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Highlights

« Optimal thermal and thermodynamic analysis of a parabolic trough receiver with different
nanofluids.

« Performance at different concentration ratios with nanofluids is investigated.

* Presence of an optimal thermal efficiency value at each volume fraction is shown.

« Improvement in thermal performance was greater at higher concentration ratios than lower
ones.

« Correlation for the Reynolds number that gives improved thermodynamic performance is
presented.

Abstract
In this paper, the optimum thermal and thermodynamic operating conditions of a parabolic

trough solar energy system working with copper-Therminol®VP-1, silver-Therminol®VP-1 and
AI203-Thermin0I®VP-1 nanofluids as heat transfer fluids were investigated. Moreover, the
influence of increasing concentration ratios on the thermal and thermodynamic optimum
conditions was considered for concentration ratios between 88 and 113. To obtain the system’s
precise thermal and thermodynamic performance, a well-validated numerical model, with a
typical heat flux profile on the outer wall of the receiver’s absorber tube, was developed using a
finite volume based computational fluid dynamics tool together with Monte Carlo ray tracing.

Results show that silver-Therminol®VP-1 nanofluid gives the highest thermal performance
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owing to its comparatively better thermal transport properties, whereas Al,O3-Therminol®VP-1
showed the lowest thermal performance. Given the increase in the useful energy gain from the
collector with heat transfer enhancement, the thermal efficiency was shown to increase by
13.9%, 12.5% and 7.2% for silver-Therminol®VP-1, copper-Therminol®VP-1 and Al,Os-
Therminol®VP-1, respectively when the concentration ratio is 113. With increasing
concentration ratios, the increase in thermal efficiency at a concentration ratio of 113 was shown
to be about 5% higher than the increase at a concentration ratio of 88. The optimal thermal
performance was nearly at the same flow rate of about 22.5 m® h™ for all the nanofluids and
concentration ratios. The optimal thermodynamic performance for low exergy destruction was
mainly dependent on the inlet temperature used. Correlations for the Reynolds numbers that give

improved thermodynamic performance were derived and presented.

Keywords: Computational fluid dynamics, concentration ratio, nanofluid, optimum

thermodynamic performance, parabolic trough receiver

Nomenclature

Aa Collector’s projected aperture area, m?
Aro Absorber tube outer wall surface area, m?
Aq Silver

Be Bejan number defined as Be = (Sgen)r Sgen

C1, Cy, C, Constants for the realisable k-¢ turbulence model

Ct Coefficient of friction

Cr Geometric concentration ratio

Cp Specific heat capacity, J kg™* K™

Cu Copper

D Tube diameter, m

Iy Direct normal irradiance, W m

dygi Inner diameter of the receiver’s glass cover, m



LCR
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q"
Q
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Sjj

Sgen
S'gen

S" gen
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(S™gen)n

Outer diameter of the receiver’s glass cover, m
Inner diameter of the absorber tube, m

Outer diameter of the absorber tube, m
Collector focal length, m

Mass flux, kg s m™
Generation of turbulent kinetic energy due to mean velocity gradients, kg m™s™
Heat transfer coefficient, W m? K™

Outer glass cover wall heat transfer coefficient, W m? K™
Turbulent kinetic energy, m* s

Length, m

Local concentration ratio

Nusselt number

Reynolds number

Mass flow rate, kg s

Pressure, Pa

Heat transfer rate per unit length, W m™

Heat flux, W m™

Useful energy delivered, W

Receiver thermal loss, W

Modulus of the mean rate-of-strain tensor, s™

Rate of linear deformation tensor, s

Total entropy generation rate, W K™

Entropy generation per unit length, W m™ K™

Entropy generation rate per unit volume, W m2 K™

Entropy generation rate per unit volume due to fluid friction, W m2 K™

Entropy generation rate per unit volume due to heat transfer, W m® K™



T Temperature, K

UL Overall heat transfer coefficient, W m? K™
u Average flow velocity, m s™

Ui, Uj Velocity components, m s™

u'L,v,w Velocity fluctuations, m s™

u, Friction velocity (. = \/rWTp), ms™*
v Volume, m*

Vi Wind velocity, m s™

\Y; Flow rate, m*s™

W Collector aperture width, m

Wp Pumping power, W

X,y,Z Cartesian coordinates

y* Dimensionless wall coordinate

— pm Reynolds stresses, N m™

AP

Pressure drop, Pa

Greek letters

a Thermal diffusivity, m*s™

ot Turbulent thermal diffusivity, m*s™

Olabs Absorptivity of the absorber tube’s selective coating

o Stefan Boltzmann constant, W m? K™

Oht Prandtl number for energy

O Prandtl number for the transport of the turbulent dissipation rate, €
ok Prandtl number for the transport of turbulent kinetic energy, k
Oslope Mirror slope error, mrad

Ospec Mirror specularity error, mrad

Oij Kronecker delta
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Subscripts

Turbulent dissipation rate, m*s™
Emissivity of the glass cover

Emissivity of the absorber tube’s outer wall
Turbulence model parameter = Sk/e
Optical efficiency, %

Receiver thermal efficiency, %

Electrical efficiency of the power block, %
Collector rim angle, degrees

Volume fraction

Receiver circumferential angle, degrees
Density, kg m™

Reflectivity of the collector mirror
Transmissivity of the glass cover

Wall shear stress, N m™

Fluid thermal conductivity, W m™* K*
Viscosity, Pa s

Eddy viscosity, Pa s

Kinematic viscosity of the heat transfer fluid, m?s™

Ambient conditions

Base fluid

Bulk flow conditions

Fluid flow irreversibility

Inner side of the receiver glass cover
Outer side of the receiver glass cover
Irreversibility due to heat transfer

General spatial indices



in Inlet conditions

nf nanofluid

out Outlet conditions

p nanoparticle

ri Inner side of the absorber tube
ro Outer side of the absorber tube
sky Sky conditions

t Turbulent

Superscripts
Time-averaged value
' Fluctuation from mean value

Dimensionless parameter

1. Introduction

It is widely acknowledged that the continued utilisation of fossil fuels is not sustainable owing to
the harm these fuels cause to the environment. Fossil fuels are non-renewable and the CO;
emitted from power plants and energy systems using fossil fuels has exacerbated global warming
and climate change. Moreover, there are increasing concerns related to security of energy supply
as well as the need to meet the ever increasing demand for energy. The increasing demand for
energy is mainly due to the high industrialisation, population growth and urbanisation rates
experienced in most countries [1]. To meet this increasing demand for energy with little or no
harm to the environment while ensuring security of energy supply, alternative, widely available,

clean and renewable energy sources have to be sought and developed.

A number of renewable energy resources exist to provide the needed shift from conventional
fossil-based resources. These resources include geothermal, wind energy, bioenergy and solar
energy. Solar energy is among the most widely available resources with significant potential to

provide the much-needed energy. Solar thermal energy technologies are receiving increasing
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attention, given that it is easier to store thermal energy and dispatch it when the sun is not
shining [1]. Solar thermal energy technologies that are at the commercial or nearly at the
commercial stage include the solar tower, parabolic dish, parabolic trough and linear Fresnel
systems. These concentrating systems give higher heat transfer fluid temperatures, which result

in increased thermal efficiencies of the power block.

The parabolic trough solar energy systems contribute almost 90% of all the energy available
from concentrated solar power systems [2]. Therefore, these systems are the most technically and
commercially developed solar thermal systems available today. Despite this, the energy from
these systems is still considerably expensive than that from fossil-fuelled power plants. Without
government incentives and subsidies, the cost of energy from these systems is twice that from
fossil-fuelled power plants [3]. To make energy from these systems cost competitive, a number
of research initiatives are underway. These initiatives include the development of durable
absorber tube coatings, low-cost and high-performance reflectors, high-temperature heat transfer
fluids, high-concentration ratio systems, reliable receiver tubes, improved thermal storage

solutions and many more [3-5].

Large aperture or high-concentration ratio systems have several advantages, such as shorter solar
collector assemblies, which lead to less drives and controls. Moreover, with high concentration
ratios, the useful energy gain from the collector will increase. There is therefore potential for
increased energy output and cost reductions with high concentration ratio parabolic trough
systems. This will likely make these systems cost competitive with conventional energy systems,
leading to increased adoption of the technology and assisting in meeting the increasing energy
demand as well as in mitigating climate change through reduced emission of greenhouse gases.
Recently, large aperture width systems have been developed owing to the advances in
lightweight materials and advanced manufacturing technologies [6,7]. Since the construction of
the first solar electric generating systems (SEGS) in the 1980s, which have been in operation
ever since, the concentration ratios of these systems have continued to increase. The
concentration ratios have increased from 61 (2.55 m collector aperture width and 40 mm receiver
diameter) [8] to current systems under development with concentration ratios up to 114 (8 m

collector aperture and 70 mm receiver absorber tube diameter) [9,10].



With increasing concentration ratios, efficient heat transfer performance will be essential not
only to improve the performance of these systems, but also to mitigate some of the challenges
that affected the parabolic trough solar energy systems during their earlier development stages.
These challenges included excessive receiver failures owing to the receiver temperature
gradients resulting from the non-uniform nature of the heat flux distribution on the absorber
tube[4], loss of receiver vacuum due to permeation of hydrogen as the heat transfer fluid
degrades at temperatures above 400 °C. Moreover, with high concentration ratios and the
resulting high absorber tube temperatures, heat transfer irreversibilities increase significantly. As
such, convective heat transfer enhancement in the absorber tube of the receiver will play a
noteworthy role in reducing the tube’s temperature gradients, and improve the overall system

performance, as well as improve the reliability of these systems as concentration ratios increase.

