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Abstract: The performance of “magnetized nanofluids in a Parabolic Trough
Concentrating Solar Collector (CSP)-integrated Organic Rankine Cycle
(ORC) and a Thermal Energy Storage (TES) systems are studied. The
characteristics of magnetized nanofluids Al;O3, CuO, Fe304, ang SiO- as heat
transport fluid circulating in integrated Concentrating Solar Power (CSP) with
ORC and TES under different solar radiations, angles of incidence, and different
nanofluid concentrations have been presented. An environmentally refrigerant
quaternary was used in the ORC loop to enhance the ORC efficiency composed
of R1234ze, R245fa, R125, and R236fa was used. The results showed that the
power absorbed and collected by the CSP collector and thermal energy stored is
enhanced with the increase of solar radiation. It was also observed that the CSP
hybrid system efficiency has been enhanced mainly by the increase of solar
radiations, higher magnetized nanofluid concentrations, and the magnetic fields
over the thermal oil as base fluid. Also, the study concluded that the nanofluid
CuO outperformed the other nanofluids-Al:Os, FesOs, ang SiO2-at similar
conditions. Finally, it was found that the model’s prediction compared fairly with
data reported in the literature; however, some discrepancies existed between the
model’s prediction and the experimental data”.
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Reviews of different “Concentrated Solar Power
(CSP) collectors’ applications have been reported in the
literature. however, a possible improvement of CSP
technologies can be realized through integration into a
hybrid system that uses nanofluid heat transport fluid to
drive the Organic Rankine Cycle (ORC) system. This
simultaneously provides heat and power (Pavlovi¢ et al.,
2012; Ummadisingu and Soni, 2011; lzquierdo et al.,
2010; Paces, 2016; Mohamad et al., 2014; Islam et al.,
2018; Peters et al., 2011; Macchi and Astolfi, 2016;
Freeman et al., 2017; Taylor et al., 2011; Nagarajan et al.,

Introduction

As energy demand across the globe increases, harnessing
renewable energy remains essential to combat global
warming and climate change. “Concentrating sunlight is an
effective way to generate higher output and magnetized
nanofluids can play a crucial role in the development of these
technologies. Solar energy can be utilized to produce both
electricity and heat. Thermal storage integrated CSPs
overcome the intermittency of solar radiation. The
thermophysical properties of the Heat Transfer Fluids

(HTF) and the Thermal Energy Storage (TES) materials
are key to enhancing the system's efficiency. A stable
nanofluid retains its optical and thermal properties and can
be subjected to several destabilizing factors. Understanding
these factors is crucial for designing and selecting a stable
nanofluid. The CSP uses solar concentrators to focus solar
radiation onto a receiver that carries a heat transfer fluid that
is heated to a high temperature. Generally, in most CSP
plants, the heat transfer fluid is thermal oil. In this study, this
heat transfer fluid goes to an Organic Rankine Turbine
generator (ORC), where power is generated”.
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Publications

2014; Calise and Vanoli, 2012; Bozorgan and Shafahi,
2015; Shin et al., 2010; Lomascolo et al., 2015;
Milanese et al., 2016; lacobazzi et al., 2016; Bahram et al.,
2013; Tzivanidis et al., 2016; Alashkar and Gadalla,
2018; Saloux et al., 2019; Sami and Marin, 2016; Sami,
2011; Silva and Castro, 2012; Sharma et al., 2017; Sami,
2019; SRD, 2013; Boonrit, 2017; Sami and Marin, 2019;
Sami, 2019; Zhang et al., 2019; Marefati et al., 2018;
Wang et al., 2019; Dickes et al., 2014; Saadatfar et al.,
2014; Bellos and Tzivanidis, 2017; Incropera and DeWitt,
1994; HTFDC, 2022; Czaplicka et al., 2021; Xu et al.,
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2015; Bellos et al., 2016). Thermal energy storage is an
integral part of a CSP plant to overcome the intermittency
of solar radiations for continuous production of power
during the night and on cloudy days” (Macchi and Astolfi,
2016; Freeman et al., 2017).

