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Abstract: The present review paper aims to document the latest developments on the applications
of nanofluids as working fluid in parabolic trough collectors (PTCs). The influence of many factors
such as nanoparticles and base fluid type as well as volume fraction and size of nanoparticles on the
performance of PTCs has been investigated. The reviewed studies were mainly categorized into three
different types of experimental, modeling (semi-analytical), and computational fluid dynamics (CFD).
The main focus was to evaluate the effect of nanofluids on thermal efficiency, entropy generation, heat
transfer coefficient enhancement, as well as pressure drop in PTCs. It was revealed that nanofluids
not only enhance (in most of the cases) the thermal efficiency, convection heat transfer coefficient, and
exergy efficiency of the system but also can decrease the entropy generation of the system. The only
drawback in application of nanofluids in PTCs was found to be pressure drop increase that can be
controlled by optimization in nanoparticles volume fraction and mass flow rate.

Keywords: parabolic trough solar collectors; nanofluid; thermodynamic performance; entropy
generation; exergy analysis

1. Introduction

Nowadays, one of the vital global challenges is the increase of greenhouse gases content in
the Earth’s atmosphere. The mean content of CO; in the Earth’s atmosphere has increased from
390 ppm in 2011 [1] to roughly 410.19 ppm up to 2018 [2] which has resulted in increasing the Earth’s
atmosphere temperature. This alarming increase in both CO, content and its corresponding increase in
temperature along with the finite resources of oil and gas have forced human beings to face a challenge
as well as a new opportunity of finding a different source of energy; renewable energy. There are
many types of renewable energy known so far. Renewable energy can be categorized into six distinct
resources, including hydropower, modern biomass, geothermal, solar, wind, and wave and tide [3].
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Solar energy has many advantages over other types of renewable energy. Most importantly, solar
energy, compared to other types of renewable energy resources, is considered the greatest resource,
as the energy provided to Earth by the Sun in an hour can be more than the whole amount of the
energy consumed by human beings in a year [4]. However, solar energy is currently providing rather
a small portion of the total energy supply; this energy can be the most useful energy in the future.

Solar energy can be separated to two major types, solar photovoltaic, which directly convert the
Sun’s light to electricity, and solar thermal collectors which concentrates the Sun’s light to generate
heat and use the heat to run heat engines [5].

The conversion efficiency of Photovoltaic (PV)cells are typically in the range of 10-20%, as much
as the radiation heat up the cells, the efficiency goes down [5], which by considering the price is not
affordable. However, besides its cost, one cannot deny that solar energy in some cases is the only
option for remote areas and this advantage makes it an asset.

Another way to harness solar energy is the use of solar thermal collectors. The direct absorption
solar collector (DASC) was the pioneer in this type of solar collectors introduced in the 1970s, instead
of simple flat plate type collectors [6]. Solar thermal collectors work based on concentrating and
absorbing the sunlight, converting to heat, and transferring this heat to a working fluid which can be
liquid or gas. Working fluids can be water, oil, molten salt, air nitrogen, or helium flowing through
the collectors [7]. Enhancing heat transfer and thermal conductivity through these working fluids can
cause increasing efficiency. In recent years, research along this issue got popularized among scientists.
It was suggested to add solid nanoparticles to common working fluid to enhance the effective thermal
conduction. Using nanoparticles instead of particles with sizes in order of micrometer diminishes the
issues associated with erosion and corrosion of components as well as the sedimentation and clogging
of particles [8]. This mixture considerably increased the heat transfer rate and the suspension called
nanofluid [9-11]. Nanofluid, which consists of particles with a dimension less than 100 nm dispersed in
a base fluid, can be defined as suspensions of NPs. This nanofluid is able to enhance conductivity and
heat transfer coefficient of working fluid. Choi et al. [9], by introducing and discussing a new idea on
using nanoparticles, became pioneers in efficiency enhancement of working fluid in thermal systems.
Their results revealed the benefits of using copper-based nanofluid. Additionally, they discussed the
theoretical aspect of the nanofluid’s thermal conductivity and the potential impacts of nanofluid in
improving heat transfer. Over a decade ago, using nanofluid as the working fluid of collectors gained
a great devotion as a revolution in the heat transfer [12].

The main focus of the paper is divided into four distinct sections. First, parabolic trough solar
collectors are discussed in general in terms of different types, components, and application. Next,
the application of nanofluids is discussed in different parts of solar energy sectors. Afterward, the
application of nanofluids is investigated thoroughly in parabolic trough collectors (PTC). This section
reviews the studies conducted on PTC into two different sections of experimental and numerical
investigations. In conclusion, the summary of the review is presented and the advantages and
disadvantages of nanofluids application in PTC is summarized based on the conducted review. Finally,
the challenges of the nanofluids application in PTC is discussed.

2. Parabolic Trough Solar Collectors

These days, different types of solar collectors are widely used to harvest solar energy. Solar
collectors can be separated into two essential types including stationary and tracking concentrating [13].
Stationary or non-tracking collectors include flat plate solar collectors (FPT) [14], evacuated tube
collectors (ETC) [15], compound parabolic collector and bowl collector [16], which are mostly used for
heating liquids. Other types of solar collectors are based on heating air, including the through-pass air
collector [17] and unglazed transpired solar collector [18]. These types of collectors work based on
capturing radiation from the sun and transferring thermal energy to air via conduction heat transfer.
Sun tracking concentrating collectors are other types of solar thermal collectors, which are able to
track the sun by either one or two axes and concentrate the sunlight on the focal point (or line). One
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axisincludes the parabolic trough [19], cylindrical trough, and linear Fresnel collector [20], and two
axes includes parabolic dish [21], parabolic tower [19], and circular Fresnel [22]. Figure 1 shows the

classification of solar collectors.
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Figure 1. Solar collectors’ classification.
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Parabolic trough solar collectors consist of a parabolic reflector. This parabolic sheet can be made
by bending a sheet to parabolic shape. The sheet should be highly reflective and be constructed as a
long parabolic reflecting mirror. In this type, the solar collector should be pointed directly into the
Sun, and since the solar radiation is parallel, all light waves can reflect on focal from all parts of the
trough-shaped as shown in Figure 2. This consequently causes the central pipe to heat up.
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Figure 2. General conceptual form of a parabolic trough collector (PTC) [23].

The parabolic trough solar collectors consist of different parts:

- Parabolic reflectors
- Receiver tube

- Support structure

- Tracking system
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The receiver tube which is located at the focal line of parabolic trough reflective surface (Figure 3)
can transfer the absorbed solar energy to the fluid flowing inside. The tube usually consists of
two layers to make it more efficient. An outer layer is made out of glass which is transparent and
anti-reflecting to solar radiation and can reduce convection and radiation losses and maintain strength
and transmittance under high temperatures [24], as well as an inner layer of copper or selective
blackened nickel which, inside of it, circulates the heat transfer fluid [25].

Vacuum Sunlight
| Glass eh

Inner layer /

Fluid

Figure 3. Detail of parabolic trough solar collector.

Coating of the inner layer makes it capable of reducing thermal radiation losses by absorbing the
short length solar radiation and also low emissivity for long wave energy spectrum [24].

The device also includes one-axis solar tracking to align the trough with sunlight and make sure
the maximum amount of radiation will be reflected on the focal line [26]. Parabolic troughs are rotated
to track the Sun as it moves across the sky each day from morning to night. This is one of the crucial
sections which can increase the efficiency and maximize the solar heat gain.