There has recently been significant interest in the enhancement of convective heat transfer
performance of receivers for parabolic trough solar energy systems. A number of studies have
shown that convective heat transfer enhancement in the receiver’s absorber tube improves the
performance of these systems. Ravi Kumar and Reddy [11] performed a thermal analysis on a
parabolic trough receiver with a porous disc oriented at different angles. Heat transfer was
enhanced by about 64.3%. In a study on the use of centrally placed perforated plate inserts in the
receiver’s absorber tube by Mwesigye et al. [12], the temperature gradients were shown to
reduce by about 33% and the thermal efficiency was shown to improve by up to 8%. Mufioz and
Abéanades [13] investigated the use of internal helical fins to improve receiver performance. The
receiver’s thermal losses reduced by up to 18% and the temperature difference between the
internal and external tube reduced by 40%. The thermal efficiency of the system increased by
about 3%. Fugiang et al. [14] considered the use of a corrugated absorber tube to improve the
receiver heat transfer and thermal deformation characteristics. The effective heat transfer
coefficient was shown to increase by 8.4%, while the maximum thermal strain could be reduced
by 13.1%. In their recent study, Fugiang et al. [15] used an asymmetric outward convex
corrugated tube to improve the receiver performance and restrain the thermal strain in a parabolic
trough receiver. The von-Mises strain was reduced by 26.8% and a thermal enhancement
performance factor of about 148% was achieved. Wang et al. [16] considered the use of metal

foams in a direct steam generation parabolic trough receiver. At optimum performance, a



maximum reduction in the circumferential temperature difference of about 45% was achieved
with performance evaluation criteria values ranging from 1.4 to 3.2. Cheng et al. [17] performed
a numerical analysis on the use of unilateral vortex generators in the receiver’s absorber tube.

The receiver thermal loss was shown to reduce by between 2.23 and 13.62%.

Thus far, the studies reviewed considered the use of passive heat transfer enhancement
techniques to improve the thermal performance of the receiver tube of a parabolic trough solar
energy system. These heat transfer enhancement techniques include modification of the absorber
tube’s wall to increase the heat transfer area and the use of inserts to facilitate the mixing of the
heat transfer fluid. Improving the thermal properties of the heat transfer fluid is another way of
improving the performance of the receiver without modifying its geometry. The dispersion of
high thermal conductivity nano-sized particles in a base fluid to form a nanofluid is one way of
improving the thermal transport properties of the commonly used heat transfer fluids. Suspension
of nano-sized particles, usually with diameters between 1-100 nm in a base fluid is what is

refereed to as a nanofluid [18].

From available literature, there is consensus that the improvement in the thermal conductivity of
the base fluid with the use of nanofluids is the most important factor that influences thermal
performance of solar energy systems [19]. As such, several studies on the determination of
thermal conductivity enhancements and other important properties of nanofluids have been
undertaken by a number of researchers. For example, Li et al. [20] showed that the thermal
conductivity of diathermic oil for high temperature applications could be enhanced by up to
7.36% by suspending SiC nanoparticles with a volume fraction of 0.8%. In a study by Lee et al.
[21], thermal conductivity enhancements of up to 15% were obtained using Al,O3 with a volume
fraction of 4.3% in water or ethylene glycol. In the measurement of thermal conductivity,
viscosity and stability of Al,O3; — diathermic oil nanofluids for solar energy systems, Colangelo
et al. [22] obtained thermal conductivity enhancements of 3% and 4% at volume fraction of 0.7%
and 1%, respectively. The authors further show that the use of surfactants greatly improves the
stability of the nanofluids. In another related study, Colangelo et al. [23] considered different
nanoparticles with volume fractions in the range 0 to 3%. They showed that thermal conductivity

enhancement is proportional to the volume fraction but independent of temperature.



Several investigations on the use of nanofluids in solar thermal energy systems have been
conducted, as seen in recent reviews by Verma and Tiwari [24] and Kasaeian et al. [19]. Most of
the studies in these reviews considered the use of nanofluids in non-concentrating solar energy
collectors such as flat plate solar collectors, evacuated tube collectors and direct absorption
concentrating collectors. Recently, the number of investigations on the utilisation of nanofluids
for high-temperature concentrating solar energy systems is increasing. For example, Waghole et
al. [25] presented a study on the use of silver nanofluids together with twisted tape inserts to
enhance the heat transfer performance of a receiver tube of a parabolic trough solar energy
system. Sokhansefat et al. [26] considered the use of a synthetic oil-Al,O3; nanofluid in the
receiver tube of a parabolic trough solar energy collector. In a study by Taylor et al. [27], it was
shown that using nanofluids, the performance of a concentrated solar thermal system could be
increased in the range 5 to 10%. Mwesigye et al. [28] considered a parabolic trough solar energy
system using syltherm800-Al,O3; nanofluid as a heat transfer fluid. The thermal efficiency
increased up to 7.6%. The thermodynamic performance was also shown to improve for some
range of flow rates. In another study, Mwesigye et al. [29], used Cu-Therminol® VP-1 nanofluid
to improve the performance a parabolic trough solar energy system with a geometrical
concentration ratio of 113. The thermal efficiency improved by up to 12.5%. Bellos et al.[30]
investigated the improvement in receiver thermal performance using nanofluids and converging-
diverging absorber tube of a parabolic trough solar energy system. The use of nanofluids was
shown to increase collector efficiency by 4.25%. Amina Benabderrahmane et al.[31] presented a
three dimensional numerical investigation of the heat transfer of a parabolic trough receiver
having longitudinal fins and nanofluids with a 1% volume fraction. The thermal performance
was shown to increase with heat transfer enhancement. Chen et al.[32] considered the effect of
using silver based nanofluids in a direct absorption solar energy collector. The collector
efficiency was shown to increase with nanoparticle volume fraction and then reaches a maximum

value.

From the above literature review, there is growing unanimity that the heat transfer enhancement
of receiver tubes of parabolic trough solar energy systems is crucial in improving overall system
performance and reducing the temperature gradients in the receiver’s absorber tube, thereby

increasing the reliability of the system. Besides, the additional benefits of improved
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thermodynamic performance make the heat transfer enhancement of parabolic trough receivers
attractive. Only a few of the reviewed studies, have considered the potential improvements in the
thermodynamic performance of the receiver with heat transfer enhancement. As can be expected,
reduced absorber tube temperatures will lead to improved thermodynamic performance.
Therefore, a comparative thermal and thermodynamic performance analysis and optimisation of
a parabolic trough system utilising three types of nanofluids for a system with a high geometrical
concentration ratio was investigated in this study. These nanofluids were copper-Therminol®VP-
1, silver-Therminol®VP-1 and Al,Os-Therminol®VP-1. In addition, the performance
improvement potential at various concentration ratios was investigated and presented. Unlike
other studies, the thermal and thermodynamic performance of the parabolic trough system is
optimised in this study. Moreover, the emissivity of the absorber tube’s selective coating is taken
to be temperature dependent to accurately predict the improvement in thermal and
thermodynamic performance of the receiver. In the thermal performance analysis, the
improvement in the system’s energetic performance is determined using the thermal efficiency
and heat transfer coefficients while the entropy generation minimisation method is used for the
purpose of thermodynamic optimisation to determine the conditions with the lowest exergy

destruction.

2. Physical model

The schematic diagram of the parabolic trough solar energy system under consideration is shown
in Fig. 1. It is essentially made of a collector that receives the incoming solar radiation, focusing
it onto a receiver tube located at the focus of the parabolic collector. As shown in the figure, for a
system with a perfect mirror surface, all the rays parallel to the focal line of the collector are
reflected to its focal point at which the receiver tube is placed. It is clear in this arrangement that
the lower half of the receiver tube will receive concentrated solar heat flux, while the upper half
of the receiver receives only direct solar radiation. It is this non-uniformity of the heat flux
distribution that results in temperature gradients in the receiver tube. Among other things, the
magnitude of these temperature gradients will depend on a number of factors, such as the
collector’s geometry, the optical errors within in the system, the flow rate of the heat transfer

fluid, the heat transfer fluid properties and the magnitude of the incident solar radiation.
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The receiver tube is central to the entire system’s performance. As such, its state significantly
influences the thermal performance of the entire system. To improve the receiver’s performance,
several means of reducing the receiver’s thermal loss are incorporated during its manufacture.
Firstly, the receiver’s metallic absorber tube is surrounded by a glass envelope and then the
annulus space formed is maintained at very low vacuum pressures to suppress the natural
convection heat loss. Typical vacuum pressure in the annulus space is about 0.013 Pa [8].
Another means of reducing receiver thermal loss is the selective coating of the absorber tube,
which makes it highly absorptive of the incoming solar radiation and with low emission of
outgoing infrared radiation. Furthermore, getter material is used to prevent an accumulation of
hydrogen in the annulus space, since its presence increases receiver thermal losses and degrades
its thermal performance [33,34]. To account for differential thermal expansion between the
absorber tube and the glass cover, metal bellows are used at both ends of the receiver. Figure

2(a) gives a schematic representation of the receiver tube. A cross-section view of the receiver

tube (excluding the metal bellows and glass to metal seals) is shown in Fig. 2(b).

