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Abstract

Solar thermal collectors are systems that allow for the use of solar energy in thermal
applications. These collectors utilize a heat transfer fluid to transport absorbed solar
radiation to applications where they are needed. Scientists in a bid to improve the
conversion efficiency of solar collectors have suggested different collector designs
and improved collector materials. Over the last 25 years, the study of nanofluids
and their applications have revolutionized material science, and nanotechnology has
found applications in improving solar collector materials. This article reviews the
impact of different nanomaterials on the efficiency of solar collectors. The study
also outlines the limitations of applying nanofluids and discusses the long-term
challenges of their application to solar collectors. Nanofluids have the potential to
improve the overall efficiency of most solar collectors, however, the full potential of
nanofluids in heat transfer applications cannot be completely achieved until some of
the questions regarding hysteresis, stability, and the overall predictability of nanoflu-
ids are answered.
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ETC Evacuated tube collector

FPC Flat plate collector

HTF Heat transfer fluid

PTC Parabolic through collector:
SEM Scanning electron microscope
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XRD X-ray diffraction

Vol Volume
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1 Introduction

As energy demands continue to increase exponentially, environmental concerns
related to fossil fuel consumption are on the rise. The efficient utilization of vari-
ous forms of renewable energy has been an objective of many energy studies. Solar
energy is currently the most consumed form of renewable energy [1]. Solar energy
can be harnessed for heating and cooling buildings [2], domestic water heating [3],
water desalination [4], and many industrial applications. Various inventions have
enabled more efficient utilization [5] and storage of solar energy [6]. Solar collec-
tors are the devices used to absorb the energy from the sun and repurpose it for
direct or indirect human consumption. Even though the basic principles of these
solar devices have been available since the 1700s. Our constantly improving under-
standing of conduction, convection, radiation, photoelectric effect, and the material
sciences have enabled us to build more efficient solar collectors. Improvement in
these devices has reduced dependence on conventional fossil fuels for energy. Solar
collectors are wave absorbance mediums that convert solar radiation to thermal or
electrical energy [7]. Solar photovoltaic (PV) collectors convert solar radiation to
electrical energy, solar thermal collectors (STC) convert solar irradiation to ther-
mal energy while solar photovoltaic thermal collectors (PTC) converts incident solar
irradiation to both thermal and electrical energy.

Modern designs, especially in solar thermal collector technology, have increased
the share of energy consumption obtained from solar energy. The solar thermal col-
lector is a heat exchanger where a selective material absorbs radiation from the sun;
this absorbed thermal energy is then transferred to a working fluid (air, water, nano-
fluid, or oil) for use in other applications. Even though the thermal efficiency of
these collectors has generally improved with time, further improvement in the ther-
mal efficiency of these collector systems must continue until they reach the maxi-
mum attainable system efficiency. Nanofluids presents a significant opportunity to
improve the thermal efficiency of these heat collector systems. Since Choi and East-
man [8] published the study that showed that the thermal conductivity property of
base fluids can be improved by nanoparticle dispersions. Several researchers have
tried to apply these nanofluids in different heat transfer systems with their experi-
ments having various degrees of success [9-11]. This study intends to track the
progress that has been made in the application of nanofluids in various solar ther-
mal collectors. It investigates recently published works to determine the potential
limitations that exist in the application of nanofluids in solar collectors. First, the
basic physical principles of solar collectors’ systems are discussed. Then, the study
discusses the nanofluid synthesis, stability, and thermophysical properties. Also, a
comprehensive review of the application of nanofluids in solar collector systems is
presented, and finally, the current limitations to their application in solar collectors
are discussed.
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2 Solar Collector Systems

As solar collector designs have improved two main classifications for solar thermal
collectors have emerged. These are non-concentrating collectors and concentrating
collectors [12]. Figure 1 shows the various classification of solar collectors.

The main difference between the non-concentrating STC and the concentrating
solar thermal collectors is the difference in the ratio between the collector area and
the absorbing region. Non-concentrating STC has a collector surface area, which
is equal to the absorber area. In contrast to concentrating solar thermal collectors,
the collector area is larger than the absorbing region [13]. Evacuated tube collectors
(ETC) and flat plate collectors (FPC) and are the main commercial non-concentrat-
ing collectors available. The working fluid temperatures can range between 303 and
423 K depending on the collector system [14]. For concentrating solar collectors,
mirrors, reflectors, or solar trackers are used to focus solar radiation from the col-
lector area to the absorbing area. Concentrating collectors have working fluids that
operate at much higher temperatures than non-concentrating collectors. Table 1 pre-
sents the concentration ratios and upper-temperature limits of these collectors.

The remainder of this section will present the working principles of the various
collectors investigated in this study along with the recent advances by researchers to
improve the thermal efficiency of these collectors.

2.1 FlatPlate Collectors (FPC)
Flat plate solar collectors (FPC) are the most widely used solar thermal collec-

tors [15]. The collector, first designed by Hottel [16], is primarily composed of an
absorber surface, a transparent cover, risers, and insulation. The absorber surface is
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Fig. 1 Classification of solar collectors
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Table 1 Solar thermal collectors

. Collectors Concentration ratio Maximum operat-
operating temperatures and : .
A . 1ng temperature
concentration ratios o
O
Flat plate 1 80
Evacuated tube 1 150
Compound parabolic 1-5 200
Parabolic trough 10-80 400-500
Linear Fresnel 10-400 450
Solar dish ~1000 600

a black surface intended to collect as much thermal energy as possible [12]. Ther-
mal energy received on the absorber plate is transferred to the working fluid (air,
water, etc.) in the risers (pipes) by convective heat transfer. The schematic of the flat
plate collector is shown in Fig. 2.

Even though FPCs are the most used collectors, they are the least efficient of
all STC. The thermal efficiency of a flat plate solar collector is simply the ratio of
the useful energy (Q,) to the total incident solar radiation [17]. Several investiga-
tions have been done to improve the thermal efficiency of flat plate collectors. Man-
sour [18] introduced the use of novel mini channels in the FPC. This novel design
improved the heat removal factor in the collector. The study observed deviations
as high as 10%, between the thermal efficiency results from theoretical models and
results from experiments. Deng et al. [19] also designed a novel flat plate solar col-
lector with a micro-channel heat pipe array; the experiment showed that the maxi-
mum instantaneous efficiency of the collector was 80%.

Improving the flat plate collector’s efficiency by enhancing the absorber mate-
rial coating is another important research area. Foste et al. [20] presented a thermo-
chromic absorber coating; this absorber material has a unique behavior, as they can
change their emissivity by a factor of 0.35 depending on temperature. The overall
system performance was increased from 1.5% to 4.5% by using this thermochro-
mic absorber coating compared to conventional absorber coating. Jyothi et al. [21]
designed a novel 5-layered nanostructure of TiAIC/TiAICN/TiAlSiCN/TiAISiCO/
TiAlSiO tandem absorber. This absorber-reflector tandem has TiAlC, TiAICN, and
TiAISiICN as the absorbing layer; with TiAISiCO and TiAlSiO act as semi-transpar-
ent and anti-reflecting layers. In application, the absorption material is stable to up
to 598 K in the air for 400 h and 923 K in vacuum for 100 h. Unfortunately, when
operating under higher temperatures tandem absorbers tend to degrade because of
the relatively unstable microstructure [22].

Fig.2 Diagram of a flat plate Inlet
solar collector (FPC)

Glazing

Outlet

Absorber Plate
Riser

Insolation
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The glazing on the top of the flat plate collector primarily functions to reduce
convective and radiative losses from the absorber, transmit the incident solar radi-
ation into the absorber plate, and protect the system from environmental damage.
Effective glazings have low reflection and absorption properties while having high
transmission properties [23]. Glazing materials are doped with transparent conduc-
tive oxides (TCO) like aluminum-doped zinc oxide and tin-doped indium oxide [24]
to improve the glazing transmittance performance.

Recently, a growing number of studies have focused on enhancing the overall
thermal efficiency of collectors by improving the properties of their heat transfer flu-
ids (HTF). These working fluids have been improved by replacing the conventional
HTF with a mixture of glycol, propylene, and water. These mixtures have been
proven to slightly improve the thermal performance of the collectors [25], however,
the potentials of nanofluids in improving the thermal efficiency of solar thermal col-
lectors are enormous.

2.1.1 Thermal Analysis of Flat Plate Collectors

The useful energy (Q,) of an FPC with a collector area A, can be defined as [17]:
Q,= It.At.(ra)eﬁ- - U, (1

where I, is solar radiation on the absorber surface, A, is collector surface area, (ta
)esr 18 the product of the cover transmittance, and absorber surface absorptance, and
U, is the collector’s heat loss to the surroundings.

The energy efficiency () of the collector is the ratio of useful energy (Q,) to the
total incident radiation on the absorber area [26]:

_
TETaA @

In experiments, useful energy is calculated with Eq. 3 [17]:
Q, = FpA[I(za) = U(T, = T,)]. 3)

where F heat removal factor, 7; is the inlet temperature, and 7, is the ambient
temperature.

2.2 Evacuated Tube Collectors

Evacuated tube collectors (ETC) often display improved efficiencies over varying
operating conditions when compared to the flat plate collector [27-29]. ETC has
a vacuum that exists between the outer glass tube and the absorber, imitating the
thermo-flask effect, as the vacuum between both mediums acts as the insulation. The
outer glass reduces radiative losses from the collector; the glass allows shortwave
radiation from the sun and also preventing long-waves from being lost through the
glass tube [30].

@ Springer
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As seen in Fig. 3, a heat pipe is attached to the absorber plate, contained within
the heat pipe is a working fluid that evaporates and condenses, as heat transfer
occurs between the heat pipe condenser and the heat transfer fluid. The fluid with
the heat pipe is heated by the collector material until evaporation occurs. As the
evaporate diffuses to the top, it losses to cooler conditions within the manifold caus-
ing the evaporate to condense further losing latent heat. The vacuum insulation in
the ETC makes them uniquely able to reduce losses to the environment; the internal
temperature within the tube may be as high as 423 K while the external surface
remains at ambient temperature. There are two types of ETC, namely; heat pipe-
ETC (HP-ETC) tube and direct flow ETC (U-Tube-ETC, single-walled glass ETC).