A detailed review was reported by Czaplicka et al.
(2021) on the novel “nanoparticle-based materials used as
heat transfer fluids and in-depth comparison of
environmental, technical and economic characteristics of
the thermophysical properties including thermal
conductivity, specific heat, density, viscosity, and Prandtl
number. Also, the review discussed the possible
benefits and limitations of various transfer fluids in the
fields of application where the efficiency of heat transfer
to heat transport fluid is important. It has been shown
theoretically and experimentally that, in low-temperature
solar collectors at around 100°C, efficiency can be
improved by using nanofluids” (Taylor et al., 2011,
Nagarajan et al., 2014).

The enhancement of the “thermal properties of various
high-temperature nanofluids for solar thermal energy
storage application in Concentrating Solar Power (CSP)
systems, the thermophysical properties of the Heat
Transfer Fluids (HTF) and the Thermal Energy Storage
(TES) materials were studied, and presented by (Shin et al.,
2010) where the silica (SiOz) and alumina (AlO3)
nanoparticles, as well as Carbon Nanotubes (CNT), were
dispersed into molten salt. Dimensional analyses and
computer simulations were performed to predict the
enhancement of thermal properties of the nanofluids”.

Tzivanidis et al. (2016) reported and analyzed “high-
temperature Parabolic Trough Collectors (PTC) coupled
with an Organic Rankine Cycle (ORC) to carry out
optimization at both levels: Financially and energetically.
They investigated the solar field, the storage tank, and the
ORC module under many conditions of collecting solar areas
and storage tank volumes.” They also presented an economic
comparison for different commercial solar collectors.

Alashkar and Gadalla (2018) studied “the performance
of Parabolic Trough Solar Collector (PTSC)-based power
generation plant, the effect of adding an Organic Rankine
Cycle (ORC) and a Thermal Energy Storage (TES)
system and the most efficient fluid on the performance
and financial metrics of the PTSC-power plant. The
simulation results showed that Benzene is the most
efficient organic fluid, having the highest thermal and
energetic efficiency and the lowest pumping power
when compared to other organic fluids. Finally,
thermodynamic modeling of ORC was reported in the
literature by Saloux et al. (2019), Sami and Marin (2016;
Sami, 2011), and Silva and Castro (2012) where low- and
high-grade waste heat is converted into power”.

The literature review demonstrated that research
reported in the literature was only focused on “ORC is
driven by thermal oil heat transport fluids and rarely by
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nanofluids fluids The potential and advantages of using
nanofluids were found to enhance the thermodynamic
efficiencies under optimum conditions and higher than
those obtained from the base fluid. Further, the size of heat
exchangers, evaporators, and condensers is lower than those
using the base fluid. However, none was reported on
magnetized nanofluids thermal oil-based driving ORCs".
Therefore, this study is considered a new contribution to the
ORCs driven by magnetized nanofluids.

In this study, a “simulation numerical model was
presented to study the “behavior of the different
magnetized nanofluids circulating in the parabolic trough
solar collector to drive an Organic Rankine Cycle, under
different solar radiations. The model was based upon the
mass and energy equations written for the heat transport
fluid with magnetized nanofluids. These equations were
integrated and solved using the finite difference method
to predict the behavior of the Parabolic Trough Collectors
(PTC) driving an Organic Rankine Cycle (ORC) under
different operating conditions such as solar radiations,
magnetized nanofluid flow rates, ambient temperatures,
magnetic field, and various volumetric nanofluid
concentrations”. This study was intended to investigate
the “enhancement and “characteristics of magnetized
nanofluids Al,O3 CuO, Fes04 and SiO; in an integrated
Concentrating Solar Power (CSP) with ORC and Thermal
Storage (TES) under different solar radiations, angle of
incidence and different magnetized nanofluids
concentrations and magnetic fields This research
represents a significant contribution to the nanofluid
science where nanofluid is used to enhance the
performance of CSP solar collectors and integrated ORCs
compared to thermal oil as base heat transport fluid”.

Mathematical Model

The mathematical model was established based on the
“mass and energy equations written to describe the behavior
of the nanofluids driving an Organic Rankine Cycle, ORC,
with a refrigerant mixture” as shown in Fig. 1. This figure
depicts the proposed CPS system. “The CPS thermal loop is
composed of a CPS solar collector, thermal storage tank, and
pump, as well as the waste heat boiler of the ORC. The solar
radiation is absorbed by the CSP solar collector and
converted into thermal energy that heats the nanofluids and
thermal oil circulating in the thermal oil/storage tank loop.
The thermal oil is the base fluid heat transport fluid with
nanofluids is used to drive the ORC circuit”.