The critical section of parabolic trough solar collector is the heat transfer fluid flowing inside the
tube, which is usually a mixture of water or thermal oil and other additives like nanofluids which
enhance thermal conduction. The fluid is pumped through the tube and absorbs the solar heat reaching
temperatures of over 200 °C. The hot water is then directed to a heat exchanger where it can heat a
storage tank for different applications.

As mentioned above, PTC is used in large scales as solar concentrating technology.
Nanofluid-based concentrating parabolic solar collectors (NCPSC) provide better energy absorption
and conductive heat transfer compared with conventional parabolic trough concentrators [27]. Recently,
the use of nanofluids as the working fluid in parabolic trough solar collectors (PTC) is getting
more common.

3. Nanofluids Usage in Solar Energy

Working fluid is one of the most essential parts in solar conductors which play a significant role
in heat transfer of PTC. It has been numerous attempts toward enhancing the thermal conductivity of
working fluid from the beginning of solar energy usage. Khullar et al. [28] investigated the application
of nanofluids in concentrating parabolic trough solar collector (CPT). Otanicar et al. [29] conducted
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experimental research on the influence of different nanofluids used as working fluid on the efficiency
of solar thermal collectors. The studied nanoparticles were graphite, two different silver nanoparticles
with different size, and carbon nanotubes. It was shown that the efficiency with adding 20 nm silver
particle improve roughly by 5% compared with the conventional working fluids. They investigated
the effect of graphite, copper, aluminum, and silver nanoparticles (at low concentration of 0.001 vol. %)
dispersion into Therminol VP-1 on increasing the efficiency of power tower solar collectors. They
showed that using the nanofluid in the receiver can lead to a theoretical increase of 5-10% in efficiency.
However, they believed that the usage of nanofluids in trough solar collectors or dish solar collectors
are not appropriate at that time and requires further improvement. A mathematical model is proposed
by Khullar et al. [30] in order to investigate the effect of nanofluid concentration in NCPSC. They found
that the application of nanofluid in parabolic through the collector (PTC) can enhance their thermal
efficiency. Saidur et al. [31] studied the volume fraction and size effect of nanoparticles in direct solar
collectors. It turned out that the extinction coefficient is directly proportional to the weight percentage
of nanoparticles. However, the particle size has an insignificant effect on optical characteristics of
nanofluids. They also showed at 1.0% volume fraction, a good improvement is resulted in solar
absorption and the nanofluid is almost not transparent to light wave.

The mass fraction and mass flow rate influence of Al,O3 nanofluid as working fluid on the
direct absorption type solar collector studied experimentally by Verma et al. [32]. It was shown that
at the particular wt % of approximately 5%, the maximum efficiency enhancement of 5% could be
achieved. Parvin et al. [33] investigated the effect of Cu-water nanofluid volume fraction and Reynolds
number on heat transfer performance of a direct absorption solar collector. The results showed that the
forced convection heat transfer performance was increased with both increasing Reynolds number and
volumetric concentration. More specifically, at highest nanoparticle volume fraction and the largest
Reynolds number, the best performance of heat transfer is achieved.

4. Application of Nanofluid in PTC

By increasing use of nanofluids, many investigators have been interested in the application of
nanofluids in solar collectors. There are many researchers that conducted reviews on the application
of nanofluids in solar collectors. Verma et al. [34] conducted a review on the progressive application
of nanofluid in solar collectors, in which thermophysical properties of nanofluids and performance
evaluation of different types of solar collectors using nanofluid were discussed. Nagarajan et al. [35]
also summarized the application of nanofluids in different solar collector systems. More specifically,
the thermophysical properties, different types of nanofluids, and the history of the solar energy
and its diverse applications were discussed. Sandeep et al. [36] reviewed different methods used
to enhance heat transfer in PTCs, specifically the use of nanofluids in heat transfer enhancement.
Bellos et al. [37-39] provided a review on nanofluids application in solar collectors, mostly concerning
their applications on thermal efficiency enhancement. However, there is no comprehensive literature
review on nanofluids application in PTCs.

There are many ways by which the studies concerning the application of nanofluids in PTC can
be classified:

The first classification can be done on types of nanoparticles used in studies. The nanoparticle can
be categorized into two main sections (Bellos et al. [39]):

1.  Metallic nanoparticles such as Fe, Cu, Zn, Al, Au.
Non-metallic nanoparticles such as SiO,, TiO,, Fe;O3, ZnO, CeO,, multiwall carbon nanotubes
(MWCNT), carbon nanotubes (CNT)

As it can be seen from Figure 4, Al,Oj3 is the most applicable nanoparticle among researchers
since 41% of studies use it in the studies, followed by CuO, TiO,, etc. Both metallic and non-metallic
nanoparticles can be dispersed into the base fluid at a different volumetric concentration ranging from
0.01-6% [37,40,41] or weight percentage ranging from 0.1-20 wt % [42].
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Figure 4. Share of different nanoparticles on the studies concerning PTC enhancement using nanofluids.

Additionally, the other way to study nanofluids is to talk about different types of base fluids in
which the nanoparticles are dispersed in. There are mostly four significant types of base fluid used
so far:

Water

QOils (such as Synthetic oils, thermal oils, Therminol-VP-1, Dowtherm-A, etc.)
Ethylene glycol (EG)

Molten salts (such as 60% NaNO3;-40% KNO3)

Ll e

Another way to categorize the studies is to classify them by type of studies:

1.  Experimental studies
2. Numerical investigations

Nanoparticles used in the thermal enhancement of PTC have different diameter sizes which
range from 4-100 nm [43,44]. As stated earlier, thermophysical properties of nanofluids are of high
importance. There are numerous studies trying to review the equations stating these parameters
in terms of temperature, nanoparticle size, concentration, etc. A comprehensive review of these
thermophysical properties is given in [34,35].

The main reason encouraging investigators to use nanofluids (instead of base fluids) are their
enhanced thermal properties. Thermal efficiency and convective heat transfer are two main factors
that are required to be enhanced to give a better performance in PTC. Also, nanofluids have a higher
thermal conductivity, density, and viscosity while lower specific heat capacity is comparing to the base
fluid. It should be noted that higher viscosity is actually a drawback in the nanofluid application as
it increases friction factor and hence causes pressure drop along the receiver tube of the PTC which
finally increases the pumping demand of the nanofluid in PTC [39].

Thermal enhancement of PTCs has been in the canon of interest recently. The enhancement can
be done by two methods: geometrical modification and application of nanofluids instead of common
base fluids in PTC [39].
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Among all types of studies can be done on the application of nanofluid in PTC, the main focus
of present work is about reviewing different studies investigating thermal, thermodynamical, and
hydraulic enhancement caused by the nanofluid application in PTCs.

4.1. Experimental Studies

Among different studies about enhancing PTC efficiency by nanofluids, 30% of research studies
have been carried out experimentally. The effects of different nanofluids with different nanomaterials
percentage have been investigated to find the efficient one. It was reported by most of them that
the application of nanofluid in PTC leads to higher thermal efficiency comparing to the base fluid.
In this regards, Sharma et al. [41] set up an experimental setting and conducted a study about the
effect of two different nanofluids of Al,O3/water and CuO/water at 0.01 and 0.05 vol. % on PTC
thermal performance and compared the results with water as working fluid. The results indicated
that CuO/water nanofluid could cause the highest thermal enhancement; followed by Al,O3;/water
nanofluid and water, itself. More specifically, they found that using 0.05 vol. % of CuO and Al,O3
have the maximum overall thermal efficiency of 15.25% at a maximum flow rate. Whereas this value
for Al,O3/ water nanofluid and water itself was 12.39% and 10.58%, respectively. This means using
CuO/water nanofluid led to approximately 44% increase in efficiency, compared with water.

