC nanoparticles.
Element
Weight %
Standard
deviation
Carbon, C
47.22
1.19
Oxygen, O
52.78
1.19

Atomic %
54.37
45.63

Standard
deviation
1.18
1.18

Table 6
Evaluation of qualitative stability measurement of nanofluids.
Nanofluid
After preparation
Al2O3

CNC

After seven days

Table 7
Experimental data of temperature (oC) of nanofluids.
Parameters
Outlet temperature (oC)
Base fluid
42.66
0.3% Al2O3
42.4
0.5% Al2O3
45.1
0.3% CNC
44.88
0.5% CNC
43.6

Inlet temperature (oC)
41.66
40.4
43.2
42.9
42.4

Table 8
Comparison of efficiency of FPSC with other research study.
Nanofluids
CNC/water-EG
SiO2/water-EG
Al2O3/water-EG

Efficiency (%)
Experimental results
Meibodi, Kianifar [49]
8.46
8
2.48
-
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