2.2.1 Thermal Analysis of Evacuated Tube Collectors

Two methods can be used to determine the efficiency parameters of ETC: The quasi-
dynamic test method and the steady-state test method. The steady-state method
requires that all boundary conditions are set as constant, while transient or quasi-
dynamic state boundary conditions may vary with time [31].

The heat rate gained by the fluid in ETC is then given by [32]

Qu = meAT, (4)

where 7, C,,, and AT represents the mass flow rate of the fluids, the specific heat
capacity, and the difference between the inlet and outlet temperatures.

The thermal efficiency “#” of the ETC is also the ratio of the useful energy (Q,)
to the total incident solar radiation “G”, on the collector area (A,) [32]:

_ 9
T GA, ®

n

The useful energy from the system can be further described as a function of the
heat removal factor Fj, of the system [32]:

Heat pipe Condenser — Manifold

Fluid flow

Evacuate tube

Heat Pipe Evaporator

Absorber Plate

—/ o/

Fig.3 Diagram of a heat pipe evacuated tube collector (ETC)
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Q=AF;|G-U,(T,-T,)]| 6)

where U, is the overall heat loss coefficient.

2.3 Compound Parabolic Collectors (CPC)

The compound parabolic collector was first designed by Winston [33]. CPC uses
parabolic optics to concentrate incident solar radiation over an aperture of area A
and concentrate it on a smaller absorber area A. Like the flat plate and evacuated
tube collectors, the CPC is static when collecting diffuse solar radiation. There are
four kinds of CPC, namely: flat one-sided absorbers; the flat two-sided absorbers,
wedge-like absorbers, and tubular absorbers. The concentration ratio Cy, is the ratio
of the aperture area to the absorber area [34]:
AL

Ce=7 @

s

As seen in Fig. 4, a flat one-sided absorber contains a parabolic collector surface
and a flat blacken absorber.

The area of the absorber is the product of the length of the tube (L), and the
breath of the flat absorber (/,) [34].

A, =1L (8)

s = p
The concentration ratio of CPC is given in Eq. 9 [34]:

1
B sin(10 )’ ®

where 6, is the acceptance angle. From Fig. 4b, the absorber plate of the flat bifacial
CPC is vertically place within the parabolic reflector, doubling the area of absorp-
tion compared to the flat one-sided CPC [36]. From Fig. 4c, the wedge absorber is
within the truncated parabolic reflector surfaces. A vital point to make is that the flat
bifacial CPC and the flat one-side CPC can both be described as forms of the wedge
absorbers.

If we assume an arbitrary wedge separation angle (y); for the flat bifacial absorb-
ers y = 90°, and for the flat one-side absorber y = 0°. The wedge-shaped absorbers
CPC y = 6,. According to Baum and Gordon [37], the wedge-shaped absorbers CPC
saves on the reflector area compared to both flat bifacial CPC and flat one-side CPC.

The cylindrical shape of the absorber plate in tubular CPC creates non-uniform
irradiation around the absorber; this leads to hotspots (high intensity). The lack
of uniformity in received irradiation reduces the working efficiency of the tubular
absorber CPC. The area of absorption in tubular CPC is equal to the surface area of
the cylinder [38]:

Ay =2xrl, (10)

@ Springer
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A

Reflector

Absorber————— 7

Reflector

Absorber

C Reflector

Absorber

Reflector

Absorber

Tube absorber

Fig.4 Cross section of CPC (a) flat one-sided absorber [35], (b) flat bifacial absorbers, (c) wedge-shaped
absorber, (d) tubular absorber
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where 7 is the radius of the tubular absorber and [/ is the length of the absorber.

2.4 Parabolic Trough Collector (PTC)

The PTC remains the most commercially mature solar concentrating collector to
date [39, 40]. PTCs are cost-effective and have the highest deploy-ability globally
of all concentrating solar collectors. It is a line concentrating collector and collects
solar radiation incident on it using a parabola-shaped reflective surface. A receiver
tube placed at the focal length of the parabolic collector collects incident solar radia-
tion. The receiver transfers the thermal energy into the heat transfer fluid passing
through it by way of convection. The useful thermal energy gained is used for vari-
ous applications ranging from electricity production, absorption cooling, industrial
process, desalination, etc. The operating temperature of the PTC ranges from 50 °C
to 400 °C and the working fluids used include gases, water, and synthetic thermal
oils. Figure 5 shows a diagram of the parabolic trough collector.

The thermal efficiency of the system can range from 65% to 75%. The use of
nanoscale particles in the heat transfer fluid has gained wide research attention as
both theoretical and experimental studies have been carried out to ascertain the ben-
efits of nanofluids in the parabolic trough collector (PTC). One of the benefits of
the use of nanofluids in the PTC, just like in the non-concentrating collectors is the
improved thermal conductivity of the working fluids. The increased thermal conduc-
tivity improves the rate of heat transfer from the absorber tube walls to the working
fluids and hence leads to enhanced collector efficiency.

2.4.1 Thermal Model of Parabolic Trough Collector

Solar energy incident on the collector can be calculated with:
0, =4+G. (1

The useful energy obtained from the system is presented as [41]:

Fig.5 Schematic diagram of a Reflector
parabolic trough collector

Collector

\\

@ Springer



157 Page 12 0f 74 International Journal of Thermophysics (2020) 41:157

Qu =m'cp' (Tout_Tin)' (12)

The thermal efficiency of the trough collector can thus be calculated by applying
Eq. 13 [42]:

2,
0,

where Q, represents the useful energy obtainable by the collector and Q, represent
the energy from the sun.

There are various losses associated with the collector and they can all be
expressed by the heat loss coefficient (U;). The derivation of this parameter is
defined by the various thermal losses (Q,,,,) associated with the heat transfer in the
collector as well as the area of the receiver (A,,), and the temperature of the receiver
(T,) [39]:

U = (13)

Qlass
U= —=m
k Am(Tr - Tamh) (14)
27k L 7m-Dy,eLece (Tt — T;‘i)
= (T, +T,)+ ,
Qios In(D,, /Da.)( r+T) 1, D, (15)
£ 3 D,

r ¢ ci

where k,; represents the effective thermal conductivity, D, represents the outer
diameter of the cover, D represents the inner diameter of the cover and T inner
temperature of the glass cover. The value of the effective thermal conductivity is
suppressed to zero at low pressures. The thermal losses include the convective and
radiative losses from the surface of the receiver tube and the conductive losses
through the support structure [39]:

Qlass = ﬂ-DcoLhw(TCO - Ta) + Ecoﬂ-DcoLa(T?o - Tjky)’
N _

y N y (16)

~
radiative heat loss

convective heat loss

where T, represents the temperature of the receiver, 4, is the heat convection coef-
ficient of the wind [43]:

h, = u0FeD 042, a7

Ty, = 0.0552T)°. (18)
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3 Nanofluids and Their Thermal Properties

Nanofluids are a new class of fluids that contain nanometer-sized particles sus-
pended within a base fluid [44, 45]. The volume of nanoparticles within the base
fluid is measured by the percentage volume fraction or volume concentration. The
volume concentration of nanofluids is given by Eq. 19:

4

np

@ = %Volumetric concentration = WL x 100, (19)
=]

Pnp

where p,,,, V;,W, ., and nnp represent, nanoparticle density, base fluid volume, nano-
particle weight, and the number of types of nanoparticles, respectively.

Since Maxwell published the theoretical possibility of particle dispersions in
improving the thermal conductivity of fluids over a century ago [46]. There have
been several experimental and theoretical research into metallic particles suspen-
sion in fluids and the applications of these fluids in heat transfer. The initial research
undertaken by Maxwell focused on microparticle suspension. The problems that
exist with microparticle suspension; is that metallic microparticles were not stable,
as the particles quickly descended to the base and the fluid. Nanoparticles are at
least 1000 times smaller in size than microparticles and can be dispersed uniformly
and therefore have significantly better thermal performance [47].

3.1 Nanofluid Synthesis Techniques and Stability

There are three main techniques used to prepare nanofluids, namely, the one-step
chemical method, the one-step physical method, and the two-step method.

In the two-step method of nanofluid preparation, the nanoparticles are synthe-
sized and then are dispersed into the base fluids [48]. Nanoparticles can be synthe-
sized by precipitation [49], chemical reduction [50], or crystallization [51]. The two-
step method is the most common method in nanofluid preparation because it allows
for the easy control of the volume fractions of the nanoparticle in the mixture. Just
within the past year, several researchers have applied the two-step process in devel-
oping nanofluid material. Asadi et al. [52], Almanassra et al. [53], and Chen et al.
[54] all applied the two-step process in synthesizing MWCNTs—water nanofluids.
This method has also been used for metal oxide nanofluids like CuO water nanofluid
[55], Fe,O; water nanofluid [56], SiO, glycerol-water nanofluid [57] and have also
been used in the synthesis of hybrid nanofluids [58-60].

The one-step physical method heats electrodes by arc sparking and condenses it
into the liquid. The one-step method allows for better nanofluid stability and ther-
mal conductivity properties to be controlled. However, it is difficult to produce a
large volume of nanofluids [61]. One-step chemical method is an adaptation of the
Schlenk technique [62], like in One-step physical method nanoparticles are synthe-
sized within the fluid. This technique allows for the control of nanoparticle size and
nanofluids prepared with this technique are most stable. However, synthesizing large
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volumes of nanofluids with this method is very challenging [63]. Huang et al. [64]
applied the two-step method using Field’s alloy nanoparticles dispersed in polyal-
phaolefin (PAO), also a similar method of synthesis was applied in both Du et al.
[65]. and Li et al. [66] research. It is vital to note that the pH of the nanofluid is an
important parameter that directly affects the long-term stability of the nanofluid. As
observed by Wole-Osho et al. [67], Okonkwo et al. [48], and Wang et al. [68] both
conventional and hybrid nanofluids tend to be more stable as they become either
more acidic or more alkaline. The overall stability of nanofluids is not just depend-
ent on fluid pH but also on the nanofluid material, the synthesis technique, and the
sonification time [45]. As nanofluid becomes more unstable, the more precipitates
are observed within the fluid. Therefore, the stability of nanofluids is often measured
by physical observation of the nanofluid. However, it is more accurate to measure
the surface electrostatic repulsion force contained within the nanofluid zeta potential
for a more accurate guide to the fluid’s stability [48, 67, 68]. As seen in multiple
studies, the stability of the nanofluids has a large range. While CuO water nanofluid
can be stable for as long as one (1) year as observed by Albert et al. [69], in some
other nanofluids stability is less twelve (12) hours [64, 70]. The difference in how
long nanofluids are stable is likely because stability is a unique property of the syn-
thesized fluid. Therefore even the slightest changes in fluid configuration and syn-
thesis procedure can produce different outcomes in the stability of the fluid.