Another experimental study carried out on the effect of MWCNT /mineral oil (with 0.2 and
0.3 wt %) on the performance of PTC by Kasaeian et al. [45]. Authors claimed that using 0.3% wt % of
MWCNT enhances the thermal efficiency of the PTC between 5-7%.

Siva Reddy et al. [46] examined Al,O3/water nanofluid to investigate its effect on the thermal
efficiency of PTC. They used up to 0.06 vol. % of Al,O3. They reported a maximum efficiency
enhancement due to the nanofluid application of 28.95%.

Kandwal et al. [40] studied two nanofluids, CuO/water and CuO/ethylene glycol to
experimentally investigate their effect on PTC performance at different volumetric concentrations (0.01,
0.05, and 0.1 vol. %) and flow rates. They found that the maximum thermal efficiency can be attained
by application of different nanofluids are 11.01%, 8.03%, 7.46%, and 6.04% for CuO/water, CuO/
ethylene glycol, water, and ethylene glycol at 160 L/h. This means that there was an approximately
82% thermal efficiency increase when using CuO/water nanofluid comparing with ethylene glycol.

An experimental investigation was conducted by Chaudhari et al. [47] on the effect of 1%
volumetric concentration of Al,O3 in Al,O3/water nanofluid in the thermal characteristic enhancement
of PTC. The results showed that the application of nanofluid could enhance the heat transfer coefficient
and thermal efficiency by 32% and 7%, respectively, comparing to the base fluid (water). They also
reported an approximately maximum increase in Nusselt number of 32%.

An interesting experimental study was done by Coccia et al. [42], where they examined many
different nanoparticles (Fe;O3, SiO;, TiOy, ZnO, Al,O3, and Au) with different weight fraction ranging
from 0.1-35% with water as the base fluid. They showed that using these different nanofluids had
almost no effect on the thermal efficiency of the PTC as well as no significant change in pressure drop.
The only relatively significant enhancement was observed when the convection heat transfer increased
by approximately 50% when Au/water nanofluid with 0.01% volumetric concentration of Au was
applied with increasing the temperature (from 40-80 °C).

An experimental and numerical study was conducted to study the effect of CuO/water nanofluid
on thermal efficiency and temperature distribution in direct absorption parabolic trough collectors for
a different range of volume fractions by Menbari et al. [48]. The numerical and experimental results
were in good agreement with each other. The results were shown that the thermal efficiency of the
collector increases by 18% to 52%, when using 0.002-0.008 vol. % CuO nanoparticles, compared to the
base fluid case.

Subramani et al. [49] experimentally investigated the effect of Al;O3/water nanofluid on thermal
behavior of the PTC at 0.05-0.5 vol % of Al,Os. They concluded that the thermal efficiency could be
enhanced by 8.54% if the maximum volume fraction of 0.5% was applied.
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Kasaeian et al. [44] conducted an experiment in which he used a different base flow, ethylene
glycol (EG) and dispersed MWCNT and SiO; in it up to 0.3% volume fraction. They reported that
MWCNT/ ethylene glycol is the most efficient fluid in term of higher thermal efficiency. The thermal
enhancement of 30.4% and 14% was suggested by them for MWCNT/ EG and SiO,/ EG, respectively,
comparing with EG as the base fluid.

Sekhar et al. [50] examined the effect of CeO,, Al,O3, and TiO, with water as a base flow on the
performance of PTC. They used a variety of volume fraction ranging from 0.5 to 3 vol. %. They found
that at 3% volume fraction, (CeO,)/water nanofluid had the highest thermal efficiency enhancement
by 27%, followed by alumina and titania nanofluid with 25% and 23% enhancement, respectively.

Rehan et al. [51] experimentally studied the effect of Al,O3 and Fe,O3 nanoparticle dispersed in
water with different weight fraction ranging from 0.2-0.3% and flow rates (1-2 L /min) on the thermal
efficiency of the PTC in winter. It was concluded that at 2 L /min flow rate and 0.3 wt %, Al,O3/water
and Fe;O3/water nanofluid application enhances the thermal efficiency by 13% and 11%, respectively.

Subramani et al. [52] examined the effect of TiO, /water nanofluid at different volume fractions
of 0.05-0.5% on PTC thermal performance. They reported that at 4 kg/min mass flow rate both
convection heat transfer and thermal efficiency of PTC could be enhanced by 22.76% and 8.66%.

Marefati et al. [53] experimentally investigated the effect of Al;O3, CuO, and SiC mixed with
water at 1-5 vol. % on the thermal and optical performance of the PTC at four different locations
in Iran (Tehran, Yazd, Shiraz, and Tabriz). Shiraz was found to have the highest thermal efficiency
resort to install the PTC. They also mentioned that the application of CuO/water nanofluid enhances
the convection heat transfer by approximately 33% compared with water itself. Hence, as expected,
CuO/water nanofluid is the best option for thermal efficiency enhancement.

Okonkwo et al. [54] selected six working fluids including supercritical CO,, Therminol VP-1,
pressurized water, Al,O3/Therminol VP-1, CuO/Therminol VP-1, and Fe3;O,/Therminol and
conducted an experimental study to study their effect on the thermal efficiency of PTC. They concluded
that application of pressurized water as working fluid might lead to highest efficiency enhancement
at low temperatures. However, due to its application limits, it causes difficulty to use. Aside from
pressurized water, Al,O3/Therminol VP-1, CuO/Therminol VP-1, and Fe;O,/Therminol application
can lead to the efficiency enhancement of 0.22%, 0.18%, and 0.15%. This means that Al,O3/Therminol
VP-1 nanofluid is the best working fluid to achieve the highest efficiency.

Alsaady et al. [55] conducted an experimental study on Ferrofluids (magnetic nanofluid) with
0.05% volume fraction with and without magnetic field presence. They found that if a magnetic field is
applied, the thermal efficiency can be enhanced up to 25% compared to conventional PTC.

De Los Rios et al. [56] investigated the effect of AI203/ water nanofluid with 1% and 3%
volumetric concentration on the thermal efficiency of PTC experimentally. The results indicated
that using 3% volumetric concentration of Al,O3 can enhance the efficiency by approximately 28%
(40.8% to 52.4%) compared to water as a base flow at incident angles varying from 20-30.

Finally, Okonkwo et al. [57] conducted an experimental study on the application of
green-synthesized nanofluid (OLE-TiO,/water and BH-5i0,/water) with the maximum volume
fraction of 0.05 vol. %. It was shown that the mean thermal efficiency increased by 0.073% and 0.077%
for BH-5iO, /water and OLE-TiO, /water nanofluid, respectively. Also, the heat transfer coefficient
increased significantly up to 138% for BH-5iO, /water nanofluid. The authors suggested that in
terms of better thermal enhancement, both nanoparticles (OLE-TiO, and BH-5iO,) are superior to
Al,O3 nanoparticles. Table Al at Appendix A summarizes the details and important notes about the
experimental studies.