<
-

Fig. 1. A cross-section view of a parabolic trough system
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Fig. 2. (a) Parabolic trough receiver tube [8] , and (b) cross-section of the receiver tube

3. Theoretical analysis

3.1 Optical and thermal analysis

To get a realistic circumferential heat flux distribution on the receiver’s absorber tube, a precise
representation of the geometry of the parabolic trough solar energy system is required. The
collector aperture, collector rim angle and collector focal length are some of the important
parameters that are needed. The profile of the collector is given by the equation of a parabola

[35] as follows:

x* = 4Fy 1)
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Equation (1) is consistent with the Cartesian coordinate system shown in Fig. 1. The parabola’s
focal length (F) gives the location of the receiver tube. It is given by [35] as follows:

F= 4tan\(lir /2) @)
where W is the collector aperture width and ¢ is the collector’s rim angle. For a given system
with a known collector aperture size and rim angle, the system’s focus can therefore be obtained
using Eqg. (2). The system’s concentration ratio is defined in this study as the ratio of the
collector’s projected area to the projected absorber tube area. According to this definition, the

concentration ratio (Cg) is the following:

c, -V 3)
d

ro

The thermal performance is given in terms of the useful energy gain, the receiver thermal loss
and the thermal efficiency. The useful energy delivered to the user is given by the following

equation:

Qu = me (Tout _Tln) (4)

where m is the mass flow rate, ¢, is the specific heat capacity of the heat transfer fluid, Toy is the
heat transfer fluid outlet temperature and T;, is the absorber tube inlet temperature. The useful
energy can also be obtained from

Qu = IbﬂoA& _Qloss = IbnoAa - A’OUL(TI'O _Ta) (5)
In Eq. (5), Iy, is the direct normal irradiance, A, is the unshaded aperture area, Ay, is the absorber

tube outer wall surface area, 7, is the optical efficiency, Q, are the receiver thermal losses, U,

is the overall heat transfer coefficient for thermal losses between the absorber tube outer wall at a
temperature Ty, and the ambient surroundings at a temperature T,. In this study, the receiver

thermal loss is obtainable directly from the developed computational fluid dynamics model.

For a receiver tube having an evacuated annulus space, the natural convection losses are
suppressed. The free molecular convection heat transfer at these low pressures is also much
lower than the radiation heat transfer and can be neglected [36]. As such, the receiver thermal

loss can be determined as follows:
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In Eq. (6), L is the length of the system, ¢ is Stefan Boltzmann constant, ¢ is the emissivity and d

loss

is the diameter. The subscripts ro and gi represent the absorber tube outer wall and the glass
cover inner wall, respectively. From the energy balance on the receiver, it is clear that the
thermal loss between the absorber tube and the glass cover is equal to the energy transfer by
conduction through the glass cover and is equal to the energy transfer by convection and
radiation from the glass cover to the surroundings. For the rate of energy transfer to the

surroundings, receiver the thermal loss can be written as follows:
Qloss =”dgol‘l']w(Tgo _Ta)"'‘9g7z-dgoLo.(T;J - sﬁy) (7)

In which, hy, is the convection heat transfer coefficient between the outer wall of the glass cover
and the ambient surroundings and the subscripts go represents the glass cover outer wall. An
equation for the conduction heat transfer through the glass cover can also be written, giving the

same values as Egs. (6) and (7).

The convection heat transfer coefficient (hy) in Eq. (7) is a function of the wind velocity (Vy) and
the diameter of the outer glass cover. It can be determined using a correlation by Mullick and
Nanda [37] as follows:

hW :Vv\(j.SSd ;)).42 (8)
The sky temperature is related to the ambient temperature according to [38] as follows:

T,, =0.0552T}° 9)

In terms of the absorber tube’s selective coating, the emissivity depends on the absorber tube’s
temperature. For the PTR70 receiver, the emissivity is given by Burkholder and Kutscher [39]

as:

£, =0.062+2x107 (T, —273.15)° (10)

In this form, T, is the temperature in Kelvin. Equation (10) results in an emissivity of about
0.094 when the temperature is 673.15 K (400 °C).

With the above relations, the thermal efficiency is usually obtained using Eq. (11)
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_Q
M = LA (11)

In cases where it becomes essential to include the influence of pumping power, Eq. (11) is

modified and written as follows [40] :

— Qu _Wp /77el

A (12)

Th
With Eq. (12), it is possible to account for the reduction in the thermal efficiency as the pumping
power increases. This is likely to occur when the absorber tube’s diameter is reduced [40] or
with heat transfer enhancement, such as the use of absorber tube inserts, absorber tube surface

modifications or the use of nanofluids [29,41]. In Eqg. (12), the electrical efficiency () of the
power block was 32.7% similar to Wirtz et al. [40] and the pumping power (Wp ) is the product

of the flow rate and the pressure drop as W, =V AP .

3.2 Thermodynamic analysis

In section 3.1, the equations relating to the receiver’s thermal performance are mostly based on
the first law of thermodynamics, which gives the quantity of energy after energy balances are
performed. It is always important to understand the quality of energy from any given system,
firstly to identify any irreversibilities present in the system and later on to minimise these
irreversibilities. The entropy generation minimisation method has emerged as an important tool
that uses the second law of thermodynamics to thermodynamically optimise thermal energy
systems and system components. With the knowledge of entropy generation rates, the exergetic
performance of the system can be determined since exergy destruction is related to the entropy
generation rates according to ToSgen, in Which T, is the dead state temperature and Sgen is the
entropy generation rate [42]. For convective heat transfer, Bejan [42] gave an analytical solution
of the entropy generation rates due to heat transfer and fluid flow as follows:

, q2 32m’c,
gen — 2 +t—== 5
AT TouNU - 7% T, D

(13)

In this equation, the first term represents the heat transfer irreversibility, the second term gives

the fluid friction irreversibility. mis the mass flow rate, D is the tube diameter, q' is the heat
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transfer rate per unit length, Nu =AD/ with h=q"/(Tw -Touw), C = (-dp/dx)pD/2G?, with
G =4m/ zD?and Tpyi is the bulk fluid temperature (Tin +Tou)/2.

It has been shown that Eq. (13) works well with simple boundary conditions such as a constant
heat flux on the tube and for cases where the flow features do not depart significantly from
simple pipe flow [43-45]. When complex boundary conditions exist, entropy generation rates
obtained locally for each control volume are more precise [43,44]. With this method, the entropy
generation rates are determined for each control volume, and these rates are later integrated over
the entire computational domain. The total entropy generation rate is a summation of the fluid
friction irreversibility and the heat transfer irreversibility. The volumetric fluid friction
irreversibility is obtained according to Kock and Herwig [43,44] as follows:

u Ou. | ou
(sp,) =4 ou | M|, pe (14)
FoTlox; ox Jox; T

Equation (14) is made up of two parts. The first part represents the entropy due to direct
dissipation (laminar part) and the second part represents the entropy due to turbulent dissipation.

The volumetric heat transfer irreversibility is given by Kock and Herwig [43,44] as follows:
m 2’ T (24 2’ T
(Sgn) =57 (VT)?+ L5 (VT)? (15)

Equation (15) also consists of the same respective parts as Eq. (14). In these equations, u is the
fluid’s dynamic viscosity, p is the fluid’s density, ¢ is the turbulence dissipation rate, 4 is the

fluid’s thermal conductivity and o and «; in the last part represent the thermal diffusivities.

Equations (14) and (15) are for the entropy generation rates for an individual control volume. To
determine the entropy generation rates over the entire domain, the total volumetric entropy

generation rate (S” ) which is the summation of Eqgs. (14) and (15) is integrated over the entire

gen
volume of the fluid under consideration. Accordingly, the total entropy generation rate becomes

the following:

Sy =] J Srdv (16)
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4. Numerical analysis

The theoretical analysis approach of obtaining the thermal performance of parabolic trough solar
energy systems assumes uniform temperature distribution on the absorber tube of the receiver. In
practice, this is not the case, since the receiver has a non-uniform heat flux distribution given that
most of the reflected rays will hit the absorber tube’s lower half (see Fig. 1). To precisely
represent the heat flux distribution and determine its influence on the receiver’s thermal and
thermodynamic performance of the receiver, the combined use of computational fluid dynamics
and Monte Carlo ray tracing has proved to be a vital approach [15,29,45]. This approach is

discussed in this section.

4.1 Ray tracing

It is essential that the actual distribution of heat flux on the absorber tube’s outer wall
circumference is determined and used in the numerical investigation of the performance of the
parabolic trough solar energy system. An open-source ray tracing tool, SolTrace [46], was used
for this purpose. Equations (1) and (2) were used to specify the parabolic trough system’s
geometry. For each of the concentration ratios used and a rim angle of 80°, the focal length will
vary according to Eq. (2). For concentration ratios of 88, 100 and 113, the collector aperture
widths were 7 m, 8 m and 9 m, respectively. For the receiver tube, an absorber tube diameter of
0.080 m and an outer glass cover diameter of 0.12 m were used throughout this study. The
parabolic trough solar energy system was considered to be 5 m in length. The optical properties
specified were the absorptivity of the absorber tube taken as 0.96, the reflectivity of the collector
mirror taken as 0.97, the transmissivity of the glass cover taken as 0.97. The optical properties of
the receiver used are similar to those of the 4™ generation Schott solar PTR®70 receivers [47].
The collector slope error taken as 3 mrad and the collector mirror’s specularity error was taken as
0.5 mrad. The chosen slope and specularity error values are in line with those in commercial

systems as shown in an optical measurement study by Wendelin [48].

During ray tracing, 1x10° rays were used as the number of sun-generated rays and traced as they
went through various optical interactions. For the desired number of ray intersections, 1x10° was
used. These settings gave a very accurate representation of the expected heat flux profile on the
absorber tube’s outer wall. The results were in very good agreement with those of other studies.