Several properties affect the rheology and thermal performance of nanoflu-
ids; these properties include density (p), heat capacity (C,), thermal conductivity
(k), viscosity (n), volume concentration (¢), shear rate range, particle size, particle
shape, etc.[45, 71]. Nanofluids are classified into hybrid nanofluids and conventional
nanofluids [72]. Hybrid nanofluids have more than one nanoparticle type within the
base fluid while conventional nanofluids have only one nanoparticle type within the
base fluid. Often conventional nanofluids do not possess all the positive applicative
properties. Some single-particle nanofluid may have favorable thermal properties
and lack favorable rheological characteristics. To improve on this challenge, hybrid
nanofluids are synthesized. A combination of nanoparticles with the ability to trade-
off respective strengths can improve the application properties of nanofluids [73].

3.2 Density of Nanofluid

The density of a two-phase fluid is conventionally accepted to be the sum of the
product of density and volume concentration for both the nanoparticle and the base
fluid. The conventional formula to calculate nanofluid density is given as [74]:

pnf = pnp(p + pbf(l - @)7 (20)

ELINT3 LTS E]

where “pnf s Py s @ and Py TEprEsent the nanofluid density, the nanoparticle
density, is the volume concentration, and the base fluid density [74].
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3.3 Nanofluid Specific Heat Capacity (C,)

The specific heat capacity of the nanofluids directly affects the heat recovery prop-
erty of the fluid. Accurately predicting the specific heat performance of nanofluids,
increases their application potentials. Therefore, numerous models have been pro-
posed to determine the specific heat capacity of nanofluids.

As seen in Eq. 21, the specific heat of a water-based conventional nanofluid was
calculated using mixture theory [74]. The model proposes that the specific heat of a
nanofluid is dependent on the nanoparticle volume concentration, the specific heat
of both the base fluid and the nanoparticle. However, the mixture theory model for
predicting specific heat deviates significantly from the experimental data [75]:

Cn = Cnp(p + be(l - (p)v (21)

where be is the specific heat of the base fluid, C,,p is the specific heat of the nano-
particle and ¢ represents volume concentration [74]

The thermal equilibrium model is another model used to predict the specific heat
of nanofluids. As seen in Eq. 22 [76], the thermal equilibrium model adds nanopar-
ticle and base-fluid densities to the variables affecting nanofluid specific heat. The
thermal equilibrium model performed better than the mixture theory model, even
though significant deviations still exist between the model results and experimental
results [77]:

pnfcnf = Pnpcnp(ﬂ + bepbf(l - @), (22)

where “C, bf” is the specific heat of the base fluid [76].

In this decade, other models have been proposed to predict the specific heat of
nanofluids. Wang et al. [78] proposed Eq. 23, Shin, and Banerjee [79] proposed
Eq. 24 using thermal equilibrium models, and Kumaresan and Velraj [80] proposed
Eq. 25 for predicting specific heat:

Cyr = [9uC,, 0+ Coppiy (L= @) /100y + (1 = 911, ] 23)
Cpi = (@9,,Coip + PiyPry Cop) | (BrpPrp + PugPrr ) (24)

None of the proposed numerical equations accurately and consistently predicts
the specific heat of nanofluids over a large range of volume concentrations. Research
has found that regression correlation equations are more accurate than classical mod-
els for specific heat prediction. Vajjha and Das [81] proposed a correlation equation
for the specific heat of three nanofluids. The results from the correlation equation
were within an average error of about 2.7% to experimental results. Most recently,
studies have focused on the use of artificial intelligence to predict this fluid property.
Alade et al. [82] developed a support vector regression (SVR) model optimized with
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a Bayesian algorithm (BSVR) to predict the specific heat of a glycol-based conven-
tional nanofluid. The results of the BSVR model proposed showed little deviation
compared to the experimental results. Applying backpropagation multilayered per-
ceptron (MLP) artificial neural network, Hassan and Banerjee [83], excellently pre-
dicted the specific heat of molten salt nanofluid.

While the exact model for accurate specific heat prediction is yet to be obtained,
some outlines can be drawn from available experimental data. The specific heat of
nanofluids depends on, the volume concentration of nanoparticles, the nature of the
base fluid, and the temperature of the fluid. In water-based nanofluids, the specific
heat tends to reduce with an increase in volume concentration of nanoparticles [84,
85].

3.4 Nanofluid Thermal Conductivity (k)

The thermal conductivity of nanofluids plays a crucial role in the development of an
energy-efficient HTF. The nanofluid thermal conductivity is affected by the thermal
conductivity of the nanoparticles, the thermal conductivity of the base fluid, size
of the particle, etc. Maxwell using the effective medium theory proposed the initial
numerical model (Eq. 26) to determine the thermal conductivity of particles dis-
persed in a fluid [46, 86]:

kg, + 2k + 2000k, — i)

— = ) 26
kop Ky + 2k = @k, = k) 2o

where k¢ represents the effective thermal conductivity, k;, is the thermal conductiv-
ity of the nanoparticle and k is the thermal conductivity of the base fluid.

While the effective medium theory has been effective in predicting spherical dis-
persion of microparticles in fluids, it has been unable to accurately predict nanopar-
ticle dispersion in fluids. Many other researchers have proposed formulas to predict
the thermal conductivity of nanofluids more accurately by improving on Maxwell’s
initial formula. Accounting for particle shape, both Hamilton and Crosser’s study
[87] and Xuan and Li’s study [88] modified Maxwell’s model. Also, Yu and Choi
improved on Maxwell’s model by applying the superposition principle of series
and parallel thermal conductivity [89]. Considering the effects of size, aggregation,
surface absorption of particles, and applying fractal theory Wang et al. [90] pro-
posed a different model for the numerical prediction of thermal conductivity. Yang
[91] proposed a model that considered the Brownian motion and kinetic theory of
nanoparticles.

Early results from Said et al. [92] experiment with Al,O; water nanofluid and
Murshed et al. [93] experiment with SiO, water nanofluid show that the classical
models for predicting the thermal conductivity of nanofluids deviate significantly
from experimental results. This deviation in prediction is increased in hybrid nano-
fluids as compared to conventional nanofluids [94, 95]. The studies by Taheriale-
kouhi et al. [94] and Wole-Osho et al. [95] also show that regression correlation
models within the range of the experiments conducted have less deviation than
the classical models. The most accurate prediction models are correlation models
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enhanced with artificial neural networks (ANN). Table 2 shows specific studies for
nanofluid thermal conductivity models.

3.5 Nanofluid Viscosity

Another important property of nanofluids is viscosity; the viscosity of fluids influ-
ences their heat transfer performance. Einstein [109] was first to postulate the vis-
cosity behavior of “small rigid spheres suspended in a liquid”, he proposed Eq. 27,
postulating that the coefficient of internal friction rises by a value which is equal to
2.5 times the total volume of the spheres suspended in a unit volume, provided that
this total volume is less than 0.0245 [109]:

u
o _ 14250, (27)
Hy

where p, is the effective viscosity, p; is the viscosity of the base fluid and ¢ <
0.0245.

However, like the classical models for thermal conductivity, numerical results
obtained from the Einstein formula significantly underestimates the viscosity values
when compared to experimental results. Many other researchers have proposed other
numerical formulas. Mooney’s classical model [110] improved on Einstein’s work to
increase the volume concentration range. The other classical and more recent mod-
els to predict effective viscosity are given in Table 3.

Some researchers, with the aid of experiments, have proposed numerical formulas
for viscosity using correlation. Udawattha et al. [111] proposed a viscosity formula
considering five effective variables. These variables include particle size, tempera-
ture, volume concentration, nanoparticle material, and particle shape. More recently,
researchers have begun to do use computer-assisted models applying artificial intel-
ligence (Al), artificial neural networks (ANN), and genetic algorithms (GA).

Radial basis function (BRF) neural networks have shown to better predict viscos-
ity compared to other existing models [112]. Also, the Genetic Algorithms-Neural
Network (GA-NN) model was used to predict viscosity in multiple water-based and
glycol-based nanofluids, the GA-NN model, was shown to improve the viscosity
modeling accuracy by 39% [113].

4 Application of Nanofluids in Solar Collectors

Nanoparticles within the nanofluids continuously undergo Brownian motion which
leads to agglomeration. Agglomeration is a process whereby nanoparticles attract
each other as they undergo Brownian motion. These interacting particles stick to
each other and ultimately increase both the size and density of the nanoparticles
[126]. The attraction force between these particles is known as the Van der Waals
force [127]. London [128] theory postulates that the interaction energy (V,,)
between molecules is directly proportional to the sixth power of the distance (R)
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between them. Therefore, in nanofluids, interaction energy increases with a rise in
nanoparticle volume concentration [128]:

Vi = 26> (28)
where “0” is a constant of proportionality.

Base fluids with high viscosity make more stable nanofluids because agglomera-
tion happens less within highly viscous fluids. However, increase viscosity reduces
heat transfer fluids [129]. As outlined, agglomeration affects the stability of the
nanofluid. Therefore, nanofluid stability requires that the nanoparticles do not aggre-
gate at a high rate. An easy way to improve the stability of a nanofluid is by the
addition of a surfactant (dispersant). These additives change the transport properties
of the nanofluids such as the thermal conductivity and viscosity which reduces heat
transfer of nanofluids [130]. Due to the negative effect of adding dispersant to nano-
fluids, especially in heat transfer applications, some other techniques have been pre-
scribed to improve on nanofluids stability without surfactant addition. Yang and Liu
[131], presented a stable technique to prepare nanofluids; the technique showed no
deposition layer even after boiling. Also, Hwang et al. [132] prepared nanofluids by
the wet mechanochemical reaction, and the nanofluids showed low viscosity, high
stability, and high thermal conductivity properties.