The thermal storage tank is used to store “thermal
energy and during the intermittent solar radiation periods,
it supplies heat to the ORC waste heat boiler. In the ORC
circuit, the thermal heat absorbed evaporates the
refrigerant mixture that drives the turbine. In the turbine,
the thermal energy is converted into kinetic energy and
produces power at the turbine shaft and the generator. The
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low-pressure vapor is condensed in the condenser into
liquid and pumped back to the waste heat boiler. The
refrigerant mixture used in the ORC loop is an
environmentally sound quaternary mixture composed of
R134a, R245fa, RI25, R236fa” (Sami, 2011).
Thermodynamic and thermophysical properties were
obtained at REFPROP (SRD. 2013). Figure 2 depicts the
“thermodynamic properties and the pressure-enthalpy
diagram of the mixture R134a, R245fa, R125, R236fa,
where it is quite clear that one of the most important
characteristics is the variable saturation temperature and
glide temperature”. This feature is pivotal in enhancing
the Organic Rankine Cycle efficiency.

In the following sections, the different “equations of
mass and energy are presented. It is assumed in the model

that the nanofluid is homogeneous, isotropic,
incompressible, and Newtonian; that inlet velocity and
inlet temperature are constant; and that the

thermophysical properties of the nanofluids” are constant.
In the following, the conservation mass and energy
equations and heat transfer equations are written and
presented for each element of the nanofluids.

CSP Solar Collector Model

The power absorbed from solar radiation by the CSP
solar collector can be determined by the following
(I1zquierdo et al., 2010; Paces. 2016; Mohamad et al.,
2014; Islam et al., 2018; Sami, 2011):

Pas = DIN *cos@*n,, * IAM *R *E_*SF, 1)
where,
DNI:  Solar radiation (w/m?)
o: Angle of incidence
nopt: ~ Optical efficiency
IAM: Incidence angle modifier.
Rs: Row shadow
E:: End losses
SFavai: Solar field available
The CSP collected power is given by:
Pcollector = Pabs - Plosscol - Plosspip (2)
where:
Pas:  Collector power absorbed by CSP defined in Eq. (1)

Plosscor: Collector thermal losses of the CSP.
Plosspip: Solar field piping losses.

The collected power calculated in Eq. (2) is transferred
to the “heat transfer fluid, thermal oil, and nanofluids
loop. It is also assumed that this thermal energy will be
accumulated in the thermal storage tank that supplies the
thermal energy to drive the ORC cycle”.
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The CSP collector thermal losses are calculated by
Ea. 3)-(5):

Plosscol = Lcl + ch (3)

L, = azAT12 +a, AT, —a (4)
DNI

L, = (0, AT +1, AT, —b, )(%jcosa (5)

Readers interested in the detailed calculation of the
collector thermal losses are advised to consult references
(Izquierdo et al., 2010; Paces. 2016; Mohamad et al.,
2014; Islam et al., 2018; Sami, 2011).

On the other hand, the piping losses are determined
from the following equation:

P L AT,

p2

osspip - LpzAle + Lp?;ATl3 (6)
Readers interested in the detailed calculation of the

collector piping losses are advised to consult

(Izquierdo et al., 2010; Paces. 2016; Mohamad et al.,

2014; Islam et al., 2018; Sami, 2011).

Finally, the power of the CSP collector is:

P

collector

=P

al

P

losspip

bs — Plosscol - (7)
where, Eq. (3) and (6) define the collector thermal losses
Plosscol and piping losses, Piosspip, respectively.

The mass flow rate of the basic heat transfer fluid,
thermal oil, can be given by the following:

Pcollector Adperture

moil - (8)
Cpu“ (Tfielumm _Tfieldm,e‘)

where,

Aaperture = The total aperture (m?)