The validation of this study’s ray tracing results and receiver thermal model is presented in
18



Section 7.2. At the different concentration ratios used, the heat flux distribution obtained for a
system with a rim angle of 80°, a collector slope error of 3 mrad and a mirror specularity error of
0.5 mrad are shown in Fig. 3. As expected and similar to most studies in literature, heat flux
distribution is non-uniform along the absorber tube’s circumference and uniform along the
absorber tube’s length. The heat flux is shown to increase with the increasing concentration ratio,
especially for 6 < 30°. Moreover, the heat flux on the top most half of the absorber tube i.e. 6 >
30° is almost the same at all the rim angle. This half always receives mostly the direct normal
solar irradiance from the sun irrespective of the concentration ratio. The heat flux distribution on
the absorber tube is symmetrical about the y-axis. Therefore, the heat flux distribution on the 90°

<0 < 270° half is the same as that on the -90° <8 < 90° half of the absorber tube shown.

2

Heat flux (W m™)

T

X T T 4
90 -60 30 0 30 60 90
Angle, 0 (degrees)

Fig. 3. Circumferential heat flux distribution on the absorber tube’s outer wall for different concentration ratios with

a rim angle of 80°, a collector slope error of 3 mrad and a mirror specularity error of 0.5 mrad

4.2 Governing equations

Flow rates in the receiver tubes of parabolic trough solar energy systems are usually turbulent for
better thermal performance and the subsequent reduction of the temperature gradients in the
receiver. In this study, the flow is considered three-dimensional, steady-state and turbulent. For
this type of flow, the governing equations are the continuity, Reynolds averaged Navier-Stokes,

and the averaged energy equations [49].
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Continuity
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The averaging process results in Reynolds stresses appearing in Egs. (18) and (19). The

Reynolds stress can be obtained according to [49] as follows:

ou, ouj | 2 ou
—pu'ui =g | —+—L | = 2| pk+ g, —% |5 20
P M[axj ax-J 3(/) H X J ! #0)

Where k is the turbulence kinetic energy determined according to [49] as:

k:%(ﬁ+\7+w’2) (21)

Another result of the averaging process is the closure problem. This requires more equations so
that the number of unknown variables equals the number of known variables. For this study, the
realisable k-¢ model was implemented for turbulence closure [50]. This model is an improvement
of the widely used and validated standard k-¢ model. It requires two additional equations, one for

the turbulent kinetic energy (k) and another one for the turbulent dissipation rate (¢).

Turbulent kinetic energy is obtained using the following equation [49,50]:
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while, the turbulent dissipation rate (¢) can be obtained according to [49,50] as follows
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In Eq. (23), G represents the production of turbulent kinetic energy and is determined from

2
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with the eddy viscosity determined according to [49]

= 0C, < (26)
&

A detailed explanation of the realisable k-¢ model and information on the determination of C, is
given in the ANSYS® theory guide [49]. The constants for the realisable k- model are given as

follows:

n K o_ heo - =
Cl = maX|:o43, mj|, n= S ;, S = ZSijSij , Cz —1.9, Ok —l’ O, — 1.2. (27)

and S;; is the rate of linear deformation of a fluid element.

4.3 Boundary conditions

Figure 4 depicts the computational domain used in this study.
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outlet

(a) (b)

Fig. 4. Computational domain used (a) lateral view of the receiver, and (b) cross-section view of the receiver

From Figs. (2), (3) and (4) and for a system with a length, L, the boundary conditions necessary

to attain the numerical solution of the thermal and thermodynamic performance include the

following:

Vi.

A non-uniform heat flux profile is specified on the circumference of the outer wall of the
receiver’s absorber tube. The profile used is a polynomial expression that represents the
flux shown in Fig. 3, depending on the concentration ratio under consideration. At a given
concentration ratio, each heat flux profile was hooked to the numerical model in the
computational fluid dynamics tool using user-defined functions.

At the inlet of absorber tube, a uniform velocity and a given inlet temperature were
specified.

At the outlet of the absorber tube, a pressure outlet boundary condition was specified.

All receiver walls (absorber tube and glass cover) were modelled with the no-slip and no-
penetration boundary conditions.

Given the symmetrical nature of problem, only half of the receiver was considered as
shown in the computational domain in Fig. 4.

Considering the low pressures in the annulus space and the fact that no flow occurs, only
radiation heat transfer is the most significant heat transfer mechanism. A symmetry
boundary condition was therefore specified for the receiver annulus inlet and outlet. This
gives zero values of normal gradients for all flow variables at the inlet and outlet of the

annulus space.

22



vii. The radiation and convection heat transfer from the receiver’s glass cover were accounted
for using a mixed convection and radiation boundary condition on the outer wall of the
receiver’s glass cover. Radiation heat transfer between the glass cover and the sky was
modelled using Stefan Boltzmann’s law for a specified sky temperature while convection
heat transfer from the receiver’s glass cover to the ambient surroundings was modelled
using a specified a convective heat transfer coefficient and a free stream temperature. The
sky temperature is a function of the ambient temperature and was determined using Eq. (9).
An ambient temperature of 300 K was used throughout the study. The convection heat
transfer coefficient at the receiver’s glass cover was obtained using Eq. (8). The wind
speed, which is represented by V,, in Eq. (8) was considered to be perpendicular to the axis
of the receiver, and a value of 2 m s™ was used.

The other geometrical, environmental, optical properties and flow parameters used are given in

Table 1. In this investigation, the concentration ratio is defined according to Eq. (3) given in

Section 3.1.

Table 1. Geometrical, optical, environmental and flow parameters

Parameter Value
Inner diameter of the absorber tube, d,; (m) 0.076
Outer diameter of the absorber tube, d,, (M) 0.080
Inner diameter or the receiver, dgi (m) 0.120
Collector aperture widths, W (m) 7.0,8.0,9.0
Length, L (m) 5.0
Inlet temperatures, T;, (K) 400 - 650
Flow rate (m*h™) 1.22 - 134.73
Direct normal irradiance, I, (W m™) 1000
Geometrical concentration ratios, Cg 88, 100, 113
Rim angle, ¢, 80°
Absorptivity of the selective coating, ops 0.96
Reflectivity of the collector mirror, p 0.97
Transmissivity of the receiver’s glass cover, g 0.97
Collector slope error, ogope 3 mrad
Mirror specularity error, ggec 0.5 mrad
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4.4 Material properties

4.4.1 Base fluid thermophysical properties

To get the most precise results as possible, it is essential that the thermophysical properties are
accurate representations of the properties of the materials used. In this study, the commonly used
commercial heat transfer fluid, Therminol® VP-1[51], was used as the base fluid. For this heat
transfer fluid, temperature dependent thermophysical properties were used. The manufacturer’s
technical data sheets [51] were used to obtain the relations representing the thermophysical
properties using regression analysis. The specific heat capacity, density and thermal conductivity
of Therminol® VP-1 are given by Egs. (28) - (30), respectively and the viscosity is given by Eqgs.
(31) and (32).

For 285.15 K<T<698.15K,

c, =2.125x10°-11.017T +0.049862T - 7.7663x10°T* +4.394x10°T* (J kg™ K*)  (28)
p =1.4386x10° —1.8711T +2.737x10 °T* —2.3793x10 °T* (kg m*) (29)

A =0.14644+2.0353x10°T —1.9367 x10 ' T2 +1.0614 x10 T3 (w m™ K-l) (30)

Piecewise polynomials given by Egs. (31) and (32) were used for the viscosity of
Therminol®VP-1.

For 285.15 K <T<373.15K,
1 =3.661x10° —3.0154T +8.3409x10°T* - 7.723x10°T* (mPas) (31)
For373.15K < T <698.15 K,

1 =23.165-0.1476T +3.617 x10*T? —3.9844x10 ' T % +1.6543x10°T*(mPa s) (32)

4.4.2 Nanoparticle thermophysical properties

Three types of nanoparticles were considered and suspended in the base fluid in an attempt to

investigate improvements in the thermal and thermodynamic performance of the parabolic
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trough solar collector. The considered nanoparticles were the commonly used Al,O3; metallic
oxide, as well as copper and silver metallic nanoparticles, which have significantly higher

thermal conductivities compared to that of Al,Os.

Similar to the properties of the base fluid, the thermophysical properties of all the nanoparticles
were also considered to vary with temperature. The polynomials giving these properties were
determined from property information obtainable from the appendices of Incropera et al.[52].

For Aluminum oxide (Al,O3) nanoparticles, a density of 3 970 kg m™ [52] was used. At a

temperature T, the thermal conductivity is determined from the following equation [52]:
A =148.14-0.56883T +9.794x107*T* -8.0417x10 ' T° +2.5595x10°T* (W m™ K™) (33)
The specific heat capacity of Al,Oj is obtainable from the following equation [52]:

c, =—531.43 + 7.135T — 0.011923T*+9.3125x10°T® — 2.7679x10°T*(J kg™ K™)  (34)
For copper nanoparticles, a density of 8 933 kg m™ [52] was used. At a temperature T, the

thermal conductivity of the copper nanoparticles is given by the following equation [52]

A=441.6-0.17119T +1.5446x10*T? —7.2917 x10°T® (W m*'K™) (35)
The specific heat capacity of copper nanoparticles is obtainable from the following equation [52]

C, = 285.8+0.44631T —5.2054 x10*T° +2.3958x10 ' T° (J kg™ K'l) (36)

For silver nanoparticles, a density of 10 500 kg m™ [52] was used. At a temperature T, the

thermal conductivity of silver nanoparticles is given by the following equation [52]

A =420.29+0.10383T —3.1536 x107*T?* +2.4167 x10 ' T°> —7.1429x10 'T* (W m*K™)
(37)

The specific heat capacity of silver nanoparticles is obtainable from the following equation [52]

c, =2244-0.1195T +4.1083x10*T*—-4.25x10'T> +1.6667 x10°T* (J kg'lK'l) (38)

Table 2 shows the sample properties of the nanoparticles considered at the temperatures of 400
K, 600 K and 800 K.
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Table 2. Sample properties of the different nanoparticles at different temperatures

Temperature (K)
Thermal property

400 K 600 K 800 K
Specific heat capacity (c,), J kg™ K* Ccu: 397 417 433
Ag: 239 250 262

J\NeX: 940 1110 1180
Thermal conductivity (1), W m™* K™ Ccu: 393 379 366
Ag: 425 412 396
Al,Os: 32.4 18.9 13

4.4.3 Nanofluid thermophysical properties

A number of approaches can be used to determine the properties of nanofluids. Moreover, the
properties of the resulting Therminol®VP-1 - nanoparticle mixture will considerably depend on
the properties of the different elements of the mixture. In this work, a single-phase modelling
approach was used to model the nanofluids resulting from combining Therminol®VP-1 with the
different nanoparticles considered in this study. This approach was deemed sufficient, since all
the nanofluids will be based on the same equations. Moreover, this approach has been shown to
give reasonably accurate results when the volume fractions of the nanoparticles in the base fluid
are low (less than 10%) and when the nanoparticles have smaller diameters (less than 100 nm)
[53,54]. In this approach, the properties of the resulting nanofluids were determined using the
commonly used equations available in literature. The density of the resulting nanofluid was

obtained using the classical formula for conventional solid-liquid mixtures [55,56].