The remainder of this section investigates numerical and experimental studies of
nanofluids applied in various solar thermal collectors.

4.1 Nanofluids in Flat Plate Collectors

Flat plate collectors are heat exchangers that convert energy from solar irradiation
to useful thermal energy. To increase the thermal efficiency of the FPC, researchers
aim to decrease the heat loss in from system reduces thereby increasing the use-
ful energy gained from the system. Improving the heat transfer properties of the
working fluid can increase useful energy gained from the system. Nanofluids have
improved heat transfer properties over conventional working fluids. Several studies
have been done to experimentally study the effects of using nanofluids as working
fluids in FPC.

Figure 6 represents the experimental configuration for measuring the thermal per-
formance of fluids in a flat plate collector system. All experiments of this nature are
like the above experimental setup with only minor alteration. These configurations
allow a dependable control of the mass flow rate and reliable measurement of ambi-
ent temperature, inlet temperature, and outlet temperature. All these variables are
important to the determining heat removal factor, heat loss coefficient, and overall
system efficiency.

Said et al. [133] observed the effects of using Al,O; water-EG (60:40) nanofluid,
at concentrations of 0.05% and 0.1%, as heat transfer fluids in a flat plate collec-
tor. The results showed alumina nanofluid at 0.05% exhibited Newtonian behavior
at temperatures below 40 °C, but when volume concentration was 0.1% the nano-
fluid exhibited non-Newtonian behavior. Also, the thermal conductivity improved
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compared to the conventional base fluid. However, the study also raised concerns
about the viability of nanofluids as HTF in flat plate collectors because of the hyster-
esis phenomenon [134] observed in the fluid.

Several other studies have investigated the effect of nanofluid volume concentra-
tion on the thermal and exegetic efficiencies of flat plate collectors. Using silicon
dioxide nanofluid at volume concentrations of 0.2% and 0.4%, Faizal et al. [135]
observed that SiO, water nanofluid at 0.2% concentration was more efficient than
SiO, water nanofluid at 0.4% volume concentration. The thermal efficiency of the
solar collector increased by 23.5% when SiO, water nanofluid concentration was
0.2%. However, Meibodi et al. [136] also investigating SiO, nanofluid with a vol-
ume concentration of 0.5%, 0.75%, and 1%, observed that increase in nanofluid con-
centration from 0.5 to 1% results in efficiency enhancement between 4% and 8%.
This enhancement was significantly less than the 23% enhancement observed when
volume concentration was much lower at 0.2%. An essential point to note is that
the base fluid and the particle size of SiO, used in Faizal et al. [135] experiment, is
different from those used in Meibodi et al. [136] experiment; this can also explain
the significant difference in results. Further investigation into the effect of volume
concentration on the thermal efficiency of a flat plate collector was done using
CuO-water nanofluid at 0.1% and 0.2% volume concentration [137]. The study
found that thermal efficiency enhancement was 5% higher when nanofluid volume
concentration was 0.1% compared to when volume concentration was 0.2%. The
effects of the volume concentration (0.0%—1.5%) of MgO water nanofluid on the
thermal efficiency of FPC was investigated by Verma et al. [138]. The experiment
observed that within the volume concentration range considered, the FPC thermal
efficiency gradually increased when volume concentration increased between 0.25%
and 0.75%. However, the collector thermal efficiency reduced as volume concentra-
tion increased from 0.75% to 1.5%. MWCNT water nanofluid at volume concentra-
tions of 0.01%, 0.05% and 0.1% was used to analyze energy and exergy efficiency in
FPC. This research observed maximum efficiency enchantment of 34.2% at a nano-
fluid volume concentration of 0.1% [15]. As seen in Table 4, multiple experiments
have investigated the effect of volume concentration on collector efficiency. It is
safe to say, barring unique scenarios, an increase in nanofluid particle volume con-
centration would increase flat plate collector efficiency until volume concentration
reaches an optimum value where further increase in volume concentration would not
lead to an increase in collector efficiency. Also, the increase in volume concentra-
tion increases the viscosity of the nanofluid which limits the flow properties of the
nanofluid.

In FPC analysis, several researchers have studied the effect of the nanofluid mass
flow rate on the flat plate collector efficiency. Within the collector, the mass flow
rates of 1, 2, and 3 kg-min~! were applied to the CuO water nanofluids at a vol-
ume concentration of 0.4%; Moghadam et al. [139] observed maximum thermal
efficiency improvement of 17% when collector mass flow rate was 1 kg-min~'. The
results are unique in that flat plate collector efficiency appears to drop as CuO nano-
fluid mass flow rate rises. However, in more recent studies, the reverse appears to
be the case. When SiO, water nanofluid was applied in the FPC, the efficiency of
the collector increased when the flow rate increased: in the experiment mass flow
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rate was varied between 0.35 kg-min~! and 2.8 kg-min~' [140]. Similar results were
observed in Salavati Meibodi et al. [141] work. Studies from both Sharafeldin, Groéf,
and Stalin et al. [142, 143] showed that within the mass flow rate range considered
cerium dioxide water nanofluid performed better as the mass flow rate increased.
The effect of mass flow rate on FPC efficiency was also observed by Sharafeldin
et al. [144] using WO; water nanofluids; results show that WO; water nanofluid per-
formed better as the mass flow rate increased, also, the efficiency of solar collector
could reach about 71.87%.

From Table 4, most studies observe that thermal efficiency rises when the mass
flow rate of the nanofluid within the collector increases. However, it is important to
note that the optimum mass flow rate in the flat plate collector is dependent on the
nanofluid fluid thermal characteristics.

Studies have suggested that because of the unique role of particle size in deter-
mining the thermal properties of the nanofluid. An optimum particle size base
fluid combination exists. Said et al. [145] considered the effect of particle size on
the thermal efficiency of the flat plate collector using Al,O; water nanofluid syn-
thesized with a particle size of 13 nm and 20 nm. The research recorded that the
smaller size of nanoparticles has improved stability, thermal conductivity, energy,
and exergy efficiencies. He et al. [137] also considered a similar experiment using
CuO-water nanofluid at particle sizes of 25 nm and 50 nm to investigate the effi-
ciency enhancement of FPC. Comparing the difference in thermal conductivity of
nanofluid using different particle sizes of 25 nm and 50 nm. They found that the
thermal conductivity in 25 nm CuO-water nanofluid is higher than that of 50 nm
CuO-water nanofluid.

As outlined earlier, stability is an important factor that influences the nanofluid
thermal properties. As the lack of nanofluid stability tends to affect their applica-
tion. Michael and Iniyan [146] investigated the performance of CuO water nanofluid
in the FPC water heating system under natural and forced circulation. The experi-
ment showed that sodium dodecyl benzene sulfonate (SDBS) was a better surfactant
than Triton X-100 after 3 days of stability test. It is vital to identify that there was a
significant improvement in performance in thermosyphon flow compared to forced
flow. Varying dispersant volume concentration between 0.2% and 0.4%. Kilig et al.
[147] investigated the effect of dispersant volume concentration on the FPC ther-
mal efficiency. Water absorption TiO, water nanofluid was applied as a heat transfer
fluid. The nanofluid had the least agglomeration when dispersant concentration was
0.2%.

Using HCI1 and NaOH, Yousefi et al. [148] varied the pH of the MWCNT water
nanofluid. Three different pH values (3.5, 6.5, and 9.5) were considered, to deter-
mine the effect of pH on FPC thermal efficiency. The experiment observed that
as nanofluid became either more acidic or more basic the efficiency of the collec-
tor improved. The isoelectric point (where molecules carry no electrical charge)
explains this phenomenon in the fluid. The larger the difference between the fluid
pH and the isoelectric point, the more efficient the working fluid [149]. The chal-
lenge with this is that the most stable pH values will tend to corrode the risers and
tanks of most collector systems.
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Fig.6 Diagram of the experimental setup to measure useful energy

Collecting solar radiation values from sunrise to sunset, the exergy efficiency
optimization was studied when solar radiation (G,) and ambient temperature (7',)
parameters are dynamic [150]. The experiment observed minimum solar irradiation
to be 187 W-m and maximum solar radiation values to be 1087 W-m™. The results
show that optimum exergy efficiency decreases exponentially with increasing T,/G,
value.

Carbon nanomaterials are naturally black, making these materials natural thermal
absorbers. Carbon also has high thermal conductivity making carbon-based nano-
fluids very efficient heat transfer fluids [151]. In literature, there have been 3 unique
carbon allotropes that have been used as FPC heat transfer nanofluids. These carbon
allotropes include graphene, single-wall carbon nanotubes (SWCNTSs), and multi-
wall carbon nanotubes (MWCNTS5), as seen in Fig. 7.

Since minimizing entropy generation helps maximize useful energy output.
SWCNTs based nanofluid can be very useful for higher temperature systems. An
experiment using SWCNT water nanofluid at a volume concentration of 0.3% and
0.1% as the HTF in a flat plate collector was conducted by Said et al. [152]. In the
experiment, the highest exergy efficiency measured for distilled water when the
mass flow rate was 0.5 kg-min~! is 8.77% while exergy efficiency was enhanced up
to 26.25% and 22.35% for 0.3% and 0.1% volume concentration of SWCNTs nano-
fluid under similar conditions.