Trield outlet aNd Trield inet = The outlet and inlet temperature of
the thermal oil in the solar field

The “Dowtherm fluid was used in this CSP loop since
it offers good thermal stability at temperatures up to
625°F (330°C). The maximum recommended film
temperature is 675°F (360°C). Between 550 and 600°F
(290 and 315°C), its stability is 15 to 30 times greater than
that of a typical hot oil. Where the specific heat of the
thermal oil” is (Incropera and DeWitt, 1994):

+7.887+107'T2

oil

C, =1509+2.496T, 9)

oil
oil

where T is the thermal oil temperature.
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Fig. 1: Flow diagram of the proposed magnetized CSP system
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Fig. 2: Logical diagram for the numerical model
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The thermal heat accumulated in the thermal storage
tank during the charging process is:

Qstoragetank =7m, (T, T, )C (10)

Poil

where mg; is the oil flow rate obtained from Eq. (8) and
Cpoil s the specific heat of thermal oil in the base fluid.

The thermal heat during the discharging process is
(Zhang et al., 2019):

T

cold tank

Qstoragetank = My, Ty o —

)C Psait

Msaic: Mass of salt in the storage thermal tank
n : Efficiency of heat exchanger

)C..

(11)
T

cold tank

=77 Mgy, (Thunank -

The energy balance at the ORC cycle gives the
following (Sami, 2011):

Wore = My (hl - hz) 12)
Qure = Myt (h1 - h4) (13)
Qeonp = Meet (hz - hs) (14)
WpoRC =My (hA —h ) (15)
where,

hi::  Enthalpy at the outlet of the waste heat boiler (kj/Kg)
h,:  Enthalpy at the exit of the vapor turbine (kj/Kg)

hs:  Enthalpy at the condenser outlet (kj/kg)

ha:  Enthalpy at ORC pump outlet (kj/kg)

meer: Refrigerant mass flow rate (kg/s)

An “environmentally sound quaternary refrigerant with
low GWP was used in the ORC cycle and its enthalpies and
entropies, as well as its thermal properties”, were calculated
using the REFPROP program and EES (Sami, 2011,
Silva and Castro, 2012; Sharma et al., 2017; Sami, 2019a;
SRD, 2013; Boonrit, 2017; Sami and Marin, 2019; Sami,
2019b; Xiaoming et al., 2019; Marefati et al., 2018) for the
refrigerant blend under investigation.

The ORC efficiency can be calculated as:

WORC -W

Porc

Q\NHB (16)

TTore =

where,

Worc and Weorc: Represent the work produced by the ORC
and the work used by the ORC pump
Thermal energy supplied by the waste
heat boiler

Qwhs:
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_ Qabs
QCSP

A7)

Tlcsp

where,

Wit = Work used by the thermal oil pump
Qcsp = The CSP power collected and defined by Eqg. (1).

Finally, the hybrid system efficiency is:

Wore =W, —-W
ORC PORC PDI|

(18)
Qecllecwr

Msu =

where Qcoliector represents the collected CSP power and is
given by Eq. (2).

The hybrid system refers to the CSP collector, thermal
oil loop, and the ORC cycle.

Nanofluid Heat Transfer Fluid

The basic heat transport fluid in the CPS loop is
thermal oil. However, nanofluids have been added to the
thermal oil to enhance its thermal properties. Sharma et al.
(2017), Sami (2019a-b) and Marefati et al. (2018)
presented equations to calculate the “thermophysical and
thermodynamic properties of nanofluids such as specific
heat, thermal conductivity, viscosity, and density,
employing the law of mixtures as a function of the
volumetric concentration of nanoparticles”;
atotal = apanicles +abase fluid (19)
Wwhere o represents a particular thermophysical property
of the nanofluid under investigation.

The nanofluid thermal and thermophysical properties,
aotal, CAN be calculated as follows:
atotal = abase fluid + aparticles (CD) (20)
Where @ represents
concentration.

The thermal conductivity is related to thermal
diffusivity and density of the nanofluids as follows:

the nanoparticle's volumetric

A=asC, (21)
where C, is the specific heat, a is the thermal diffusivity,
and A and p represent the thermal conductivity and
density, respectively.