Pu =A=P)p, +dp, (39)
In which, the subscript nf represents nanofluids and p represents nanoparticle. The nanofluid
specific heat capacity was obtained using an expression that is derived assuming thermal
equilibrium between particles and the neighbouring liquid according to the following equation
[55,56]:

o = (A=¢)Cp, 2 +4CpPp (40)
Pt A=), + o,
The viscosity was obtained using the following equation [56,57]:
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toe = i, (12347 + 7.3 +1) (41)
This equation was preferred since it was shown to predict the viscosity better than the commonly

used Einstein’s model for viscosity, which underestimates the viscosity.

The Bruggeman model [58] was used for nanofluid thermal conductivity. It is valid over an

extensive range of volume fractions. It gives the thermal conductivity as follows [58]:

ot =0.25] 3p—1) 2, +(2—3¢) 4, + VA | (42)
where
A=[Bp—DA, +@2—3h) 4 | +8454 (43)

The Bruggeman model [58] approaches Maxwell’s effective medium theory [59] at low volume

fractions.

Sedimentation or agglomeration is one of the challenges associated with the use of nanofluids
especially as the volume fraction increases. As such, measures should be taken to ensure that the
prepared nanofluids remains stable. The use of surfactants has been shown to improve the
stability of nanofluids [22, 23]. Moreover, the use of surfactants has been shown to have no

influence the thermal conductivity of the nanofluids [22].

The material of the absorber tube was taken as stainless steel (321H). The thermal conductivity is
temperature-dependent as given by Forristall [34]. The absorber tube’s selective coating also has
a temperature-dependent emissivity given by Eq. (10). The glass cover is of Pyrex® material and

its emissivity was specified as 0.86 [34].

5. Numerical solution procedure

To determine the system’s thermal and thermodynamic performance, a numerical model was
developed to solve the governing equations, together with the boundary conditions using the
specified material properties. This model was implemented using a commercial computational
fluid dynamics software, ANSYS® 16.2 [60]. The computational domain shown in Fig. 4 was
developed in ANSYS design modeler and the domain was discretized using the ANSYS meshing
tool. Figure 5 depicts the grid used in this study. The grid is mainly hexahedral. Even though no
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flow takes place in the annulus space, a finer mesh was used to ensure good mesh metrics

(skewness and orthogonal quality) for better solution convergence.

The numerical solution of the governing equations, together with the boundary conditions, was
implemented in ANSYS Fluent [60] using a pressure-based solver, the SIMPLE algorithm for
pressure and velocity coupling, second-order upwind schemes to integrate the governing
equations and the boundary conditions over the computational domain. The discrete ordinates
model was used to model the radiation heat transfer in the receiver’s annulus space. Since this is
essentially surface-to-surface radiation heat transfer, the air within the annulus space was
considered to be non-participating. With this, there is no absorption, emission or scattering of the
radiation by the air in the evacuated space as expected.

Fig. 5. Cross-section of the sample mesh

The dimensionless wall coordinate (y*) was taken to be lower than 1 throughout this study. The
dimensionless wall coordinate was determined from y* = yu, /v. In this, v is the fluid’s kinematic
viscosity, y is the distance of the first cell’s centroid from the wall and u, is the friction velocity.
In this near-wall modelling approach, the high resolutions of the gradients in the near-wall region

are captured up to the viscous sublayer. With this resolution, the enhanced wall treatment was
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preferred to model the near-wall regions to provide a turbulent model that is valid throughout the

near-wall region.

Convergence was monitored in two ways. Firstly, the scaled residuals were set to less than 10™
for continuity, less than 10™ for momentum, turbulent kinetic energy and turbulent dissipation
rate, and less than 10 for energy. When the scaled residuals of all the quantities were less than
the set values, the solution was considered to have converged. In addition, the volume integral of
the entropy generation rate and the useful heat transfer rate were used to confirm the solution’s
convergence. At convergence (scaled residuals less than the ones set), the volume-integrated
entropy generation rate (Sgen) and the useful heat transfer rate had stopped changing for a
significant number of iterations. Both quantities ceased changing for over 200 iterations.

6. Data reduction

In this section, the parameters used to present this study’s results are given. The average heat
transfer coefficient (h) was used to show the heat transfer performance. For convective heat
transfer from the absorber tube’s inner wall to the heat transfer fluid, the heat transfer coefficient

is given by the following equation:
h=q"/ (T _Tbulk) (44)

In Eq. (44), T, represents the average absorber tube inner wall temperature and Ty, represents the
bulk fluid temperature, which is the average of the inlet and outlet fluid temperatures as (Ti,
+T0ut)/2.

The Reynolds number is given by the following equation:

(45)

Where, up, is the mean velocity and v is the kinematic viscosity of the heat transfer fluid. The
Reynolds number generally depends on the nanofluid volume fraction and the inlet fluid

temperature considered at any given flow rate.

Other parameters include the thermal efficiency of the parabolic trough solar energy system

given by Eq. (12). As mentioned earlier, this equation accounts for the increase in thermal
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performance less the increase in pumping power, the receiver thermal loss given by Egs. (6) and
(7), the entropy generation rates given by Eqgs. (14) — (16). Using Eq. (16), the entropy
generation rate per unit length of the receiver is obtained as S'gen = Sgen/L, and the Bejan number
is defined as Be = (Sgen)H/(Sgen), Which is defined as the ratio of heat transfer irreversibility to the

total entropy generation rate.

7. Numerical model validation

7.1 Grid independence verification

At a given flow rate, the dimensionless y* coordinate lower than 1 was ensured. To achieve this,
the distance between the first cell and the wall should be adjusted as the flow rate changes. The
distance from the wall had to be reduced as the Reynolds numbers increased, since the more
turbulent the flow, the thinner the boundary thickness. Generally, four mesh sizes were
considered at representative flow rates, inlet temperatures and volume fractions to determine
how the volume-integrated entropy generation rate and the thermal efficiency change as the
mesh size and therefore element count changes. The solution was considered mesh independent
when the changes in the thermal efficiency and entropy generation rate became less than 1% as
the mesh elements increased due to reduced element size. In this study, the mesh element count
was in the range 764 235 — 945 420 depending on the flow rate and inlet temperature. The higher
the Reynolds number, the smaller the distance of the first near-wall cell to give a dimensionless
wall coordinate lower than 1 and the more prism layers are used, therefore the higher the mesh
count. Table 3 shows the illustration of the grid dependence study using Ag-Therminol®VP-1
nanofluid with the inlet temperature of 650 K, a volume fraction of 4% and a flow rate of 36.8
m*h?,

Table 3. Sample grid dependence studies for Ag-Therminol®VP-1 nanofluid at a temperature of 650 K and ¢ = 4%,

and a flow rate of 36.8 m® h*

Number Thermal Entropy generation rate, S'e;  Percentage change, % Percentage
of elements efficiency, (WmtK? change in
n (%) S gen, %
352 620 61.01 0.2721 - -
652 664 62.12 0.2616 1.82 3.86
862 650 62.90 0.2569 1.26 1.80
1426 257 62.91 0.2561 0.02 0.31
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Fig. 6. Validation of this study’s receiver thermal model (a) local concentration ratio using data from Jeter [61], He
et al. [62] and Yang et al. [63] and (b) thermal efficiency using data from Dudley et al. [64] and experimental
thermal loss using data from Dreyer et al. [65]

7.2 Numerical model validation

In this study, to ensure that the model developed is an accurate depiction of a parabolic trough
receiver, several steps have been taken to validate results from our study. Firstly, the heat flux
distribution on the absorber tube’s outer wall, which was determined using Monte Carlo ray
tracing, was compared with the results of Jeter [61], He et al. [62] and Yang et al. [63] at
comparable geometrical and optical properties. Excellent agreement was obtained, as shown in
Fig. 6(a). Secondly, the energetic performance of the developed receiver thermal model was
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validated by comparing the thermal efficiency with the values obtained from the experimental
tests conducted on a parabolic trough solar energy system at Sandia national laboratories,
presented by Dudley et al. [64] at the same geometrical and environmental parameters. As
presented in Dudley et al. [64], the direct normal irradiance, wind speed, ambient temperature,
flow rate and inlet temperature at each of the test points was different. A further comparison of
the energetic performance of the system was done of this model’s receiver thermal loss with
experimental data by Dreyer et al. [65] at different temperatures. As shown in Fig. 6 (b), the
results of this work compare well with the results of Dudley et al. [64] and Dreyer et al. [65].
This study’s results are within £6% of the values presented by Dudley et al. [64] and within £2%
of the values presented by Dreyer et al. [65]. Therefore, the receiver model developed in this
work can accurately predict parabolic trough solar energy system’s optical and thermal

performance over a wide range of parameters.