Graphene water-based nanofluid at a volume concentration of 0.01% and 0.02%
was used to evaluate the thermal performance of a flat plate collector [153]. It is
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relevant to point out that in this study, stability was vastly improved without sur-
factant but by increasing the nanofluid pH to 11.6. The results showed that com-
pared to deionized water, the thermal efficiency of the FPC increased by 12.19%
when graphene water nanofluid at 0.01% volume concentration was used. When
volume concentration increased from 0.01% to 0.02%, a further efficiency improve-
ment of 6% was achieved. Said et al. [154] also numerically investigated the exer-
getic efficiency of FPC using graphene water nanofluids as the working fluid. The
research found that increasing nanoparticle volume concentration increased exergy
efficiency. The analyses also revealed that by using graphene water nanofluid exergy
efficiency can be enhanced by 21%. Six different nanofluids were compared to deter-
mine the most efficient in FPC. These nanofluids include aluminum oxide (Al,O5)
water nanofluid with average nanoparticle (NP) size of 45 nm, titanium oxide (TiO,)
water nanofluid with average NP size of 44 nm, silicon oxide (SiO,) water nanofluid
with average nanoparticle NP size of 10 nm, copper oxide (CuO) water nanofluid
with average nanoparticle NP size of 42 nm, graphene water nanofluid with average
NP size of 20 nm, and multiwalled carbon nanotubes (MWCNTSs) water nanofluid
with NP aspect ratio 200 and external diameter of 7 nm [155]. The results can be
seen in Fig. 8.

While water has the highest specific heat, it has the least density, viscosity, and
thermal conductivity. CuO water nanofluid is highly viscous and the densest of the
considered nanofluid at the volume concentration range between 0.25% and 2.0%
[155].

In a study by Verma et al. [155], among the metal oxide nanofluids considered,
CuO water nanofluid improved FPC efficiency the most. However, when the metal
oxides nanofluids are compared to the carbon-based nanofluids, the carbon-based
nanofluids are more efficient working fluids; this can be seen in Fig. 9.

As observed in Fig. 8, conventional nanofluids do not always possess all the
desirable properties required during application. Some conventional nanofluid
may have desirable thermal properties however lack desirable rheological char-
acteristics. Hybrid nanofluids can be created to improve the application proper-
ties of nanofluids. Verma et al. [156] considered CuO-MWCNT hybrid nanofluid
and MgO-MWCNT nanofluid as working fluid in FPC. The mixture ratio of the
metal oxide to the MWCNT in the hybrid nanofluid was 4:1, respectively, for both
nanofluids. 4MgO-MWCNT-H,0 and 4CuO-MWCNT-H,O hybrid nanofluid
have better efficiency performance than both CuO water nanofluid and MgO water
nanofluid. However, MWCNT/water still performs better than all the hybrids at the
optimum volume concentration of 0.75% and the mass flow rate of 2.1 kg-min~'.
Among the hybrid nanofluids, 4AMgO-MWCNT-H,0 hybrid nanofluid outperforms
4CuO-MWCNT-H,0 as a working fluid in a flat plate collector; even though CuO
water nanofluid outperforms MgO water nanofluid when compared as FPC working
fluids. While the hybrid nanofluid did not outperform the conventional nanofluid in
Verma et al. [155] experiment, further investigation into nanofluid particle mixture
ratios effect on flat plate collector efficiency needs to be done, as unique behaviors
have been observed in the thermophysical studies of hybrid nanofluids [157, 158].
Similar results were obtained by Okonkwo eta al. [26], where the thermal efficiency
of the FPC was enhanced by 2.6% when using alumina water nanofluids which
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performed better than Alumina-iron water nanofluids with 1.79% enhancement in
the FPC.

As previously stated when the metal oxides nanofluids are compared to the car-
bon-based nanofluids, the carbon-based nanofluids are more efficient working fluids.
Therefore, it is becoming clearer that nanofluids containing the carbon allotropes
have a significant advantage in heat transfer applications. However, since it is also
becoming obvious that hybrid nanofluids outperform conventional nanofluids in
improving the efficiency of the collectors. The exact nanofluid arrangement for opti-
mum collector performance still requires further investigation.

4.2 Nanofluids in Evacuated Tube Collectors (ETC)

ETC is special in that the heat losses witnessed in flat plate collectors are minimized
due to the presence of vacuum insulation. A vacuum exists between the outer glass
glazing and the absorber medium of the evacuated tube. This vacuum acts as an
insulation, which reduces the thermal losses due to convection and conduction.
There are two main types of ETC: heat pipe-ETC and direct flow- ETC (U-tube
ETC). From Fig. 3, the heat pipe-ETC contains a heat pipe that is attached to the
absorber plate. These heat pipes contain antifreeze liquid enclosed within it. This
heat pipe protrudes out of the glass cover into a heat exchanger called a manifold.
U-tube ETC contains two heat pipes connected with a U-shaped pipe within (see
Fig. 10). This U-shaped heat pipe connects adjacent ends: an inlet pipe allowing low
temperature working fluids and an outlet pipe where heated working fluid exit.

The effect of using alumina nanofluid in heat pipe-ETC was investigated by Pise
et al. [162]. Mixing Al,O; nanoparticles (NP) with an average size of 50 nm in
water using the two-step process; the synthesized nanofluid was used as a working
fluid for the heat pipe-ETC tilt angles between 18.63° and 60°. The study observed
that the collector efficiency rose as the tilt angle rose between 18.63° and 50° and
begins to decrease further as the tilt angle rise between 50° and 60°. The increase
in gravitational force as the title angle approached 90° causes an efficiency reduc-
tion within the heat pipe. Alumina nanofluid at a volume concentration of 0.05%,
0.1%, and 0.5% the thermal efficiency performance of the collector improved by
3.79%, 10.72%, and 15.24%, respectively, when compared to water under similar
conditions. The experiment also observed that with an increase in nanofluid volume
concentration, the thermal efficiency of the heat pipe-ETC improves.

Kim et al. [163] conducted a similar test using Al,O; water nanofluid; in the
experiments, the effects of particle size, volume concentration, and flow rate on the
ETC’s thermal efficiency were investigated. Considering particle sizes of 20 nm,
50 nm and 100 nm, volume concentration of 0.5%, 1.0% and 1.5%, mass flow rate
of 1.98 kg'min™! and 2.82 kg-min~!. The experiment recorded that thermal effi-
ciency rose when volume concentration was between 0.5% and 1.0% and the col-
lector efficiency was least when volume concentration was at 1.5%. The increase in
nanoparticle size negatively affected the thermal efficiency of the collector, as nano-
fluid with 100 nm NP was less efficient than Al,O; water nanofluid synthesized with
50 nm NP. Al,O; water nanofluid synthesized with 20 nm NP recorded the highest
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collector efficiency of 24.1% compared to water under similar conditions. As the
mass flow rate changed between 1.98 kg-min~! to 2.82 kg-min~!, the efficiency of
the collector dropped about 3%.

Ghaderian and Sidik [164] set up an experiment to investigate the energy effi-
ciency performance of ETC using Al,0O; water nanofluid. This investigation done
with a passive-glass circulation evacuated tube solar thermosyphon collector model,
connected to a spherical coil inside a horizontal tank. Heat transfer occurs between
the working fluid in the tank and the fluid moving within the coil. The nanofluid
was synthesized by the two-step method using distilled water and Al,O; NP with
an average size of 40 nm at a volume concentration of 0.03% and 0.06%. It was
observed that the temperature difference in the nanofluid was proportional to solar
irradiation in the time between 9 am and 5 pm. The results show that the collector
maximum efficiency improvement was 39.52% when Al,O; water nanofluid was at
0.03% volume concentration. However, when volume concentration is increased to
0.06% the maximum efficiency improvement increased to 58.65%. Also, the ther-
mal efficiency of the collector increases with an increase in mass flow rate between
0.33 kg'-min~! and 1 kg-min~".

Using CuO water nanofluid, the effects of particle size, volume concentration,
and mass flow rate on the heat transfer performance of a U-Tube ETC was inves-
tigated by Kang et al. [32]. CuO water nanofluid was prepared using nanoparticles
with an average size of 80 nm and 40 nm at a volume concentration of 0.1%, 0.3%,
0.5%, and 0.7%. Results show that under the same experimental conditions, CuO
nanofluid with an average NP size of 40 nm performed better than CuO water nano-
fluid with an average NP size of 80 nm and water. Also, the efficiency of the collec-
tor improved as volume concentration increased from 0% (water) to 0.5%. However,
no significant improvement in efficiency was noticed when the volume concentra-
tion of the nanofluid increased from 0.5% to 0.7%. For the considered mass flow
rates, an increase in fluid flow rate improved the efficiency of the collector for both
water and CuO water nanofluid.

The performance improvement of gravity assisted heat pipe-ETC using CuO-ace-
tone and Al,Os—acetone nanofluid as working fluid within the heat pipe was inves-
tigated [165]. The experimental setup is displayed in Fig. 11, thermocouples are
placed at even distances in the evaporation and condensation region. The sen-
sors allow the measurement of the mean wall temperature in both regions. Using
CuO-acetone nanofluids and Al,O;—acetone nanofluids and synthesized with NP
average size of 25 nm and 20 nm, respectively. The experiment considered the effect
of volume concentration, title angle, and liquid filling ratio within the heat pipe. In
the experiment conducted, thermocouple recorded temperature change within both
the condensation and evaporation region of the heat pipe. The experiment concluded
that the optimal filling ratio was 70% within the range (40, 50, 60, 70, and 80%)
considered. Studying the effects of liquid filling ratio, the experiment observed that
mean wall temperature was maximum when the minimum filling ratio was 40% and
the maximum filling ratio was 70%. The research also found that the optimal fill-
ing ratio was 70% and that increase filling ratio beyond optimal, increased thermal
resistance in the liquid, this behavior can be explained by the geyser effect [166].
The heat transfer coefficient was enhanced by 36% using Al,O;—acetone nanofluid
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at 0.25% volume concentration, however, when volume concentration increases to
0.5% heat transfer coefficient improved by 64%. Similarly, the heat transfer coef-
ficient is enhanced by 24% when the volume concentration of CuO-acetone nano-
fluid increased from 0.25% to 0.5%. The research also estimated 45° as the optimum
inclination angle.