4.2. Numerical Studies

Numerical studies have been the researchers” most favorable tool to study the effect of nanofluids
in PTC, since more than 60% of studies were done using numerical approaches. The main reason for that
can be found on relatively cheaper cost comparing with an experimental study which might need higher
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cost for both system setup and material purchase. Numerical investigations include approximately 70%
of studies done on the effect of nanofluid on PTC thermal, hydraulic, and thermodynamic behavior.
It should be noted that ANSYS Fluent is the main program used for the numerical investigation
followed by MATLAB and EES (Engineering Equation Solver) commercial software. Like experimental
investigations, general enhancement in thermal efficiency is reported by researchers. Also, the effect of
nanoparticle on pressure drop augmentation as well as enhancement in the convection heat transfer
coefficient is studied. Finally, the exergy efficiency and entropy generation rate were investigated by
some researchers [58—61]. On the later issue, it was concluded that application of nanofluid enhances
the exergy efficiency [62] and lead to a decrease in entropy generation rate [59].

4.2.1. Governing Equations

Since most of the analysis are conducted on absorber tube where the flow is mainly turbulent, the
governing equations are mainly concerned in this part as:

e  Continuity

d(pui) _
ax,« =0 (1)
e  Momentum equation
3 (puju;) p 0 ou; ouj\ 2 ou; o
ij = _BTCZ- + — aX] (]l + ]«lt) Tx] + BTCZ §(}1 + ]/lt) z] 3Pk51] (2)
e Energy equation
oT o (dT
pCige = (k-+ir) o (S ®

where, k stands for thermal conductivity of the fluid, kt as turbulent conductivity, y; turbulent
dynamic viscosity, # dynamic viscosity of the fluid, C, heat capacity of the fluid, T temperature,
u fluid velocity, F body force on the fluid, and x;(or x;) system coordinates (mostly in cylindrical
coordinate system for these type of problems) [63].

4.2.2. Investigations

The first study in this field was conducted in 2010 by Kasaeian and Sokhansefat [63]. They
conducted a CFD simulation to study the effect of Al;O3/synthetic oil nanofluid in PTC at 1-5 vol. %
of Al,O3. They found that the heat transfer coefficient enhances by nanoparticle volume fraction
increase (approximately 14% enhancement, at 5% Al,O3 volumetric concentration). Consequently, they
concluded that increasing the temperature (from 300 K to 500 K) demolishes the effect of nanoparticle
concentration on enhancing heat transfer coefficient in constant flow rate.

Later, Sokhansefat et al. [10] studied the effect of Al;O3/synthetic oil as a working fluid for PTC.
They simulated the flow through absorber tube at three volumetric concentrations of 1-5%. Their
results suggested that the application of the nanofluid at 5% volumetric concentration can enhance
the convection heat transfer in the PTC by approximately 14-15%. Similar to the results suggested by
them in [63] they realized that increasing the temperature (from 300 K to 500 K) has an adverse effect
on enhancing the heat transfer coefficient.

Mohammad Zadeh et al. [64] proposed an optimized model coupled with CFD analysis through
which they investigated the effect of using Al,Os/synthetic oil (with 0-6.5 vol. % concentration) as
working fluid on the thermal enhancement of PTC. They showed that using the proposed model,
the maximum convection heat transfer coefficient of nanofluid could be enhanced by 36% at 300 K.
Additionally, they showed that increasing the temperature (from 300 K to 500 K) decreases the heat
transfer coefficient. Finally, they proposed optimum nanofluid concentration is 6.5 vol. %, for their
studied range.
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Mwesigye et al. [61,65,66] conducted five studies using CFD simulations in PTC receive to
investigate the effect of different nanofluids on PTC thermal performance. In Reference [65], they used
AlyO3/synthetic oil nanofluid as working fluid with the volume fraction of up to 8% to investigate the
enhancement of convection heat transfer coefficient as well as thermal efficiency. The results showed
at 8% volume concentration 76% and 7.6% increase can be obtained for convection heat transfer and
maximum thermal efficiency, respectively. Also the heat transfer coefficient at 6% and 4% volume
concentration increased by 54% and 35%, respectively. A significant increase in pressure drop is
also reported by the authors, as the volume concentration is reached beyond 4 vol. %, which in turn
emphasized the necessity of more pumping power. This pressure drop increases up to approximately
40% at 4% vol. of Al;O3 in a nanofluid. The effect of temperature increase was on the favor of pressure
drop as it causes less pressure drop along the tube with temperature increasing. However, this effect
demolishes the effect of nanofluid in increasing thermal efficiency and heat transfer coefficient.

In reference [61] the maximum heat transfer coefficient and thermal efficiency enhancement of
38% and 15% were found at 6% volume concentration of CuO in CuO/syltherm 800 nanofluid. Similar
to [65] they reported an increase of in pressure drop. Additional simulations were conducted in
Reference [66] on Al,O3/water nanofluid to minimize entropy generation and find optimum Reynolds
number for different volume fractions of Al,O3 located at different sections of a circular tube. They
showed that at a given Reynolds number the performance of heat transfer (Nusselt number) and the
value for friction factor is almost the same regardless of the volume fraction. Also, it was proven that
there is an optimum cross-section of the tube that causes minimum generation of entropy.

An 18% enhancement in convection heat transfer coefficient was reported by Basbous et al. [67] in
their numerical investigation. They tested the application of Al,O3/syltherm 800 nanofluid as working
fluid in PTC at different volume concentrations of 1-5%. The proposed model also predicted that
increasing the temperature can cause an increase in convection heat transfer coefficient.

A CFD simulation was conducted by Bellos et al. [68] on Al,O3/syltherm 800 nanofluid, at 2%
volumetric concentration of Al,O3, to examine its effect on the thermal performance of PTC. It was
concluded that the nanofluid could increase the efficiency of PTC by 4.25%. An interesting result
reported by them was the effect of pressurized water as working fluid which enhanced the thermal
efficiency by 6.34%. However, authors mentioned that the application of pressurized water requires
some effort which makes nanofluid utilization more advantageous overpressure water. It was also
suggested a new design for absorber geometry shape of which had a wavy trend, which improved the
efficiency by 4.55% and this design. Furthermore, it was shown that higher temperature levels increase
efficiency. This led to heat transfer coefficient improvement (maximum increase of 10.92% at 350 °C).
Finally, application of nanofluid did not cause too much pressure drop increase comparing to base
fluid (syltherm 800). The pressure drop increase was around 125 Pa to 202 Pa for nanofluid and 118 Pa
to 192 Pa for syltherm 800.

Wang et al. [69] numerically studied with CFD simulation the effect of Al,Os/thermal oil
nanofluid with different volume fractions ranging 0.5-5% on the performance of PTC. It was reported
the efficiency enhancement around 1.2% in their model (at 5% volume fraction). They also found that
increasing the nanofluid volume fraction can lead to a slight decrease in longitudinal displacement of
the absorber. Similarly, the horizontal displacement of the absorber was reported to slightly decrease
by volume fraction increase.

Kaloudis, et al. [70] conducted a CFD simulation to investigate the effect of different volume
fraction (0.5-4%) of Al,O3 in Al,O3/syltherm 800 nanofluid on PTC performance. They used two
different modeling for nanofluid: two-phase simulation and one phase simulation. They concluded
that utilizing two-phase modeling of nanofluid had more accuracy in the results. More specifically, the
numerical results suggested a maximum of 10% thermal efficiency enhancement at maximum Al,O3
volume fraction of 4%.