8. Results and discussion

8.1 Heat transfer performance

As expected, the suspension of nanoparticles in a base fluid greatly alters its thermal transport
properties and results in much-improved thermal performance in comparison to the performance
with only the base fluid. As shown in Fig. 7, the heat transfer coefficient increases as the
nanoparticle volume fraction increases. In line with findings from other studies, this increase in
performance is mainly attributed to the increase in the thermal conductivity of the heat transfer
fluid with the suspension of nanoparticles [19]. With the increased thermal conductivity, more
energy is transferred by heat from the absorber tube wall to the heat transfer fluid, thus increased
useful energy gain from the collector. The heat transfer coefficient will continue to increase with
volume fraction provided a sufficient temperature difference between the absorber tube wall and
the heat transfer fluid exists. But other limitations such as the stability of the nanofluid and
higher pumping power requirements as volume fractions increase will limit the maximum
possible volume fraction. The influence of pumping power on overall performance is discussed

in section 8.2.

From Fig. 7, it is crucial to note that all the data points correspond to volume flow rates between
1.22 m® ht and 134.73 m® h*. That is to say, for all volume fractions, all nanofluids and at all

inlet temperatures, the flow rates for the successive data points are 1.22 m*h™ 4.08 m*h™ 12.25
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m*h? 20.41 m*h™* 28.58 m*h™ 36.75 m*h™ 44.91 m*h™* 53.08 m*h™* 61.24 m*h* 69.41 m*h*
7757 m*h* 85.74 m*h™ 93.90 m*h™ 102.07 m*h™ 134.73 m*h™ respectively. However, since
the thermophysical properties of the base fluid are altered when nanoparticles are added or when
temperatures change, the density and viscosity will increase depending on the suspended
nanoparticles at a given temperature. Higher density nanoparticles give a nanofluid with a higher
density and thus a higher Reynolds number at a given flow rate. For example, at 0% volume
fraction and an inlet temperature of 500 K, the Reynolds number is 471 051 when the flow rate is
36.7 m*h™. With nanoparticles, at a volume fraction of 4% and the same inlet temperature and
flow rate, the Reynolds numbers are 360 205 with Al,O3 nanoparticles, 430 934 with copper
nanoparticles and 453 313 with silver nanoparticles. The same trend exists at other temperatures

and flow rates.

At the same flow rate, it is observed that using silver nanoparticles gives the highest heat transfer
performance, followed by copper nanoparticles, while Al,O3; nanoparticles gave the lowest
performance. This is in line with the thermal conductivities of the nanoparticles used, where
silver nanoparticles have the highest thermal conductivity and Al,O3 nanoparticles have the
lowest thermal conductivity at different temperatures (see Table 2). For example, at an inlet
temperature of 450 K and a flow rate of 28.58 m® h™, the heat transfer coefficient is 2 248 W m™
K™* at a volume fraction of 0%. At a volume fraction of 6%, the heat transfer coefficient
increases to 2 375 W m2 K™ for silver-Therminol®VP-1 nanofluid, 2 334 W m? K™ for copper-
Therminol®V/P-1 nanofluid and 2 297 W m? K™ for Al,Os-Therminol®VP-1 nanofluids. This is
an increase in the heat transfer coefficient of 5.6%, 3.8% and 2.2% for silver-Therminol®VP-1,

copper-Therminol®VP-1 and Al,O3-Therminol®VP-1 nanofluids, respectively.
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Fig. 7. Heat transfer coefficient as a function of Reynolds number and nanoparticle volume fraction at an inlet
temperature of 550 K for: (a) Al,Os-Therminol®VP-1, (b) silver-Therminol®VP-1, and (c) copper-Therminol®VP-

1.
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At an inlet temperature of 600 K and a flow rate of 36.75 m* h™%, the heat transfer coefficient is
3 263 W m? K™ for a volume fraction of 0%. At a volume fraction of 6%, the heat transfer
coefficient increases to 3 521 W m? K™ for silver-Therminol®VP-1 nanofluid, 3 471 W m? K™
for copper-Therminol®VP-1 nanofluid and 3 392 W m? K?! for Al,Os-Therminol®VP-1
nanofluids. With this, the increase in heat transfer coefficient is 7.9%, 6.4% and 3.9% for silver-
Therminol®VP-1, copper-Therminol®VP-1 and  Al,O3-Therminol®VP-1  nanofluids,
respectively. It is also clear from Fig.7 that the heat transfer coefficients increase when the
Reynolds number increases. This is due to the improved heat transfer performance with
increasing Reynolds numbers due to the thinner thermal boundary layer at high flow rates. It is
also evident that to achieve the same heat transfer coefficient as for the high thermal conductivity

nanofluid, the flow rate of the low thermal conductivity nanofluid has to be increased.

8.2 Thermal efficiency

It is expected that more pumping power will be required to overcome the increase in pressure
drop resulting from increased fluid friction with the suspension of the nanoparticles in the base
fluid. The pumping power will continually increase with increasing Reynolds numbers and
volume fractions, as shown in Mwesigye et al. [29]. In this study, the combined influence of
improved heat transfer performance and increased pumping power is shown using the thermal
efficiency definition that incorporates the pumping power term given by Eq. (12). With this, both
the increase in the useful energy gain with heat transfer enhancement and the accompanying
increase in energy consumed by the pump are considered.

Figure 8(a) to (c) depicts the variation of the parabolic trough solar energy system’s thermal
efficiency with Reynolds number at different nanoparticle the volume fractions for an inlet
temperature of 600 K for Al,O3-Therminol®VP-1, silver-Therminol®VP-1, and copper-
Therminol®VP-1 nanofluids, respectively. As shown, at a given volume fraction, the thermal
efficiency rises with increasing Reynolds number, reaches a maximum value and then starts to
reduce with a further increase in the Reynolds number. At low Reynolds numbers, the thermal
transfer performance is lower and an increase in the flow rate increases the thermal performance
with low pumping power requirements. As the Reynolds numbers increase, the pumping power
requirement also increases until the increase in pumping power becomes more than the increase

in the useful energy delivered, which causes the efficiency to start reducing.
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In this study, the optimal thermal efficiency was found to exist at a flow rate of about 22.5 m® h*
for all inlet temperatures, all volume fractions and all the nanofluids considered. It can also be
shown that, the thermal efficiencies do not deviate significantly from the value at the optimum
point for flow rates between 20 m® h™ and 40 m® h™. In fact, between these flow rates, the

thermal efficiency deviates by less than 0.5% points from the optimum value.

In some cases, the increase in pumping power is more than the increase in useful energy that is
transferred to the user. This makes the thermal efficiency lower than that of a receiver without
heat transfer enhancement, reducing its energetic performance. This is shown to exist at
temperatures lower than 500 K and flow rates higher than 60 m® h™ for silver-Therminol®VP-1,
and copper-Therminol®VP-1 nanofluids. For Al,O3-Therminol®VP-1 nanofluid this is shown to
exist for almost all temperatures and volume fractions with flow rates higher than 52 m* h™. This
can be explained by the fact that the increase in thermal performance was shown to be lower for
Al;O3-Therminol®VP-1 nanofluid than for the other types of nanofluids. Given this lower
thermal performance increase and the increase in pumping power, the thermal efficiency at high
values of volume fraction becomes lower than that at lower volume fractions at high Reynolds

numbers.

Figures 9(a) and 9(b) show a plot of the parabolic trough solar energy system’s thermal
efficiency for the different nanofluids at an inlet temperature of 500 K and a volume fraction of
4%, as well as an inlet temperature of 600 K and a volume fraction of 6%, respectively. As
already discussed, it is clear that the silver-Therminol®VP-1 nanofluid gives the highest increase
in thermal efficiency. The increase in thermal efficiency of copper-Therminol®VP-1 nanofluid is
almost the same as that of silver-Therminol®VP-1, since the thermal conductivities of the two
nanoparticles are almost the same. The increase in thermal efficiency with Ag-Therminol®VP-1,
copper-Therminol®VP-1 and Al,O3-Therminol® VP-1 nanofluids were about 13.9 %, 12.5%
and 7.2%, respectively as the volume fraction increased from 0 to 6% for the range parameters

considered.