An Experiment using TiO,—water nanofluid combined with Polyvinylpyrrolidone
(PVP) surfactant was used to analyze the entropy generation and energy efficiency
of a heat pipe-ETC [167]. The volume concentration (0.1%, 0.3% and 0.5%), sur-
factant-NP ratio (3:1, 2:1 and 1:1) and sonication time (10 min, 20 min and 30 min)
were varied in the experiment. The experiment observed that the thermal conductiv-
ity of the TiO,—water nanofluid decreases with an increase in the PVP surfactant
ratio this agrees with [168]. An increase in sonication time does not have any major
effect on the thermal conductivity of the nanofluid at any volume concentration and
an increase in volume concentration leads to higher thermal conductivity within the
range considered. Using the optimally synthesized TiO,—water nanofluid with vol-
ume concentration at 0.5% and surfactant ratio of 1:1 and 10 min sonication time.
The experiment further observed that while the energy efficiency of heat pipe-ETC
increased with the increase in mass flow rate (1.02 kg:min~!, 1.5 kg-min~!, and
1.98 kg-min~!) the entropy generation reduced with increasing flow rate. Mahendran
et al. [169] also used TiO, water nanofluid to determine the efficiency enhancement
of U-tube-ETC. The experiment detected that at all volume concentrations and flow
rates the nanofluid had performed less efficiently than water under the same condi-
tions. However, this result does not conform to existing literature, and no replica
study has been done to confirm these results.

Sharafeldin and Grof [170] experimented to determine the performance of ETC
using CeO, water nanofluid as the working fluid. The fluid was conventionally syn-
thesized by the two-step method using CeO, NPs with an average size of 25 nm
at 0.015%, 0.025%, and 0.035% volume concentrations. The results showed that
the temperature difference between fluid at the outlet pipe and fluid at inlet pipe
increased as the mass flow rate increased from 0.78 kg-min~' to 1.02 kg-min~"' for
all concentrations of working fluids. Also, the increase in fluid NP concentratiln
increases the temperature difference between inlet and outlet pipes. Compared to
water under similar conditions, the nanofluid maximum performance improvement
was 37.3%.

Sharafeldin and Grof [171] conducted another similar experiment using the WO,
water nanofluid at a volume concentration of 0.014%, 0.028%, and 0.042% and
synthesized with an average NP diameter of 90 nm. The results observed that the
efficiency of the collector improved with an increase in volume concentration and
an increase in flow rate within the studied range. The maximum efficiency reached
was by the collector during the experiment was 72.83%, approximately 19.3% bet-
ter compared to water under similar working conditions. Kaya et al. [172], experi-
mentally investigated the efficiency of U-tube-ETC using ZnO/EG-water when vol-
ume concentration was 1%, 2%, 3%, and 4% and the base fluid was ethylene glycol
water (1:1). Polyvinylpyrrolidone (PVP) surfactant was added to the nanofluid to
reduce problems of nanofluid agglomeration, which can affect the stability of the
fluid, especially at high concentrations [126]. Their study observed the average
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Fig. 7 Diagram of (a) grapheme, (b) MWCNT and (c) SWCNT

daily efficiency over five days and detected that they were no significant changes
in efficiency which implied that no sedimentation occurred within the nanofluid
over that period. The experiment also observed that though the collector efficiency
improved with an increase in volume concentration from 1% to 3%, the collector
efficiency reduces when volume concentration is further increased between 3 and
4%. The U-tube ETC collector efficiency improved as the mass flow rate increased
within the considered range. The maximum collector efficiency enhancement of the
U-tube ETC obtained was 62.87% with 3.0% ZnO EG-water nanofluid at a mass
flow rate of 2.7 kg-min~!. The thermal energy transfer property of SiO, water nano-
fluid within solar collector vacuum tubes was experimentally and numerically inves-
tigated by Yan et al. [173] The study recorded thermal conductivity and transmis-
sivity measurement for the nanofluid at three-volume concentrations of 5%, 3%, and
1%. It observed that as volume concentration increased the thermal conductivity also
improved. However, after 20 days of observation, the thermal conductivity perfor-
mance of the nanofluid decrease under the same radiance condition, this was attrib-
uted to agglomeration. Results observed that transmissivity was better in nanofluids
with a lower volume concentration of SiO, NP than nanofluids with higher volume
concentration when the wavelength is observed within the visible and near-infrared
spectrum. Numerically, it was simulated that the velocity of working fluid increased
with an increase in volume concentration of SiO, nanoparticles. Ozsoy and Corumlu
[174] designed a novel experiment to determine the thermal performance of a nat-
ural circulation heat pipe-ETC using Ag—water nanofluid. Ag—water nanofluid is
synthesized by using the one-step chemical method proposed by Bulut and Ozacar
[175]. The experiment setup was similar to Fig. 11 with heat pipe -ETC placed at
35° angle of inclination conducted under controlled laboratory conditions to reduce
variable external environmental influences. The mass flow rate within the heat pipe
was 0.18 kg-min~!. The results observed thermal conductivity of Ag—water nano-
fluid is directly depends on the temperature change. The experiment also observed
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that nanofluid absorption dropped by approximately 52% after one year. The tem-
perature difference between the evaporator and condenser section was lower in the
nanofluid than is with water under the same conditions. Efficiency in the collector
was improved considerably compared to water.

Hussain et al. [176], experimentally studied the thermal efficiency performance
of ETC using Ag water and ZrO, water nanofluids. The study considered volume
concentrations at 1%, 3%, and 5% for both fluids. The experiment observed the
thermal efficiency of the collector improved with an increase in mass flow rate and
volume concentration. It also concluded that the solar collector efficiency using Ag
water nanofluid was greater than ZrO, water nanofluid under the same conditions.
However, the study did not determine if this was as a result of particle size differ-
ence or difference in the thermal conductivity of the considered particles.

An experiment was carried out to observe efficiency improvement in ETC using
SWCNT water nanofluid in a roof-mounted U-tube-ETC with absorption area of
approximately 42 m* and at an inclination angle of 25° [177]. The study observed
that a maximum efficiency improvement of 10% using SWCNT-water nanofluid
at 0.2% volume concentration as compared to water under the same conditions.
Another carbon allotrope, grapheme—water nanofluid at 0.025%, 0.05%, 0.075%
and 0.1% volume concentration (without surfactant) was used as working fluid in
ETC [178]. The experiment observed that while thermal conductivity and viscosity
increased with an increase in volume concentration, specific heat reduced with an
increase in volume concentration. This study also observed that the collector effi-
ciency increased as volume concentration and mass flow rate increased within the
observed range. The maximum thermal efficiency recorded when the mass flow rate
was 1.5 kg-min~!, and the volume concentration was 0.1% was 35.8% higher than
in distilled water. Kim et al. [179] analyzed the theoretical efficiency of MWCNT,
CuO, Al,O;, TiO,, and SiO, in U-tube ETC. Assuming the heat transfer coefficient
of the header of the tube to be constant and air convention negligible, the heat gain
by the tube was modeled. Using propylene glycol water (1:5) as base fluid. The
study concluded that MWCNT was the most efficient working fluid for the U-tube
ETC and was 39% more efficient than water. The ETC efficiency increased by about
0.52% on average as the volume concentration of nanofluids increased from 1 vol%
to 2 vol% for the metal oxides. However, the same increase was noticed in MWCNT
nanofluid when volume concentration increased from 0.1 vol% to 0.15 vol%.

Table 5 shows some other studies and the conclusions reached on the effects of
nanofluids in ETC. The volume concentration of the nanofluid plays an important
role in the thermal efficiency of the ETC. It can be stated that like the flat plate col-
lectors, the nanofluid’s particle volume concentration would increase the ETC effi-
ciency until volume concentration reaches an optimum value. Also, an increase in
the mass flow rate tends to increase ETC thermal efficiency. Thermal efficiency also
tends to increase with an increase in the filling ratio of the heat pipe, but filling ratio
also has an optimum value. More experiments are necessary to investigate the effect
of hybrid nanofluid on the evacuated tube collectors’ performance. Also as is the
case with FPC, nanofluids containing carbon have shown in experiments to be the
most efficient working fluid for the U-tube ETC. However, no recent experiment has
been done applying hybrid nanofluids in ETC, and since evidence already exists that
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hybrid nanofluids have better thermal performance than conventional nanofluids. It
is the opinion of the authors that hybrid configuration of nanofluids may produce
better performance than current efficiency provided by MWCNT nanofluid.

4.3 Nanofluids in Compound Parabolic Collectors

Lu et al. [180] carried out a novel experiment with an evacuated tubular solar col-
lector with compound parabolic plates. The experiment assumed all solar irradiation
from the CPC plate is transmitted into the glass tube, and the evacuated tube solar
collector absorbed solar energy was transferred to the condenser. The experiment
synthesized CuO-water nanofluids as the working fluid for this experiment. The
nanofluid synthesized at mass concentrations of 0.8%, 1.0%, 1.2% and 1.5% with
average particle size for the CuO NP at 50 nm. The experiment also considered fill-
ing ratios between 40% and 70% at intervals of 10. The optimum filling ratio for the
evacuated tube was 60% as it presented the best evaporating heat transfer coefficient.
The experiment also observed that 1.2% mass concentration provided optimal evap-
orating heat transfer coefficient and was 15% more efficient than deionized water
under similar conditions. Liu et al. [181] further improved their earlier research by
comparing the thermal performance of simple tubular CPC with truncated tubular
CPC. The study observed that under similar conditions, working fluid temperatures
in both simple tubular CPC and truncated tubular CPC were higher than an evacu-
ated tube without CPC; also truncated tubular CPC had better thermal performance
than simple CPC.

Investigations into the effects of nanofluids on CPC are not as much when com-
pared to ETC and FPC. However, it is the opinion of the author that like in ETC and
FPC the enhancements witnessed with the use of mono and hybrid nanofluids would
be similar in the CPC as in the earlier discussed collectors.
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4.4 Nanofluids in Solar Parabolic Trough Collector (PTC)

Several articles have investigated the use of nanoparticles dispersed in water for
application in the PTC [182]. The performance of CuO water nanofluid and Al,O4
water nanofluid in a parabolic trough collector was theoretically investigated by
Ghasemi and Ranjbar [183], using computational fluid dynamics (CFD). The study
analyzed the effect of nanoparticle volume concentration on the thermal perfor-
mance of the PTC. The result shows that when nanoparticle concentration was 3%,
the heat transfer coefficient inside the receiver tube was enhanced by 28% for Al,O,
water nanofluid and 35% for CuO water nanofluid.