Benabderrahmane et al. [71,72] numerically modeled the effect of utilizing nanofluid as well as
internal fins in the receiver of PTC using CFD. In Reference [72], it was concluded that combining
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both internal fins and nanofluid application can enhance the heat transfer behavior of the PTC
greatly. To be specific, they utilized four different nanofluids (Al,O3/Dowtherm A, Cu/Dowtherm A,
SiC/Dowtherm A, C/Dowtherm A) at different volumetric concentration of 1% and found that the
metallic nanofluids (Cu/Dowtherm) had better thermal enhancement performance comparing with
non-metallic ones (SiC/Dowtherm A, C/Dowtherm A, Al,O3/Dowtherm A,). Also, the friction factor
reported to be higher when nanofluid is applied. A 68% increase in convection heat transfer coefficient
was reported [37].

Ghasemi et al. [73] carried out a numerical simulation through which the application of
Al,O3/ water and CuO/water as a working fluid at different volume fractions, 0.5-3%, in PTC
were investigated. They realized that the application of 3% CuO/water nanofluid could lead
to higher convection heat transfer coefficient comparing with Al,O3/ water and water itself.
Although CuO/water nanofluid caused 7% more increase in heat transfer coefficient comparing
with Al,O3/water nanofluid (35% compared with 28% enhancement), but the friction factor caused by
application of Al,O3 was lower than the one caused by CuO.

Mwesigye et al. [60] conducted another CFD simulation on Cu/Therminol VP-1 nanofluid to
study the application of nanofluid at different volume fraction (1-6%) on thermal and thermodynamic
performance of PTC. At a maximum 6% volumetric concentration of Cu, it was observed that the
convection heat transfer coefficient and thermal efficiency increase up to 32% and 12.5%, respectively.
Furthermore, the pressure drop through the receiver at 400 K and Reynolds number of approximately
650,000 increase roughly by more than 100% (from nearly 3000 to 7734 Pa/m). Finally, the minimum
entropy generation rate at a certain Reynolds number was obtained by their model. This point is crucial
as it shows the Reynolds number in which we have the maximum heat transfer irreversibility and
minimum friction irreversibility. Specifically, there is a maximum 30% decrease in entropy generation
rate at 6% volume fraction comparing to the base fluid.

Basbous et al. [74] numerically modeled the thermal performance of PTC utilizing different
metallic nanofluids. Syltherm 800 as base fluid and Cu, CuO, and Al,O3, and Ag with 5% volumetric
concentrations were considered as studied nanofluids. The results suggested that silver is the best
nanoparticle to be used to induce the best thermal enhancement followed by copper, cupric oxide and
aluminum oxide with convection heat transfer enhancement of 36%, 33%, 27%, and 18%, respectively.
They also concluded that as the density of the nanoparticle increases, the thermal performance enhances
better. Finally 21% decrease in heat loss was observed.

Toghyani et al. [75] modeled and optimized the effect of different nanoparticles on the performance
of the PTC used in a Rankin cycle. CuO, SiO,, TiO,, and Al,O3 were dispersed in Therminol-55 at
2-5.5vol. % for the numerical investigation. The results suggested that using nanofluids in the solution
caused slight enhancement in thermal efficiency. Finally, the optimization results revealed that using
Al>O3/Therminol-55, caused the maximum enhancement in overall exergy efficiency of the system by
11%.

Nayak et al. [76] modeled Al,O3/Synthetic oil nanofluid up to 5% volumetric concentration
to investigate and optimize thermal behavior of the PTC. They reported an approximately 7%
enhancement in heat transfer coefficient when 5% volumetric concentration of Al,O3 was used
comparing with Synthetic oil only.

Ferraro et al. [77] used Al,O3/Synthetic oil nanofluid to study the effect of the nanofluid on PTC
performance numerically. Their results showed that the thermal efficacy and pressure drop almost
stays the same. However, the maximum increase of approximately 60% was observed at 5% volumetric
concentration of Al,Oj3 for convection heat transfer coefficient.

Kharkah et al. [78] conducted a CFD simulation on the receiver system of PTC using
AlyO3/Synthetic oil nanofluid as working fluid at 5% volumetric concentration. The enhancement of
14.3% was reported in the system thermal efficiency.

Mwesigye et al. [59] carried out a CFD simulation aiming to investigate the optimum thermal
and thermodynamic performance of PTC. Three different nanofluids, Cu, Ag, and Al,O3 dispersed in
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Therminol VP-1, at different volume fractions, 1-6%, were used. It was found that the Ag/Therminol
VP-1 had the highest thermal efficiency enhancement at 6% volumetric concentration by 13.9%,
followed by Cu/Therminol VP-1 and Al,O3/Therminol VP-1 by 12.5% and 7.2% enhancement,
respectively. Also, it was shown that for a particular volume fraction, a maximum thermal efficiency
point could be achieved at a certain Reynolds number or flow rate. Furthermore, convection heat
transfer enhancement at 6% volumetric concentration is observed to be 7.9%, 6.4%, and 3.9% for
Ag/Therminol VP-1 Cu/Therminol VP-1 and Al,O3/Therminol VP-1, respectively. Finally, the
entropy generation rate at lower Reynolds number was observed to reduce as the volume fraction of
nanoparticle increases. This reduction is uppermost (24%) when Al,O3/Therminol VP-1 nanofluid
is used. It was mentioned by the authors that the reason for better entropy generation performance
of Al;O3/Therminol VP-1 nanofluid was probably due to its relatively lower density comparing to
silver/Therminol VP-1 (19%) and copper/Therminol VP-1 (17%).

Ghasemi et al. [73] simulated Al,O3/Therminol 66 nanofluid at different volume fraction (1-4%)
inside the receiver tube using CFD. He reported a slight enhancement in thermal efficiency (around
0.5%). At the lowest Reynolds number (approximately 30,000) using 4 vol. % of Al,O3 in nanofluid
resulted in seven times greater friction coefficient compared to the base fluid. Also, this increase is
approximately nine times bigger for the highest Reynolds number (>250,000). The same scenario is true
for Nusselt number as it increases by a factor of 2 using 4% volume fraction of Al;O3 in a nanofluid.

Bellos et al. [62,79] numerically modeled the effect of Al,O3/syltherm 800 and CuO/syltherm 800
nanofluids to study their effect on thermal enhancement of the PTC. In reference [79] up to 4% volume
fraction of both Al,O3 and CuO was examined. They found that CuO/syltherm 800 has the maximum
thermal efficiency of 1.26% followed by 1.13% by application of Al;O3/syltherm 800. As for the heat
transfer coefficient, the enhancements were 41% and 35% for CuO/syltherm 800 and Al,O3/syltherm
800, respectively. In reference [62] they used up to 6% volume fraction of both nanoparticles to
investigate the effect of the nanofluids in PTC which is used in a trigeneration system. They realized,
after optimization, that the use of CuO nanofluid with 4.35% volumetric concentration of CuO in the
solar loop along with Toluene in ORC is the optimum choice. They also, found that the maximum
energy efficiency enhancement was 1.91% and 1.17% for CuO/syltherm 800 and Al,O3/syltherm 800
nanofluid, respectively. They also, reported the maximum exergy enhancement of approximately
1.75% and 1% for CuO/syltherm 800 and Al,O3/syltherm 800 nanofluid, respectively.