37



7" v v v - il + v v - 1 - - - - 1 - v -
! —“—9=0% |
[ Dooe o= Al O ‘
o s B e Gy, Sertl 1
4G # "“D~:~r"1> 23 B
- e == Copper | 1
R . :
g N =c-== Silver 4
o ‘s‘ ‘\s ]
=~ :=\ N 3
R W ]
[ SN, W 4
s N AN ]
63 \ s -
A Y LAY
\ [N i
A Y - -
L - 1
60 iy . ——e .
50 100 150 200
e [x10%]
(a)
70 et ——— ——
- )
13';?‘7‘& ]
&[l& C\R 4
tay 1
65 RRQ\ -
N N ]
e s LNEEN )
— Mo N N ]
€ o0 % T i
b-t )-0'-4-0-4—*.*-’ -~ 3
'i;\ ]
53 == Al O, s B
=== Copper ]
. 4
=== Silver ]
50 - pLrart geny T P T A - A T A
50 100 150 200 250 300
, 4
Re [x10%]
(b)

Fig. 9. Thermal efficiency as a function of the Reynolds number for different nanoparticles at: (a) an inlet

temperature of 500 K and a volume fraction of 4%, and (b) an inlet temperature of 600 K and a volume fraction of

6%
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Figure 10 shows the temperature contours of the absorber tube outlet (heat transfer fluid and
absorber tube wall) and the receiver’s annulus space adjacent to one another at an inlet
temperature of 600 K and a flow rate of 36.75 m®h™: Fig.10 (a) without any nanoparticles in the
base fluid, Fig. 10 (b) with Al,O3; nanoparticles at a volume fraction of 4% and Fig. 10 (c) with
silver nanoparticles at a volume fraction of 4%. As shown in these figures, the heat transfer
mechanisms are the same and the temperature profiles are what would be expected for a receiver
tube with a non-uniform heat flux profile. A closer look at the temperature values shows that
there a slight reduction in the maximum absorber tube temperature with the use of nanofluids.
The reduction is about 2.5°C with 4% Al,O3 nanoparticles and 5.09 °C with silver nanoparticles.
Though these are small values, given that temperature is raised to a power of four in the
determination of receiver thermal losses, a small reduction in temperature will result in a much
higher reduction in the energy transferred by radiation from the absorber tube. Moreover, when
the flow rates are lower, significant reductions in absorber tube temperatures can be achieved
with heat transfer enhancement [41].

8.3 Thermodynamic performance

The thermodynamic performance of thermal energy systems can be characterised and improved
by determining the irreversibilities that occur in systems and how these irreversibilities can be
minimised [42]. A system with high irreversibilities gives higher entropy generation rates, thus
higher rates of destruction of the available energy. To investigate the influence of heat transfer
enhancement on receiver thermodynamic performance, the entropy generation rates due to the
heat transfer irreversibility and fluid friction irreversibility were determined. As shown in Fig.
11, the entropy generation rate reduces with increasing Reynolds numbers, attains a minimum
and increases again as the Reynolds numbers increased further. At values lower than a given
Reynolds number, the entropy generation rates reduce as the nanoparticle volume fraction
increases. The reduction is shown to be significantly higher for Al,Os-Therminol®VP-1
nanofluid than for the other nanofluids. This reduction probably occurs due to the lower density
of the Al,O3 nanoparticles, which was taken as 3 970 kg m™ compared to 8 933 kg m™ and 10
500 kg m™ for copper and silver nanoparticles, respectively. At low Reynolds numbers, the
improvement in heat transfer performance with increasing nanoparticle volume fractions leads to
reduced heat transfer irreversibilities. These reduced heat transfer irreversibilities are a result of

reductions in the finite temperature difference as the heat transfer performance improves.
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However, with the suspension of nanoparticles in the base fluid, the density of the resulting
nanofluid increases, which results in increased pumping power. This increase in pumping power
increases the fluid friction irreversibility. As such, the reduction in the heat transfer
irreversibility is somehow cancelled with the increased fluid friction irreversibility, which leads
to lower reductions in the entropy generation rates as depicted in Fig. 11. At much higher
Reynolds numbers, the fluid friction irreversibility is much higher than the heat transfer
irreversibility, and the entropy generation rates of the enhanced receiver (¢ >1%) become higher

than those of a non-enhanced receiver (¢ = 0%).

In this study, it is shown that the entropy generation rates are reduced by about 24%, 19% and
17% for Al,O3-Therminol®VP-1, silver-Therminol®VP-1 and copper-Therminol®VP-1
nanofluids, respectively, with Reynolds numbers lower than those for which heat transfer
enhancement improves the thermodynamic performance. It is evident from Fig. 11 that for each
nanofluid, there is a Reynolds number at a given temperature and nanoparticle volume fraction
for which significant reductions in the entropy generation rates are achieved. Beyond that
Reynolds number, the entropy generation rate rises greatly with increasing nanoparticle volume
fraction and the use of nanofluids does not give improved thermodynamic performance. The
figure also shows the existence of a Reynolds number that gives minimum entropy generation
rates. Thermodynamically speaking, this would be the preferred Reynolds number since it is the
point which the destruction of the available energy is a minimum. However, other considerations
such as the required outlet temperature, the effect of flow rates on system design and
performance are also important. Nonetheless, any Reynolds number lower than the one that gives
minimum entropy generation rates results in better exergetic and energetic performance with heat

transfer enhancement.
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Fig. 11. Entropy generation rate as a function of nanoparticle volume fraction and Reynolds number at an inlet
temperature of 600 K (a) Al,Os-Therminol®VP-1, (b) copper-Therminol®VP-1 and (c) silver-Therminol®VP-1
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The Reynolds number under which the thermodynamic performance of the parabolic trough
receiver is improved, was obtained for each nanofluid. It was shown that for all the nanofluids, at
a given temperature and at all volume fractions, this Reynolds number was almost the same.
Figure 12 shows this Reynolds number as a function of nanoparticle volume fraction at different
temperatures. This Reynolds number does not to change significantly with volume fraction, but
increases with increasing temperature. As temperatures increase, the heat transfer fluid properties
change, the density and the viscosity reduce, leading to reduced fluid friction irreversibilities
such that slightly higher flow rates can be used before the entropy generation rate becomes

greater than the one at ¢ = 0%.
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Fig. 12. The Reynolds number below which the thermodynamic performance of the receiver is significantly

improved with the use of nanofluids

The Reynolds number under which the thermodynamic performance increases was determined

using non-linear regression and is given by the following equation:

(Rey, )Opt = 115500&0000355 Pkl .

In Eqg. (46), the volume fraction has been non-dimensionalised as (5=¢/¢ref with ¢ =1 %. The

inlet temperature is non-dimensionalised as 9=Tm IT,. An ambient temperature of 300 K used in

the simulations is taken as Tamp in the non-dimensionalising of temperature. Eq. (46) predicts the
Reynolds number below which there are significant reductions in entropy generation rates within
+3% and with an R? value of 0.98. The equation is valid for all the nanofluids and for the values
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presented in Table 1 with a concentration ratio of 113. It should be noted that even though the
Reynolds number increases with temperature, flow rates corresponding to these Reynolds
numbers are in the range of 50 m*h™ to 68 m*h™. These flow rates are well above the flow rates
of about 31.8 m® h™ [34] in practical parabolic trough solar energy systems. These flow rates are
also well above the flow rates that give the optimum thermal efficiencies of 20 m*h™ to 40 m*h™*
in this study. Thus, for the range of flow rates in actual parabolic trough solar energy systems,
using nanofluids improves the thermal and thermodynamic performance. Therefore, for flow
rates in practical system and with heat transfer enhancement using nanofluids, higher useful
energy outputs are obtained and less of the available energy is destroyed due to reduced
irreversibilities. This improvement in performance is essential to make energy from concentrated
solar power systems cost competitive with energy from other sources. With lower energy costs,
increased deployment of the technology will be possible and thus ensuring a cleaner and widely
available source of energy.

8.4 Enhancement at different concentration ratios

8.4.1 Thermal performance

The performance of a parabolic trough receiver enhanced with nanofluids at different
concentration ratios was investigated to determine the possible performance improvement at the
different concentration ratios. The performance is investigated using copper-Therminol®VP-1
nanofluid and for a parabolic trough solar energy system with concentration ratios of 88, 100 and
133 using similar boundary conditions as detailed in Section 4.3 and the simulation parameters

that are shown in Table 1.

Figure 13(a) to (c) depicts the variation of the thermal efficiency of the parabolic trough solar
energy with flow rate at different concentration ratios at an inlet temperature of 500 K with ¢=0
and ¢=4%, at an inlet temperature of 600 K with #=0 and ¢=4% and at inlet temperature of
600 K with ¢=0 and ¢=6%, respectively. From Fig. 13, it is clear that, at a given temperature,
flow rate and volume fraction, the thermal efficiency reduces with increasing concentration
ratios. This is expected, since the absorber tube temperature will increase with increasing
concentration ratio, which leads to a higher receiver thermal loss and thus lower efficiencies at a
given volumetric flow rate. The thermal efficiency of the system was shown to reduce by about

4.5% at any given flow rate as the concentration ratio increased from 88 to 113.

44



One way of ensuring improved thermal performance as the concentration ratios increase is to
enhance the convective heat transfer performance of the receiver. As shown in Fig.13(a), for an
inlet temperature of 500 K and volume fractions of 0% and 4%, the thermal efficiency of the
highest concentration ratio parabolic trough solar energy system increases with the use of
nanofluids to values of the lowest concentration ratio system with no heat transfer enhancement.
As depicted in the figure, the thermal efficiency curve for a concentration ratio of 113 and a
volume fraction of 4% coincides with that of a system with a concentration ratio of 88 and a
volume fraction of 0%. This implies that with heat transfer enhancement, the thermal efficiency
of high concentration ratio systems can be improved and become similar to that of state-of-the-
art parabolic trough systems. With high concentration ratio parabolic trough solar energy
systems, significant cost reductions can be achieved, since fewer drives and controls are used.
Further cost reductions might be achieved with more energy output owing to the achieved
improved thermal efficiencies with heat transfer enhancement. In Fig. 13(b) and 13(c), it is clear

that significant improvements in performance are achieved with the use of nanofluids.

It is also evident that, at higher temperatures, the improvement in thermal performance is higher
than at lower temperatures. This is expected, since with higher temperatures, any reduction in
temperature significantly reduces the receiver’s thermal loss and increases thermal performance.
It was observed that the increase in thermal performance as the volume fraction increases is
higher at higher concentration ratios than at lower concentration ratios. This is also expected,
since higher concentration ratios will result in higher absorber tube temperatures and higher
receiver thermal losses, so that any improvement in performance reduces these temperatures and
improves the thermal performance. In this study, it has been shown that at the highest
concentration ratio of 113, the increase in thermal efficiency is about 5% higher than the increase
in thermal efficiency at a concentration ratio of 88 (the lowest considered in this study).