Subramani et al. [184] experimentally investigated the thermal efficiency and
heat transfer performance of a PTC under turbulent flow, at varying volume concen-
trations of 0.05%, 0.1%, 0.2%, and 0.5% TiO, water nanofluid were compared with
that of de-ionized water alone as a working fluid. The analysis was conducted under
the turbulent flow regime (2950 <Re <8142). Their result also showed at a volume
concentration of 0.2%, the heat transfer coefficient enhancement, the thermal effi-
ciency enhancement, and absorbed energy parameter was 22.75%, 8.66%, and 9.5%
when compared to that of water. Importantly, the study developed correlations for
the friction factor and Nusselt number.

Potenza et al. [185], performed an experimental study into the use of a para-
bolic trough collector with a transparent absorber tube using gas-phase nanofluid.
The parabolic trough under evaluation employed 2-axis tracking to improve the effi-
ciency of the readings. The transparent receiver was made with a coaxial tube and
is vacuumed in its inner space. Air dispersed CuO nanopowder is used as a working
fluid. The experiment was aimed at investigating the use of gas-based working fluid
and a comparison of the experimental and numerical results was conducted. The
authors observed the issue of deposition of nanopowder on the receiver pipe due
to humidity. After 10 h of measurement in a day, they measured the working fluid
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Fig. 11 Experiment outline diagram for nanofluid in the heat pipe system [165]
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temperature greater than 145 °C with the maximum being 180 °C. The study meas-
ured a mean efficiency for the setup as 65%.

Coccia et al. [186] conducted a numerical evaluation of the yearly yield of a low
enthalpy parabolic trough collector operating with six water-based nanofluids. The
nanoparticles used are Fe,05 (5,10,20 wt%), SiO, (1,5,25 wt%), TiO, (1, 10, 20, 35
wt.%), ZnO (1,5,10 wt%), Al,05 (0.1, 1, 2 wt.%), Au (0.01 wt%). The effect of these
nanoparticles on the thermal efficiency of the collector was investigated. Validation
of their model was done with the result of two experimental setups located in Italy.
The study considered different inlet temperatures to mass flow rate of 0.5 kg-min~!,
1 kg-s™! and 1.5 kg-s™!. Their results show that the use of Al,Os, Au, TiO,, ZnO,
and nanofluids at small concentrations presented minimal improvements in thermal
efficiency when compared to that of the water. The study highlighted that increasing
the volume concentration of nanoparticle had no significant advantage when com-
pared to water.

Okonkwo et al. [187] numerically compared the effect varied volume concen-
tration of TiO, water nanofluid and SiO, water nanofluid had on the heat transfer
coefficient. Results from the evaluation show that when the volumetric concentra-
tion was 3% the heat transfer coefficient of the collector was enhanced by 138% and
128% for SiO, water and TiO, water nanofluids, respectively. The authors observed
that the use of the nanofluids led to a 14.85% drop in pressure but stated that the
developed nanofluid presented a possible solution to the issue of cost, toxicity, and
corrosion of component witnessed with conventional nanofluids.

Okonkwo et al. [188], conducted a study on the use of TiO,—water nanofluids on
a parabolic trough collector. A detailed entropy generation study on the performance
of the collector was carried out and it was discovered that the use of the nanoflu-
ids decreased considerably the rate of entropy generation in the system especially at
higher concentrations of nanoparticles, while also improving the thermal efficiency
of the collector by 0.27%.

Nanofluids have also been applied to thermal oils commonly used in large scale
parabolic trough installations. Mwesigye et al. [189] modeled Cu Therminol VP-1
nanofluid as the heat transfer fluid in the parabolic trough collector. The results from
the study indicate that as volumetric concentration increased from 0% to 6%, the
thermal efficiency of the PTC increases by 12.5%. The study states that the entropy
generation rate in the collector is reduced by increasing the volume concentration of
nanoparticle in the fluid.

Okonkwo et al. [190] performed a comparative study on the choice of working
fluid to be used in a parabolic trough collector. The authors compared the use of
pressurized water, supercritical carbon dioxide, Therminol VP-1, and 3 different
oil-based nanofluids using CuO, Fe;0, and Al,O, nanoparticles, respectively. Their
study showed that the use of the nanoparticles enhanced the performance of the ther-
mal oil’s properties of density, thermal conductivity, and viscosity while the specific
heat capacity of the oil is reduced by using nanoparticles. The study also showed
that using pressurized water gives a better thermal performance than all other work-
ing fluid considered. The hindrance to the use of pressurized water is the inability of
the absorber to withstand high pressures. Their results showed that the use of Al,O4
Therminol VP-1 nanofluid provided the best improvement in thermal efficiency with
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0.22% while CuO Therminol VP-1 and Fe;0, Therminol VP-1 obtained enhance-
ment of 0.18% and 0.15%, respectively.

Another study was performed from the synthesis of nanofluid from olive leaf
extracts but using synthetic oil as the base fluid [191]. The authors obtained even
better thermal performance with the use of syltherm-800 as the base fluid when
compared to the use of water [187]. Thermal enhancement of 0.48% and 0.51% was
observed with the use of OLE-TiO, oil and OLE-ZVI oil, respectively. The results,
when compared to those found in literature, proved to be as reliable as those of con-
ventional nanofluids.

Wang et al. [192] investigated the performance of a solar parabolic trough col-
lector using Al,O synthetic oil nanofluid as a heat transfer fluid; the experiment was
carried out with a multi-field coupling simulation based on finite element method.
Results show that the highest temperature of the absorber tube was reduced with the
use of the Al,O; synthetic oil. Also, as the volumetric concentration of nanoparticle
was increased from 0% to 0.05% the deformation of the absorber caused by high
operating temperature was decreased from 2.11 mm to 0.54 mm.

Bellos and Tzivanidis [193] numerically compared the effect of using Al,O4
syltherm-800 nanofluid, CuO syltherm-800 nanofluid, and syltherm-800 on the ther-
mal efficiency of the parabolic trough collector. The result showed that both nano-
fluids had better thermal performance compare to syltherm-800. CuO syltherm-800
nanofluids showed the best thermal efficiency. Thermal efficiency was enhanced by
1.26% and 1.13% when heat transfer fluid was Al,O, syltherm-800 nanofluid and
CuO syltherm-800 nanofluid, respectively.

Using Al,O; synthetic oil nanofluid under a turbulent regime with non-uniform
heat flux, Sokhansefat et al. [194] evaluated the heat transfer performance of a PTC
when operating temperatures were 300 K, 400 K, and 500 K. The effect of volume
concentration on the thermal efficiency of the PTC was investigated and the result
of the evaluation shows that the heat convection coefficient within the absorber tube
was dependent on the volume concentration of nanoparticles in the fluid. Also, the
heat transfer performance of the collector increased while the absorber temperature
reduced.

Mwesigye et al. [195], also performed a thermodynamic evaluation on the per-
formance of a PTC operating with Al,Os/synthetic oil as a working fluid. The study
was performed while varying the Reynolds number from 3560 to 1,151,000 and for
volumetric concentration ranging from 0 to 8%. The result of the study shows that
the use of nanofluid improved the thermal efficiency of the collector by 7.6%. The
optimal Reynolds number was also seen to decrease with an increase in the volumet-
ric concentration.

So far, we have seen that the use of nanofluids impacts the thermal performance
of the collector positively. Recently, as is the case with flat plate and evacuated tube
collectors, the use of hybrid nanofluids has also gained research attention. Bellos
and Tzivanidis [196], investigated the use of both conventional and hybrid nano-
fluids in a parabolic trough collector. The LS-2 module was studied comparing the
thermal collector performance when syltherm-800, Al,O;/syltherm-800 nanofluid,
TiO,/syltherm-800 nanofluid, and Al,O5-TiO,/syltherm-800 hybrid nanofluid.
The volume concentration of the nanofluids was at 3%. The study was performed

@ Springer



157 Page 46 of 74 International Journal of Thermophysics (2020) 41:157

under turbulent conditions with a flow rate of 150 I-min~'. The results of their study
showed that the thermal efficiency enhancement of the hybrid nanofluid reached
1.8% while the use of mono nanofluid was 0.7%. They attributed the higher thermal
efficiency enhancement to the greater Nusselt number enhancement witnessed with
the use of the hybrid nanofluid.

Minea [197], performed a numerical evaluation of hybrid nanofluids based on
Al,O3, TiO, and SiO,. They stated that the heat transfer behavior of the nanofluids
was dependent on their thermophysical properties. Citing that the thermal properties
of all the nanofluid increased with the addition of more nanoparticle with the ther-
mal conductivity enhancement increased by at least 12%. The author also developed
a new correlation for obtaining the Nusselt number of alumina nanofluid along with
its hybrids.

Minea and El-Maghlany [198], performed a study on the influence of hybrid
nanofluid on the performance of a parabolic trough collector. They stated that the
use of ordinary heat transfer fluids is limited due to their thermal conductivity, the
use of nanofluid and later hybrid nanofluids provides an opportunity for increasing
the performance of these working fluids. The authors demonstrated an enhancement
in the Nusselt number for all hybrid nanofluids. The use of Cu—Mgo hybrid nano-
fluid at a 2% volumetric concentration, provided a 14% increase in the values of
Nusselt number when compared to that of the base fluid. They also highlighted that
the use of the hybrid nanofluid produced increased viscosity in the fluid which leads
to pressure drop. The use of 2% Ag-MgO water increases the collector efficiency
and Reynolds number in the system. The authors highlighted the need for more
experimental and numerical works to implement the use of new heat transfer fluids
in solar collectors.

Results of many of the surveyed literature favor the use of the nanofluids in the
solar collectors as it improves the thermal performance of the collector. This is done
by increasing the thermal conductivity of the fluid and reducing the thermal bound-
ary layer. The application of these nanofluids, however, has suffered many limita-
tions such as sedimentation of particles in the absorber, corrosion of components,
the high cost of preparation of the nanofluid, the toxicity of the nanoparticles, their
parasitic effect on pressure drop and the requirement for additional pump power
[199]. These limitations have hindered the deployment of nanofluids as heat transfer
fluids in solar collectors.