Two CFD simulations were carried out by Bellos et al. [37,80]. In reference [80] the authors
examined CuO with two base fluids, syltherm 800 and molten salt (60% NaNO3-40% KNO3) at 6 vol.%.
They reported 0.76% and 0.26% thermal efficiency enhancement when using CuO/syltherm 800 and
CuO/molten salt comparing with syltherm 800 and molten salt, respectively. As for convection heat
transfer coefficient, 31.5% and 13.9% enhancement is observed for CuO/syltherm 800 and CuO/molten
salt, respectively. Although, the hydraulic analysis also proved 50% and 16% pressure drop increase for
CuO/syltherm 800 and CuO/molten salt cases, respectively, the demand for pumping work was still
low. Hence, this pressure drop increase did not cause so much of a problem. Finally, they commented
on exergy efficiency stating that nanofluid application, specifically molten salt nanofluid, can lead
to better exergic efficiency. In reference [37] CuO/syltherm 800 nanofluid at 6 vol. % was used to
evaluate the thermal analysis. They also studied the effect of different fins to investigate thermal
efficiency enhancement. They realized that the combination of both nanofluids and fins could lead to
higher efficiency enhancement. This combination can lead to 1.54% enhancement in thermal efficiency,
whereas with the application of the only nanofluid and only fin this value was calculated as 0.76% and
1.1%, respectively, compared with smooth pipe with syltherm 800 as working fluid. Convection heat
transfer coefficient enhanced by 130% at 300 K. Similar to their last study, the pressure drop increase
(approximately 163% at 300 K) did not cause too much of a problem as the demand for pump work
was still relatively low.

Mwesigye et al. [58] carried out a CFD simulation to investigate the effect of SWCNT /Therminol
VP-1 nanofluid on thermal and thermodynamic performance of the PTC at 0.25-2.5 vol. %. The results
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suggested that application of nanofluid enhances the heat transfer up to 234% compared with the base
fluid due to the high thermal conductivity of SWCNT. Also, thermal efficiency using such nanofluid
enhanced up to 4.4%. 70% reduction in entropy generation rate was observed due to the application
of SWCNT. Pumping work, caused by pressure drop, did not increase too much for flow rates lower
than 36.74 m3/h. They, finally, concluded that higher thermal conductivity does not necessarily lead to
higher thermal efficiency, since the effect of specific heat capacity also should be considered.

Allouhi et al. [81] numerically modeled the effect of TiO,, CuO, and Al,O3 nanoparticles dispersed
in Therminol VP-1 at 1-5 vol. % on thermal performance of PTC. Slight thermal efficiency enhancement
was predicted by their model for 3 vol. %. CuO/ Therminol VP-1 nanofluid showed better exergy and
energy performance comparing with other nanofluids. More specifically, it can enhance the convection
heat transfer by a maximum 83%.

Bellos et al. [82] numerically investigated the effect of TiO, /Syltherm 800, Al,O3/Syltherm 800,
and TiO,/Al,O3/Syltherm 800 (hybrid nanofluid) at 3 vol. % for each TiO, and Al,O3 as well as
1.5 vol. % for TiO,/Al,O3 on PTC thermal performance at different temperature (300-650 K) and
150 L/min flow rate. It was found that the efficiency of PTC can be enhanced up to 0.74% when using
hybrid nanofluid and 0.34 for both mono nanofluids. Enhancements of 142.1%, 35.2%, and 34.9% in
heat transfer coefficient was observed for hybrid nanofluid, Al,O3/Syltherm 800, and TiO, /Syltherm,
respectively. Finally, the model suggested higher exergy efficiency for nanofluids in comparison with
base fluid at higher temperatures.

Bellos et al. [38] studied numerically the effect of different nanoparticles, Cu, CuO, SiO;, Al;Os3,
Fe; O3, and TiO;, dispersed into Syltherm 800 with different volume concentrations ranging 1-6 vol. %
on PTC thermal efficiency. They found that the Cu/syltherm 800 nanofluid had the best thermal
performance with the maximum thermal efficiency enhancement of 2.2% at 6 vol. %, 600 K inlet
temperature, and 50 L/min flow rate. At 4% volume fraction Cu had the highest efficiency increase of
0.54% followed by 0.46% for CuO, 41% for Fe;O3, 0.35% for TiO,, 0.35% for Al,O3, and 0.19% for SiO5.
The same trend is observed for enhancement in heat transfer coefficient with

Cu is having the highest enhancement with 24.42% and SiO, with 7.28% the lowest enhancement
at 4% volumetric concentration.

Kasaeian et al. [83] modeled the effect of MWCNT /thermal oil nanofluid at 3, 6 vol. % of MWCNT
on thermal performance of the PTC. They found 15% enhancement in heat transfer coefficient.

Bilal et al. [84] modeled the effect of Fe304/water nanofluid at 0.6% vol. of Fe304 on heat transfer
behavior of the PTC. It was shown that the nanofluid could enhance the Nusselt number up to 56%
at 6 vol. % of Fe304. Also, the maximum thermal efficiency enhancement (combination of nanofluid
application with twisted tape) was 1.6%.

Khular et al. [30] conducted numerical modeling in which they examined the effect of 0.05 vol. %
Al,O3 in AlO3/Therminol VP-1 nanofluid on PTC thermal behavior. They suggested 5-10%
enhancement in thermal efficiency due to the application of nanofluid.

A CFD simulation was conducted by Hatami et al. [85] using 8% vol. of Cu, Fe304, Al;O3, and
TiO, dispersed in water and investigated the effect of nanofluid in heat transfer of PTC. It was shown
that Cu nanoparticles show better thermal enhancement comparing with Fe3O4, Al;O3, and TiO;.

Finally, Minea et al. [86] simulated the effect of hybrid nanofluid on thermal performance of PTC.
Three different hybrid nanofluids were selected: Ag/MgO (1.5 and 2 vol. %), Al,03/Cu (0.1 and
1 vol. %), and GO/Co304 (0.05 and 0.15 vol. %). The nanoparticles were dispersed in either water
or the hybrid base fluid consisting of 60 vol. % EG and 40 vol. % water. It was found that although
hybrid nanofluid with hybrid base fluid (water and EG) had better thermal enhancement (about 5-6%),
it introduces higher pressure drop increase (approximately 5000%) to the system compared with hybrid
nanofluid with water as the base fluid. Therefore, it was concluded that the application of hybrid water
base nanofluid with acceptable heat transfer enhancement and lower pressure drop increase would
be a better choice over hybrid nanofluid with hybrid base water. The water-based hybrid nanofluids
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with 2% Ag-MgO offers the highest values in collector efficiency (about 60%). Convection heat transfer
coefficient increase between 115-125% using 0.15% GO/Co304 dispersed in W:EG (40:60).
Table A2 at Appendix A summarizes the details and important notes about the above studies.

5. Conclusions

After a complete review of the application of nanofluid as working fluid in PTC, the following
advantages and disadvantages can be listed:
Advantages

e Among all studied nanoparticles, application of copper nanoparticles contributed to better thermal
efficiency enhancement in metallic nanofluids, followed by CuO, TiO,, and Al;O3.

e  For non-metallic nanofluids, MWCNT nanoparticle can lead to the highest thermal efficiency
enhancement [40].

e  Although, there are some studies [42,65,66,81] reporting no significant enhancement on the
thermal efficiency of PTC thermal efficiency even using nanofluids, generally it can be concluded
that application of nanofluid can enhance the thermal efficiency of PTC. The maximum reported
enhancement was approximately 44% for CuO/water nanofluid by Sharma et al. [41].

e Convection heat transfer, also, is enhanced by the nanofluid application in PTC. This increase
can be shown in both convection heat transfer coefficient and Nusselt number. The maximum
reported convection heat transfer coefficient enhancement was 234% in Mwesigye et al. [58] when
using MWCNT /Therminol VP-1 nanofluid as working fluid.

e  Exergy efficiency also enhances with the application of nanofluids.

e Based on studies which have done by Mwesigye et al. [58-61,66] the entropy generation rate can
be reduced by application of nanofluid.