From Fig. 13, the existence of an optimal point at which the thermal efficiency attains a
maximum is shown. This was obtained and plotted against the inlet temperature considered. The
optimal flow rate is about 22.5 m*® h™ and is independent of the temperature used. Even though
this is the optimum flow rate based on the thermal efficiency, other factors, such as the need to
ensure that receiver temperature gradients are within the safe operating limits, should be used to

determine the true operating flow rate. In this work, it was shown that, for flow rates ranging
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from the optimum flow rate up to a flow rate of 40 m* h™, the thermal efficiency reduces by less
than 0.5%, as can be seen in Fig.13. This is probably due to the fact that with increasing flow
rates, a point is reached where the gain in thermal performance becomes less than the increase in
pumping power and the thermal efficiency starts to gradually decrease. Since using nanofluids
improves the thermal performance but also result in higher pumping power requirements, the
flow rate at which the optimum thermal efficiency occurs is only slightly higher than that at
lower volume fractions as the volume fraction increases. This is most likely due to the useful
energy transfer rate and pumping power relationship in Eqg. (12), at each volume fraction the
useful energy transferred increases with flow rate, the pumping power also increase with flow
rate. At some flow rate, the useful energy transferred remains almost constant since at high flow
rates the outlet temperature is reduced by a very small amount. However, the pumping power
will continue to increase as the flow rate increases, causing the thermal efficiency to start
decreasing. It appears from this analysis that the value of the flow rate at which the increase in
pumping power becomes more than the increase in performance is almost independent of the
volume fraction. Moreover, the pumping power is a small fraction of the useful energy
transferred, about 0.50% at a flow rate of 44.9 m®*h™ increasing to 5.3% at 102 m*h™". Thus, flow
rates between 22.5 m® h™ and 40 m* h™* will give thermal efficiencies that are reasonably close to
the optimum operating point. Even though, the flow rate does not change significantly with
volume fraction and temperature at the optimal point, the optimal thermal efficiency reduces

with increasing temperature and increases with increasing volume fraction.
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600 K with ¢=0 and ¢=6%

47



Figure 14 shows the plot of the optimal thermal efficiency with an inlet temperature at different
volume fractions at a concentration ratio of 100. The same trend was obtained at the other two
concentration ratios, but the thermal efficiencies are higher at a concentration ratio of 88 than at
a concentration ratio of 113 for the reasons discussed earlier. The optimal thermal efficiency
generally decreases with increasing inlet temperatures, owing to the high thermal loss at high
absorber tube temperatures. Also shown is that the optimal thermal efficiency increases as the
volume fraction increases. This is expected since the thermal performance improves with

increasing volume fractions.
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Fig. 14. Optimal thermal efficiency as a function of inlet temperature at different volume fractions for copper-
Therminol®VP-1 and concentration ratio of 100

At all the concentration ratios, inlet temperatures and other considered parameters, as given in
Table 1, the optimal thermal efficiency occurs at a flow rate of about 22.5 m* h™*. Significant
increases in the optimal thermal efficiency are shown as the inlet temperatures increase. With
higher inlet temperatures, absorber tube temperatures will increase, and this reduces the thermal
efficiency due to the high receiver thermal loss. Thus, with heat transfer enhancement, the
improvement in thermal performance leads to higher thermal efficiencies and significant
increments in the thermal efficiency when compared to those at low temperatures. The optimal

thermal efficiency is correlated by the following equation:

(Uth )Opt — 179(& +1)0.04176 é—o.4l€6CR—0.l708 (47)
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Similar to Eq. (46), & is the non-dimensionalised volume fraction, and & is the non -

dimensionalised inlet temperature. Eq. (47) is valid for the range of parameters presented in
Table 1 and volume fractions 0 <¢<6% and predicts the optimal thermal efficiency within +3%.

8.4.2 Thermodynamic performance

The parabolic trough receiver’s thermodynamic performance is presented using entropy
generation rates as a result of both heat transfer and fluid friction irreversibilities. In an earlier
study, it was shown that the entropy generation rates increase with increasing concentration
ratios [45]. In this study, it is also shown that, at a given inlet temperature, flow rate and volume
fraction, the entropy generation rate increases as the concentration ratio increases as depicted in
Fig. 15. This is expected, since an increase in the concentration ratios results in an increase in the
finite temperature differences of the receiver, which leads to much higher heat transfer

irreversibilities, resulting in increased entropy generation rates.

With heat transfer enhancement, especially at low Reynolds numbers, the improvement in heat
transfer performance leads to lower temperature gradients in the receiver thus lower entropy
generation rates. As depicted in Fig. 15, the entropy generation rates are shown to reduce
significantly with increasing volume fraction for Reynolds numbers lower than that beyond
which the enhancement of convective heat transfer enhancement does not result in better
thermodynamic performance. Equation (46) provides an acceptable prediction of the Reynolds
number beyond which using nanofluids results in no improvement of the receiver’s
thermodynamic performance. For all the concentration ratios and inlet temperatures, flow rates
lower than 45 m® h™ result in significant improvements of the receiver’s thermodynamic

performance.

A further visualisation of the effect of heat transfer enhancement using nanofluids at different
concentration ratios is depicted in Fig. 16 using the Bejan number. The Bejan number is defined
as the ratio of the entropy generation due to the heat transfer irreversibility to the total entropy
generation rate. With heat transfer enhancement, it is essential that the heat transfer
irreversibility is reduced without a significant increase in the fluid flow irreversibility. The heat
transfer irreversibility is the dominant source of the entropy generation rate at low Reynolds

numbers, while the fluid friction irreversibility dominates at higher Reynolds numbers. As shown
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in Fig. 16, at a given Reynolds number, concentration ratio and inlet temperature, the Bejan

number reduces as the volume fraction increases and the Reynolds number increases.
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The reduction in the Bejan number with volume fraction mainly occurs due to increased heat
transfer performance at low Reynolds numbers and due to both improved heat transfer
performance and an increase in the fluid friction irreversibility as the Reynolds numbers
increase. The reduction in the Bejan number with increasing Reynolds numbers is also due to
improved heat transfer performance and increased fluid friction irreversibility as the Reynolds
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numbers increase. As shown, at low Reynolds numbers, the Bejan number is about 1, implying
that the heat transfer irreversibility dominates the entropy generation budget. As the Reynolds
numbers increase, the Bejan number reduces, since the heat transfer irreversibility reduces with
improved heat transfer performance and the fluid friction irreversibility increases due to higher
pressure drops. The Bejan number will approach zero if the fluid friction irreversibility becomes

the only form of irreversibility.

As shown in the preceding discussion, heat transfer enhancement of receiver tubes of parabolic
trough solar energy systems has potential to greatly improve both the thermal and
thermodynamic performance of these systems. For flow rates similar to those in practical
parabolic trough solar energy systems, the use of nanofluids improves the heat transfer
performance significantly and thus more energy output from the system. Besides, the reduction
in entropy generation rates means less destruction of available energy. Moreover, the use of high
concentration ratio parabolic trough systems together with heat transfer enhancement shows an
enormous potential for improved energetic and exergetic performance of these systems. With
advances in research and development, the cost of energy from concentrated solar power systems
is expected to reduce significantly, making energy from these systems cost competitive with that
from conventional energy systems. For example, the development of high concentration ratio

systems is expected to cut solar field costs significantly, up to 20% in some cases [ 9,10].
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Fig. 16. Bejan number as a function of Reynolds number at different concentration ratios for: (a) an inlet
temperature of 450 K with ¢=0 and ¢= 6% and (b) an inlet temperature of 600 K with 4=0 and ¢= 4%

9. Conclusion

In this study, the optimum thermal and thermodynamic performance of a parabolic trough solar
energy system using different nanofluids namely silver-Therminol®VP-1, copper-
Therminol®VP-1 and Al,Os-Therminol®VP-1, was investigated and presented. Results showed
that the use of nanofluids improves the thermal and thermodynamic performance of the system.

With the increased energy output from the system due to heat transfer enhancement, the thermal
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efficiency of the parabolic trough solar energy system was shown to increase by 13.9%, 12.5%
and 7.2% for silver-Therminol®VP-1, copper-Therminol®VP-1 and Al,O3-Therminol®VP-1

nanofluids as the volume fraction increased from 0 to 6%.

At each volume fraction, there is a flow rate or Reynolds number at which the thermal efficiency
is @ maximum. It was shown that the optimal thermal efficiency at each temperature and volume
fraction was almost independent of the inlet temperature, volume fraction and type of nanofluid
considered. For all the nanofluids and range of considered parameters, the optimal flow rate was
about 22.5 m* h™.

Furthermore, the influence of heat transfer enhancement using nanofluids on the thermal and
thermodynamic performance of a parabolic trough solar energy system at different concentration
ratios was investigated. It was shown that the flow rate that gives the optimum thermal efficiency
at the different concentration ratios was almost similar to the previous value of 22.5 m® h’. It
was also shown that, with heat transfer enhancement, the thermal performance of the high
concentration parabolic trough solar energy system is higher than or can be restored to values
close to those of the low concentration. The improvement in thermal performance of the highest
concentration ratio system (Cr = 113) was shown to be about 5% higher than that of the lowest
concentration system (Cr = 88). As such, there exists significant potential for improved energetic
and exergetic performance with heat transfer enhancement in parabolic trough solar energy

systems with high concentration ratios.
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