From Table 6, it can be inferred that the thermal efficiency of parabolic through
collectors are improved by nanofluids when compared to the regular heat trans-
fer fluids. Like in non-concentrating collectors increase in volume concentration
increases the thermal performance of the PTC. Further research is required to fully
understand the effects of hybrid nanofluids within the PTC.

Like in the non-concentrating systems, nanofluids made up of carbon material is
among the best performing nanofluids. It is the opinion of the authors, almost with-
out a doubt the optimum nanofluid material for heat transfer application will contain
carbon within its configuration.
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5 Economic Analysis of Nanofluids in Collectors

The efficiency of solar collectors is a ratio of the useful energy gained by the col-
lectors to the total energy supplied by the sun. The economic utility of nanofluid
within a collector is assessed by either calculating the overall reduction in the size of
the collectors [211] or by calculating the environmental cost implication of energy
generation from solar collectors and comparing it to generating the same amount of
energy with conventional energy sources [212]. While under high irradiance con-
dition FPCs are more efficient than ETCs under poor irradiance the ETC tends to
outperform the FPC [210]. Significant investigations to understand the economic
viability of collector systems with nanofluids as heat transfer fluids have been per-
formed by researchers. In an experiment conducted by Stalin et al. [211], it was
observed that CeO2 water nanofluid could reduce the overall size of the FPC by
as much as 26%. Also, Faizal et al. [130] calculated that the simple payback period
for applying SiO2 nanofluid within a flat plate collector is about two (2) months.
Kang et al. [212] calculated that it was possible to annually offset CO2 emissions
by 83.04 kg and SO2 emissions by 0.7 kg when Al203 nanofluid is applied in FPC.
When the same nanofluid was applied in ETC it was possible to offset CO2 emis-
sions by 473.65 kg and SO2 emissions by 01.33 kg.

6 Limitations of Nanofluids in Collectors

There are several advantages of employing nanofluids in solar thermal collectors.
These advantages include an increase in thermal efficiency, a possible reduction in
collector size, and improved economic and environmental performance. However,
there are still several limitations in the performance and predictability of nanofluids
in collectors.

One of the limiting factors in the application of nanofluids in solar collectors is
the stability of nanofluid. Unlike conventional working fluids, nanofluids are highly
unstable and particles tend to sediment after some time. As nanoparticles continue
in Brownian motion within the fluid, they are attracted to each other. While pH mod-
ulation, preparation technique, and surfactant addition may reduce agglomeration
within the fluid. The overall efficiencies of collector systems still drastically reduce
over extended periods because of the reduction in fluid stability. As observed by
Bulut and Ozacar [175], absorbance in nanofluid decreased by 52% after one year;
this drop is far more significant than the efficiency improvement provided by the
nanofluid. Also, continuous aggregation increases the fluid viscosity, which will
reduce the flow rate in thermosyphons or increase the pump power required in
forced convection systems. Both of which will ultimately reduce the system’s effi-
ciency. While the thermal performance of nanofluid is superior to conventional heat
transfer fluid in many heat transfer systems, in evaporative systems like heat pipes,
some limitations still exist. The evaporation in heat pipes leads to increased aggre-
gation within the fluid, which then lowers the evaporation rates [216].
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The hysteresis phenomenon first observed by Nguyen et al. [217] poses another
significant limitation in the application of nanofluids in solar collectors, especially
in concentrating systems. The apparent damage in the nanofluids rheology observed
when nanofluids are heated beyond the critical temperature negatively affects their
applicative properties. Since concentrating collectors operate at high temperatures,
and the inability of nanofluids to return to their heating viscosities when cooled
poses an engineering challenge to their application. It is important to note that
this phenomenon has been observed in several different nanofluids at temperatures
between 60 — 70 °C for water-based nanofluids.

While it is of significant benefit to heat transfer applications that nanofluids have
much higher Nusselt numbers compared to conventional fluids. The inability to gen-
erally predict the Nusselt number value of nanofluids limits the direct application of
the fluids. From the heat transfer correlation studies conducted for different nano-
fluids [74, 218, 219], it appears that the value of the Nusselt number is completely
dependent on the configuration of the nanofluid. Since nanofluids can be configured
by size, shape, material, concentration, etc., there is almost an infinite number of
configurations for nanofluids. Many Nusselt number correlations are required to
predict the heat transfer performance of the different nanofluids. Also, very little
is known on the effect of hysteresis on the long-term heat transfer performance of
nanofluids since the fluid viscosity plays a significant rule in heat transfer.

Till now questions still exists with the numerical prediction of the rheological
properties of nanofluids. Answers to these questions would unlock the potential of
nanofluids in several applications. Many researchers are continually trying to predict
these thermal and rheological properties of nanofluids; however, these studies have
been held back by the apparent infinite active variables that appear to dictate the
rheology of nanofluids. These "active variables" include volume concentration, base
fluid, nanoparticle size, packing fraction, nanolayers, particle distribution, agglom-
eration, pH, and temperature. The extensive nature of these active variables makes it
difficult for researchers to predict the thermal and rheological properties of nanoflu-
ids accurately.

While there are some known facts about the relationship between the active vari-
ables and the nanofluid thermophysical properties, like an increase in particle vol-
ume concentration leads to an increase in thermal conductivity and viscosity. It is
essential to point out that some relationships between these active variables and the
nanofluid’s thermophysical properties are not clear. For instance, the relationship
between particle size and viscosity remains uncovered as some studies claim viscos-
ity increases with an increase in particle size while others claim viscosity reduces
with an increase in particle size [220]. These questions that surround the number of
active variables that affect the thermophysical properties, and the extent to which
these variables affect the nanofluid properties, must be completely answered before
we can have accurate nanofluid behavior models.

In viscosity prediction, researchers have proposed several formulas. Many of
which modify existing equations accounting for previous unconsidered variables.
Einstein’s work provided the premier understanding of colloidal dispersions, as
seen in Eq. 27. Einstein’s work was modified to account for the effect of volume
concentration [114], the cumulative work of Einstein, Krieger, and Dougherty was
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modified to account for packing fraction [221]. Successively, there have been addi-
tional modifications to account for other unaccounted variables. However, none of
these proposed models has provided accurate predictions or constant deviations
when compared with experimental observations.

These same limitations apply when predicting the thermal conductivity of nano-
fluids. Maxwell provided researchers with a fundamental understanding of the basic
properties [46]. Yu and Choi modified Maxwell’s equation to account for interfacial
layers [89]. Further modifications were performed to account for particle aggrega-
tion [222]. Also, all these proposed models are yet to accurately predict the ther-
mal conductivity of nanofluids. To improve on these limitations, further experiments
are necessary with emphasis on the effect of the active variables on the rheological
properties of nanofluids.

Another limitation exists in the numerical modeling of nanofluids as heat trans-
fer fluids in collectors. Collector flow models are dependent on the thermophysi-
cal properties of the heat transfer fluid. Therefore, any inaccuracies in the nanofluid
thermophysical property model would lead to inaccuracies in modeling the flow and
heat transfer within the collector.

7 Conclusion

This study presents a review of the applications of nanofluids in four different solar
thermal collectors. Several studies have determined the influence of nanofluids as
heat transfer fluids in flat plate collectors, evacuated tube collectors, and parabolic
trough collectors, However, studies to determine the effects of nanofluids in com-
pound parabolic collectors and other concentrating collectors are very few. From the
literature reviewed in this study, the authors make these concluding remarks:

e Nanofluids as working fluids improve the thermal performance of collectors
compared to conventional working fluids. This improvement is mainly due to the
improved thermal conductivity of nanofluids.

e Most researchers synthesize nanofluids by the two-step method; this is due to
the relative ease of this method of synthesis and the ability to control the volume
concentration of the nanofluids. However, the one-step synthesis technique pre-
sents more stable nanofluids for heat transfer applications.

e Artificial neural network models are the closest models for predicting the
thermo-physical behavior of nanofluids. The accuracy of these models will fur-
ther improve with an increase in available experimental data.

e An increase in volume concentration increases the thermal conductivity of the
nanofluid, which ultimately improves the collector efficiency. However, multiple
studies for both flat plate and evacuated tube collectors have observed that there
exists an optimum point where further increase in volume concentration will not
increase the thermal efficiency performance of the collector. This optimum exists
because an increase in volume concentration leads to an increase in fluid viscos-

ity.
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e Collector efficiency is lower when viscosity in nanofluids is high and vice versa.
This phenomenon is noticed in both thermosyphon and force convection systems.
In thermosyphon, the efficiency is reduced because of the reduction in flow rate
at high viscosity while in forced convection, the pumping power is increased.

e A rise in flow rate leads to an increase in collector efficiency. However, there
exists an optimum flow rate where any further increase in flow rate does not raise
the thermal efficiency of the collector system.

e Conventional nanofluids with carbon allotropes dispersed in them have shown
better, thermal absorption and efficiency enhancements compared to metal and
metal oxide nanofluids. Among the conventional metal oxides, CuO is observed
to have the best thermal absorption properties.

e Stable nanofluids improve the efficiency of collectors, especially over long peri-
ods. The synthesis techniques used, dispersant addition and pH modulation pre-
sent ways of improving the stability of nanofluids.

e Nanofluids in heat pipes have improved the evaporating heat transfer coefficient
compared to the conventional fluids. However, constant evaporation and conden-
sation negatively affect the long-term stability of the nanofluids.

¢ In collectors with heat pipes, increasing the filling ratio of the heat pipe increases
the heat transfer coefficient. However, an optimum filling ratio exists where a
further increase in filling does not increase heat transfer in the condensation area.
This optimum filling ratio is usually between 60% and 70% depending on the tilt
angle (angle of inclination).

e Studies have shown that hybrid nanofluids improve the thermal efficiency of col-
lectors compared to conventional nanofluids in solar thermal collectors. How-
ever, there have been very few hybrid studies for compound parabolic collectors,
heat pipes, and most concentrating collectors.
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