Disadvantages

e Increasing in pressure drop through PTC receiver tube, due to the presence of nanoparticles
is the main design problem in PTC. This effect is mainly discussed by Mwesigye et al. [58—61]
and Bellos et al. [37,80]. Although, it was reported that pressure drop increases by boosting the
volumetric concentration, but in the studies conducted by Bellos et al. [37,80] this increment was
in the level that did not have too much demand of pumping work raise.

e Capital cost is another major drawback in the application of nanofluid in PTC, since the cost for
nanoparticle is much higher than conventional fluids such as water and different oils.

Challenges

Allin all, it is evident that increasing the number of nanoparticles in nanofluids can lead to higher
thermal and exergy efficiency. However, that can lead to higher pressure drop which consequently
may contribute to higher pumping power of the system. Considering those two factors emphasizes on
finding the optimum concentration value of the nanoparticle for each specific nanofluid used in a PTC
by which the acceptable thermal efficiency is achieved as well as avoiding the excessive pressure drop
increase in the system future works

Finally, it is worth noting there were some innovative investigations that could change the use of
nanofluid in future a lot. As an example, the application of ferrofluids, a type of nanofluids, which
was done by Alsaady et al. [55] at 0.05 vol. % which is applied in the presence of magnetic brought a
significant enhancement in thermal efficiency of 25%.
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Nomenclature

CPT Concentrating parabolic through

CNT Carbon nanotube

DASC Direct absorption solar collector

EG Ethylene glycol

ETC Evacuated tube collectors

FPT Flat plate solar collectors

MWCNT Multi-wall carbon nanotube

NCPSC Nanofluid based concentrating parabolic solar collectors
NP Nanoparticles

ORC Organic Rankin cycle

PTC Parabolic trough collectors

PTSC Parabolic trough solar collectors

OLE Olive leaf extract

BH Barley husk

® Nanoparticle volume fraction

Tth Thermal efficiency enhancement (%)

h Convection heat transfer coefficient (W/m?K)
Ap Pressure drop increase (%)

vol. % Nanoparticle volume percentage

wt % Nanoparticle weight percentage
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Appendix A
Table A1. Summary of experimental studies conducted on the nanofluid application in PTC.
Study Nanofluid Nanoparticle Max. Increase % Comment(s)
Type Pmax Size (nm) Nth h AP
Sharma et al. [41] Water Al,O3, CuO 0.05 vol. % 20-40 44 - - CuO had the highest thermal efficiency.
Kasaeian et al. [45] Mineral oil MWCNT 0.3 wt % 10 7 - - The first study uses carbon nanotube as nanoparticle in PTC
Siva Reddy et al. [46] Water ALO; 0.06 vol. % <50 28.98 ) Minimization of losses and prevention (?f.nanopartlcles settlement can enhance the
thermal efficiency of PTC
Kandwal et al. [40] EG, Water CuO 0.1 vol. % 2555 8 . CuO/water nanofluid had better thira?zlﬂfif;mency in comparison with CuO/EG
Chaudhari et al. [47] Water AL O3 0.1 vol. % 40 7 32 - Nusselt number increases by application of nanofluid
Although, an asymptotic trend was observed after naopartcle volumetric concentration
of 0.2%, the maximum efficiency achieved at 0.5% volume fraction.
Subramani et al. [49] Water AL O3 0.5 vol. % 40-50 8.54 - - The optimal nanoparticle concentration was proposed to be 0.2% by parametric study
(Semi) empirical equations was obtained for Nusselt number, friction factor and
collector efficiency using experimental data.
Kasaeian et al. [44] EG MWCNT, SO, 03 vol. % 46 304 } } MWCNT/EG was more efficient nanosfil(t;ld/ EnGterm of higher thermal efficiency than
2
Sekhar et al. [50] Water CeOy, ALOs, TiO, 3vol. % ) o7 ) (CeO,)/water nanofluid had thg highest Fher}'nal eff1c1e.ncy enhancement followed by
alumina and titania nanofluids.
Coccia et al. [42] Water Fe203, 5102, THO,, 20 wt % - ~0  ~50 - Application of nanofluid didn’t cause thermal efficiency enhancement
: ZnO, Aleg, Au ’
Rehan et al. [51] Water AlOs,FesO5 030 wt % 20-40 13 _ Al,O3/water had the higher thermal eff1c1ency. enhancement compared to
Fe, O3 /water nanofluid.
Subramani et al. [52] Water TiO, 0.5 vol. % 20 9 23 - Nanofluid has higher absorbed energy factor compared with the base fluid.
Marefati et al. [53] Water Al,Os,CuO,SiC 5vol. % ) ) -3 CuO/water nanofluid is the best oEtlon for thermal eflelency enhancement followed
by alumina and SiC nanofluid.
- . Al,O3/Therminol VP-1 nanofluid is the best practical fluid to achieve the highest
Vi - o - - -
Okonkwo et al. [54] Therminol VP-1 AL O3, CuO, Fe304 3vol. % 0.22 efficiency followed by CuO/ Therminol VP-1, and Fe304/Therminol.
Alsaady et al. [55] - Magnetic nanofluids 0.05 vol. % 25 Application of ferrofluid in PTC seems to be a promising field of study.
The thermal efficiency of parabolic trough linear concentrator collector was
experimentally investigated
De Los Rios et al. [56] Water AL O3 3vol. % 10 28 - - The incident angle of the collector had an important role in thermal efficiency
enhancement of the collector (small increase in incident angle can cause thermal
efficiency enhancement)
This study was the first effort in the application of green-synthesized nanofluid in PTC.
Okonkwo etal. [57]  Pressurized water =~ OLE-TiO,, BH-SiO; Up to 0.05 vol.% 70, 100 0.08 138 14.25 Application of water/OLE-TiO, nanofluids led to higher thermal efficiency increase,
compared with the base fluid.
A general trend of increasing thermal efficiency (ranging from 18-52%) was observed
Water CuO Up to 0.008 vol.% <100 nm 50% ) by nanoparticle volume fraction increase (from 0.002% to 0.008% increase), when

Menbari et al. [48]

water/CuO nanofluid was used in direct absorption parabolic trough collector by
comparison with the base fluid
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Table A2. Summary of numerical studies conducted on the nanofluid application in PTC.