The specific heat is calculated for nanofluids as
follows (Sharma et al., 2017; Sami, 2019a; SRD, 2013;
Boonrit, 2017; Sami and Marin, 2019; Sami, 2019b):

(L-9)(0C, )by +4(C, ),

B (1_¢)pbf +¢pp (22)

pnf =
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Table 1: Thermophysical Properties of magnetized nanofluids

Ai203 Cu0O

Fe304 SiO2

Conf b =0.1042a+6226.5 b =0.2011a+5730.8
K b = 2E-05a+1.4888 b = 5E-05a+1.3703
h b =0.0031a+73.092 b =0.0031a+73.073

b =0.8318a+4269.8
b =0.0002a+1.0209
b =0.003a+73.225

b =0.6187a+4293.2
b = 0.0001a+1.0265
b =0.003a+73.231

where “nf” and “bf” refer to nanofluid and basic fluid,
respectively. @ is the nanofluid particle concentration. p
represents the density.

The density of nanofluids can be written as follows
(Sharma et al., 2017; Sami, 2019a; Zhang et al., 2019):

pnf :¢ppp+(1_¢)pbf (23)

pp represents the density of the nanoparticle.

Magnetized Nanaolfuids:

Equations (13) through (15) can be used to determine
other “thermophysical properties such as; a is the thermal
diffusivity, £ and p represent the thermal conductivity and
density as different magnetic forces Gauss published in
the literature properties (Freeman et al., 2017; Taylor et al.,
2011; Alashkar and Gadalla, 2018) as a function of the
properties” outlined in Table 1.
where “b” represents the nanofluid-specific property and "a"
is the magnetic field force in Gauss. Cpnf, K, ana h are the
specific heat, thermal conductivity, and heat transfer
coefficients of nanofluids.

Numerical Procedure

Figure 2 describes the sequence of steps and
calculations of the numerical model in question
describing the “energy conversion mechanisms taking
place during energy conversion in the CSP, thermal oil
loop, and the ORC cycle" presented in Eq. (1)—(23). The
logical diagram presented these “equations integrated into
finite-difference formulations”. Iterations were performed
using MATLAB iteration techniques until a converged
solution is reached with an acceptable iteration error of
+0.05. The logical diagram presented in Fig. 2 starts
inputting “solar radiations, magnetized nanofluids,
specifications and parameters to initiate the calculation of
the CSP collected power, thermal oil flow, storage tank,
refrigerant flow and finally the different ORC
components and work produced. To this end, the CSP,
ORC, and hybrid system efficiencies were calculated’.

Discussion and Analysis

Samples of the predicted results for the “CSP, thermal oil
loop, and ORC cycle were studied under different inlet
conditions and are analyzed and discussed in the following
sections for different solar radiations at different angles of
incidence at 8 am, 12, and 4.00 pm and with different
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nanofluids- Al,Os CuO, FesOs and SiO,-with a mainly
thermal oil supply with exit temperatures of the CSP
collector of 166.5°C (331°F) and 149.5°C (301°F),
respectively and an ambient temperature of 25°C (77°F).
Other output temperatures of the CSP solar collector were
considered: 182°C (361°F) and 199°C (391°F)”.

AlI203 is one of the most studied nanofluids in the
literature (lacobazzi et al., 2016; Sami, 2919a; Sami and
Marin, 2019; Sami, 2019b); Fig. 5 through Fig. 9
presented the different “characteristics of the CSP solar
collector system for 5% concentrations of the magnetized
nanofluid Al>Os;. We present results in these figures for
the characteristics of the CSP hybrid system, including
absorbed thermal energy, thermal energy stored, thermal
energy delivered to the waste heat boiler of the ORC, and
finally work produced by ORC, where the thermal oil with
suspended magnetized nanofluid Al.Os, at three different
times during the day and with different angles of
incidence of the solar radiation: 17.44° at 8:00 am, 77.44°
at 12:00 pm and 137.44° at 16:00. Specifically, Fig. 3
displays the power absorbed by the CSP at different times
during the day and at different angles of incidence in
January 2018. The maximum power absorbed by the CSP
occurs from midday-12:00 pm. However, the highest
power was observed at 8:00 am due to the solar radiation
being higher at 8:00 am compared to at 4:00 pm. On the
other hand, Fig. 4 shows the predicted efficiencies
produced by the ORC at different times during the day and
different angles of incidence. This figure also confirms
that the maximum efficiency produced by the CSP hybrid
system occurs at midday. Furthermore, other main
parameters of the CSP system-power absorbed, power
collected, storage tank thermal energy, and work
generated by the ORC at different direct normal insolation
and angles of the incident have been are depicted in Fig. 3
and 4. It is quite evident from the results displayed in these
figures that the higher the solar radiation, the higher the
characteristics of the CSP system and the power produced
by the ORC. Furthermore, the maximum efficiencies of
the CSP and the hybrid system occur in mid-dia. and that
can be attributed to the fact that higher solar radiation at
higher angles of incidence increases the thermal energy
absorbed by the CPS collector and the thermal energy
delivered to the waste heat boiler of the ORC”.

A discussion and analysis of the impact of the
“magnetic field nanofluid of AI,O3 at a concentration of
5% in Fig. 5-9 on the different characteristics of the CSP
collector, such as thermal energy absorbed by a solar
collector, thermal energy collected, thermal energy in the
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storage tank, thermal energy supplied to the waste heat
boiler of ORC, work produced at the ORC’s turbine and
efficiencies of the CSP collector hybrid system”
calculated based on Eq. (17) through (19), respectively.

Furthermore, the predicted results of the “CSP system
Characteristics using magnetized nanofluid Al,Os
depicted in Fig. 5 through 9 have been enhanced at the
higher magnetic field over the thermal oil as base fluid
presented in Fig. 3 and 4 and were maximized at midday,
when solar radiation is at its highest peak. Similar results
were observed in the efficiencies of the CSP and the
hybrid system that peaked at midday. It is also worthwhile
mentioning that similar behavior was observed with other
magnetized nanofluids; CuO, Fe30a4, ang SIO2

Other nanofluids, such as “CuO, Fe304, ang SiO2, have
received significant attention in the literature, namely,
(Sami, 2011; Silva and Castro, 2012; Sharma et al., 2017;
Sami, 2019a; SRD, 2013; Boonrit, 2017; Sami and Marin,
2019; Sami, 2019b). In the following section, we will
discuss the impact of using these nanofluids as heat
transfer fluid in the thermal oil loop of the CSP solar
collector on the characteristics of the CSP hybrid system;
Fig. 9-14. It is evident from the results depicted in these
figures that the magnetized nanofluids CuO and Al,O3
have the highest characteristic performance among the
other nanofluids in the CSP solar collector system over
the thermal oil as base heat transfer fluid. This can be
attributed to the higher thermodynamic thermophysical and
heat transfer properties of the magnetized nanofluid CuO
and Al,O; which contribute to outperforming other
nanofluids over the base fluid thermal oil”.

In particular, Fig. 11 clearly shows that the “magnetized
nanofluid CuO and Al;O3; have the highest ORC work
produced among the other nanofluids under investigation.
This results in enhancing the hybrid CSP solar collector

system efficiency compared to the other nanofluids under
study. It has been also observed during this investigation that,
in general, the higher the nanofluid concentration, the higher
the hybrid system performance characteristics.”

Thereafter, the ‘“higher the concentration of the
magnetized nanofluid the higher the CSP system
characteristics, such as ORC performance, thermal energy at
the storage tank, and thermal energy supplied to the waste
heat boiler of the ORC. Also, the maximum value was
achieved by midday, at which point solar radiation is at
its highest, at 599.67 w/m?2 measured at the site. As
expected, the results in these figures and others indicate
that the higher efficiencies of the hybrid system the
higher the solar radiations, but, the CSP collector
efficiencies are independent of the nanofluid
concentrations”, as per Eq. (17).

Figure 15 depicts the variation of the “refrigerant mass
flow rate of the ORC cycle at the mid-day and different
angles of incidence of the solar radiation: 77.44° at midnight.
The highest simulated nanofluid concentration is the highest
refrigerant mass flow rate and consequently the highest the
ORC output work. However, it is worthwhile pointing out
that nanofluid concentration higher than 20% could result in
higher pressure head losses and pumping power losses in the
thermal oil loop and that is undesirable. Therefore, the
designer of such systems needs to exercise caution when
using a higher concentration of nanofluids (Sami, 2011;
Silva and Castro, 2012; Sharma et al., 2017; Sami, 2019a;
SRD, 2013; Boonrit, 2017; Sami and Marin, 2019;
Sami, 2019b). Also is worthwhile to highlight that the
data showed that up to nanofluid concentrations of 5%
there is no great difference between the nanofluids in
impacting the refrigerant flow rate and consequently
the ORC output work.”