Nanoparticle

Max. Increase %

Study Method Nanofluid Comment(s)
Type @ max Size (nm) Ny, h AP
. L The first study on nanofluid application in PTC.
o - - ~ -
Kasaelan etal. [63] CFD Synthetic oil ALOs 5 vol.% 14 Temperature increase demolishes the nanofluid effect
Sokhansefat et al. [10] CED Synthetic oil ALO; 5vol. % 10 ) 14 B Temperature increase has ner%:rtllgg 1;fcfiect on PTC while utilizes the
Zadeh et al. [64] CFD Synthetic oil AL O3 5vol. % 10 - 36 - Proposed an optimized value for ¢ = 6.5% vol.
Mwesigye et al. [65] CFD Synthetic oil AL O3 8 vol. % 28 76 76 ~40 Proposed an optimized value for ¢ = 6.5 vol.
Mwesigye et al. [61] CFD Syltherm800 CuO 6 vol. % B 15 38 B Receiver thermal performance can be enhanced greatly by increasing inlet
temperature and low flow rate
Mwesigye et al. [6] CFD Water ALO; 6 vol. % 28 ) B B There is an optimum cross-section of the tube that causes minimum
generation of entropy.
Basbous et al. [67] Model Syltherm 800 ALO; 5 vol. % _ _ 18 _ Increasing the temperature can cause an increase in convection heat
transfer coefficient.
Increasing the temperature can cause an increase in convection heat
. o 5 transfer coefficient.
Bellos etal. [65] CFD Thermal oil ALOs 2 vol.% 0 425 1095 ~10 Combination of enhanced geometry and the nanofluid application gives
the highest thermal efficiency
. Increasing the nanofluid volume fraction can lead to a slight decrease in
0, - -
Wang etal. [69] CFD Thermal oil ALOs 5vol. % 8 12 longitudinal and horizontal displacement of the absorber.
Kaloudis et al. [70] CED Syltherm 800 ALO; 4vol. % 38 10 B B Utilizing two-phase mo@elmg .of n:.inoﬂuld had more.accurate results, in
comparison with single phase modeling
Copper/Dowtherm A combined with internal fin gives the highest
Amina et al. [72] CFD Dowtherm A Al,O3, Cu, SiC, C 1vol. % 13 - - - convection heat transfer coefficient followed by Carbon/Dowtherm A,
Silicon carbide/Dowtherm A, and alumina/Dowtherm A.
Benabderrahmane et al. [71] CFD Therminol VP-1 CNT 1vol. % - - - - Thermal enhancement was observed due to addition of nanoparticle.
CuO/water nanofluid works better than Al,O3/water.
Ghasemi et al. [87] CFD Water Al,O3, CuO 3vol. % 30 - 35 - The friction factor caused by application of Al,O3 was lower than the one
caused by CuO.
Mwesigye et al. [60] CFD Therminol VP-1 Cu 6 vol. % <100 125 32 ~158  [hereisamaximum 30% decrease in entropy generation rate at 6%
volume fraction, comparing to base fluid.
Basbous et al. [74] Model Syltherm 800 Cu, CuO, Al,O3,Ag  5vol. % <100 - 36 - Silver is the best nanoparticle to be usgd tolmduce the b?St therrr}al
enhancement followed by copper, cupric oxide and aluminum oxide.
Application of CuO causes the highest energy and exergy efficiency
followed by TiO,, Al,O3 and SiO,.
Toghyani et al. [75] Model Therminol-55 CuO,Si0,,TiO,,Al, O3 5.5vol. % - ~0 - - Application of nanofluid causes a slight increase in thermal efficiency.
Optimization results indicated that using Al;O3/Therminol-55 causes the
maximum enhancement in overall exergy efficiency of the system by 11%.
Nayak et al. [76] Model Synthetic oil AlLO3 5vol. % 10 } 7 B New optimization algorithm to optimize the thermal analysis of PTC was
introduced.
No significant increase was observed for pressure loss and thermal
Ferraro et al. [77] Model Synthetic oil AL O3 5vol. % 13 ~0 ~60 ~0 efficiency. However, the application of nanofluid led to lower needed
pumping power.
Kharkah et al. [78] CFD Synthetic oil ALOs 5vol. % B 143 - Increasing the ambient temperature difference and heat transfer fluid

temperature can lead to lower thermal efficiency.
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Nanoparticle Max. Increase %

Study Method Nanofluid Comment(s)
Type ©max Size (nm) Ny, h AP
Dispersion of Ag had the highest thermal efficiency enhancement
. . o followed by Cu and AL, O3,
Mwesigye etal. [59] CED Therminol VP-1 Cu, Ag, ALOs 6 vol.% <100 139 79 ) Maximum entropy generation rate decrease of 24% at lower Reynolds
number was observed when Al,O3/Therminol VP-1 nanofluid is used
Ghasemi et al. [87] CFD Therminol-66 ALO; 4vol. % 20 05 ) B Nusselt number increases considerably b}/ using nanofluid, compared to
the base fluid
They found that CuO/ syltherm 800 have the maximum thermal
(6 o - -
Bellos et al. [79] Model Syltherm 800 Al,O3, CuO 4vol. % 1.26 41 efficiency followed by Al,O3 /syltherm 800.
After optimization, the use of CuO nanofluid with 4.35% volumetric
Bellos et al. [62] Model Syltherm 800 AL, O3, CuO 6 vol. % - 191 - - concentration of CuO in the solar loop along with Toluene in organic
Rankin cycle was the optimum choice.
Bellos et al. [S0] CFD Syltherm 800 CuO 6 vol. % B 076 315 50 CuO/syltherm 800 had better thermal.efﬁaency than CuO/molten salt
Molten salt nanofluid.
Bellos et al. [37] CFD Syltherm 800 CuO 6 vol. % B 154 130 163 Combination of both nanoﬂl'ndS and fins can lead to higher efficiency
enhancement, convection heat transfer, and pressure drop
Higher thermal conductivity doesn’t necessarily lead to higher thermal
Mwesigye et al. [58] CFD Therminol VP-1 SWCNT 2.5vol. % 10 4.4 234 - efficiency, since the effect of specific heat capacity also should be
considered
. . . o CuO/Therminol VP-1 nanofluid showed the best exergy and energy
Allouhi et al. [81] Model Therminol VP-1 TiO,, CuO, Al,O3 5vol. % - 0 83 performance followed by TiO; and ALO;
TiO;, Al,O3, and o TiO; / Al,O3 based nanofluid had highest performance, followed by TiO,
Bellos et al. [82] Model Syltherm 800 TiO,/ AlOs 3vol. % - 074 1421 and Al,Os
Cu, CuO, SiO,, o Cu had the highest efficiency increase of 2.2% followed by CuO, Fe,03,
Bellos et al. [38] Model Syltherm 800 AL O3, Fe,O0s, TiO, 6 vol. % - 22 244 TiOy, Al,Os, and SiO,
Kasaeian et al. [83] Model Thermal oil MWCNT 6 vol. % B B 15 B Convection heat loss 1ncr?ased by 220% in nanofluid; when the
temperature increased from 30 to 100 .
56% enhancement was observed for Nusselt number at 0.6 vol. % of
. ) o ) R nanoparticles and highest Reynolds number.
Bilal etal. [84] Model Water FesO4 0-6vol. % 16 87 Combination of the fin and nanofluid application can result in a
maximum 87% increase in heat transfer coefficient.
To obtain the favorable thermal efficiency and maximum outlet
Khular et al. [30] Model Therminol VP-1 AlO3 0.05vol. % 5 5-10 - - temperature, there should be optimizations on various variables such as
nanoparticle shape, size, and material.
. Cu, Fe304, A, O3, o B } ) B Cu nanoparticles shows the best thermal enhancement comparing with
Hatami et al. [85] CFD Water TiOn 8vol. % Fes04, AlO3, TiO,
Although hybrid nanofluid with hybrid base fluid (water and EG) had
better thermal enhancement, it introduces higher pressure drop increase
to the system, comparing with hybrid nanofluid with water as the base
fluid.
. Water, Water/EG ~ Ag/MgO, Al,O3/Cu, o e 5 - . Sy
Minea et al. [86] CFD (40%:60%) GO/Cos04 2vol. % 5-6 115-125 5000 The application of hybrid water base nanofluid with acceptable heat

transfer enhancement and lower pressure drop would be a better choice
over hybrid nanofluid with hybrid base fluid (Water/EG).
Convection heat transfer coefficient increase between 115-125% using
0.15% GO/Co0304/W-EG (40%:60%).
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