POWER VS TIME - JANUARY 2018 -
THERMAL OIL

Pabs (W/m?) Pcollected (W/m?) Qstorge tank (W/m?)
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E 283.459 599.674 301.002254
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Fig. 3: CSP hybrid system results with thermal oil as base fl
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EFFICIENCIES VS TIME - JANUARY
2018 - THERMAL OIL
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Fig. 4: The efficiency of CSP collector and hybrid system at a different angle of incidence and thermal oil as base fluid
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Fig. 5: Characteristics of the CSP collector and hybrid system at a concentration of 5% of Al.O3
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Fig. 6: Characteristics of the CSP collector hybrid system and waste heat boiler at a concentration of 5% of Al.O3
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Fig. 8: Efficiencies of the CSP collector hybrid system at a concentration of 5% Al203
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Fig. 10: CSP collector thermal energy and hybrid system at different magnetic fields
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Fig. 11: ORC work in different magnetic fields
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Fig. 12: CSP thermal energy collected at different magnetic fields
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Fig. 13: CSP hybrid efficiency at different magnetic fields
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Fig. 14: CSP thermal energy storage at different magnetic fields

The “characteristics of the CSP collector system under
solar radiations of 500, 750, 1000 and 1200 w/m?
occurring at the mid of the day and an angle of incidence
of the solar radiation; 77.44° at 12:00 pm and 137.44°
have been presented in Fig. 16 through 18. The purpose
of this exercise is to predict the impact of a wide range of
solar radiations on the characteristics of the CSP collector
system. As expected the higher concentrations of the
nanofluid Al.O3 the more enhanced the characteristics of
the CSP collector such as power absorbed and collected,
thermal storage energy, the output work at the ORC, over
thermal oil as base fluid”.

It is noticeable from the results shown in these figures
that hat the “ORC key parameters, such as waste heat
boiler thermal energy and work produced were enhanced
with the increase of the solar radiation and the nanofluid
concentrations. It also appears that under magnetized
nanofluids concentrations of 5% or less, the CSP
characteristics are independent of the concentration. And
the magnetized nanofluid Al,Oz and CuO have a similar
impact on the CSP characteristics. However, the CSP
power absorbed and storage tank thermal energy was only
enhanced with the solar radiation. It is worthwhile
pointing out that nanofluid concentration higher than 20%
could result in higher pressure head losses and pumping
power losses in the thermal oil loop and that is
undesirable. Therefore, the designer of such systems

needs to exercise caution when using the Al.Os
magnetized nanofluid or other magnetized nanofluids
(Sami, 2011; Silva and Castro, 2012; Sharma et al., 2017;
Sami, 2019a; SRD, 2013; Boonrit, 2017; Sami and Marin,
2019; Sami, 2019b). In particular, Fig. 18 demonstrated,
that the CSP system hybrid efficiency, showing that
hybrid system efficiency was mainly enhanced by the
increase of the solar radiation and at higher nanofluid
Al,O3 concentrations over the thermal oil as base fluid.
Similar results have been observed for the other
magnetized nanofluids under investigation.”

The data presented in Fig. 16-19 illustrated that “thermal
energy stored in the storage tank was enhanced with the
increase of solar radiation. This can be interpreted in light of
Eqg. (1)-(8), where the ORC refrigerant flow increases and
consequently the ORC work is produced”.

Model Validation

We compared the present “model’s prediction of the
enhancement ratio of the ORC work produced due to the
use of the nanofluids CuO with the data reported by
Bellos and Tzivanidis (Bellos et al., 2016) that are
among the limited experimental data that have been
reported in the literature on the use of nanofluids in CSP
solar collectors, this comparison is presented in Fig. 20
under nanofluid concentrations of 1-6%. The objective of
the Bellos and Tzivanidis work was to optimize and
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evaluate a solar-driven trigeneration system that uses
nanofluid-based parabolic trough solar collectors. The
trigeneration system was studied by Bellos et al. (2016)
and included an Organic Rankine Cycle (ORC) and an
absorption heat pump operating with LiBr-H,O, which is
powered by the heat dissipated from the condenser of the
ORC. The comparison between the data of Saadatfar et al.
(2014) and our model’s prediction was conducted for the
nanofluids CuO and was based on the enhancement of the
work produced by the ORC with nanofluid CuO. It was
found that the comparison results from data displayed in

Fig. 20 that the model has the same trend; however, some
discrepancies existed between the model’s prediction and
the experimental data. It is believed that the selection of
the basic operating parameters: The pressure in the turbine
inlet, the temperature in the ORC condenser, and the
nanofluid concentration attributed to the discrepancies
between the model’s prediction and the data. In addition,
(Bellos et al., 2016) did not disclose the aforementioned
parameters, which are critical in the validation of the
current model. Therefore, other references were consulted
(HTFDC, 2022; Czaplicka et al., 2021; Xu et al., 2015)”.

395
375
— 355
—
L
g 335
s = Al203-12 pm
£
315 === CuO - 12 pm
295 el Fe304 - 12 pm
275 === 5i02 - 12 pm
N N <X 3 M N A
> & & F &P
& Na \a Na ¥ Ng \g
O R R R R RN
<& o gD S Sk Se e
> ~ 2> ) )
Concentration Nanofluids

Fig. 15: ORC refrigerant flow rate at different concentrations at different nanofluids
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Fig. 16: CSP system hybrid ORC waste heat boiler with different nanofluids at different concentrations

113



Samuel Sami Howard / American Journal of Engineering and Applied Sciences 2022, 15 (1): 101.117
DOI: 10.3844/ajeassp.2022.101.117

mAI203 - 12 pm - 750 W/m?
W CuO- 12 pm- 750 W/m?
W Fe304-12 pm - 750 W/m?
®5i02 - 12 pm - 750 W/m?

Concentration Nanofluids

Fig. 17: CSP system hybrid ORC work produced with different nanofluids at different concentrations
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Fig. 18: CSP system hybrid efficiency with different nanofluids at different concentrations
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Conclusion

This study is intended to investigate the “enhancement
effect and characteristics of nanofluids Al,Os, CuO, Fe3O0uand
SiO; in an integrated Concentrating Solar Power (CSP) with
ORC and TES under different solar radiations, angle of
incidence and different nanofluids concentrations. During
this study, the results showed that the power absorbed and
power collected by the CSP collector, thermal energy stored
in the storage tank, and work produced by the ORC is
enhanced with the increase in solar radiation. The results of
the efficiencies of the CSP and the hybrid system also
showed clearly that the CSP efficiency is higher than the
hybrid system efficiency and peaked at midday. It was also
found that the CSP hybrid system efficiency was enhanced
mainly by the increase of solar radiation and higher nanofluid
concentrations over the thermal oil as base fluid. As
expected, the results indicate that the higher efficiencies
of the hybrid system the higher the solar radiations, but
the CSP collector efficiencies are independent of the
nanofluid concentrations. In addition, the study concludes
that the nanofluid CuO outperforms other nanofluids
Al;03 Fes0s, ana SiO2 and has the highest CSP solar
collector performance compared to the other nanofluids
and thermal oil base fluid under similar conditions.
Finally, it was found that the model’s prediction compares
fairly with data reported in the literature; however, some
discrepancies exist between the model’s prediction and
the experimental data. It is recommended that further
experimental studies be conducted using nanofluids
Al;03 and SiO; in the CSP solar collector loop to obtain
more experimental data on the parameters; work
enhancement ratios and heat transfer coefficient presented
in the validation section under different solar radiation
and heat transfer fluid different conditions. This should
help to tune the model and improve the predicted results”.
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Nomenclature

Cpoit  Specific heat of thermal oil the base fluid

DNI  Solar radiation (w/m?)

E| End losses

hy Enthalpy at the outlet of the waste heat boiler
(kj/Kg)

h, Enthalpy at the exit of the vapor turbine (kj/Kg)

hs Enthalpy at the condenser outlet (kj/kg)

ha Enthalpy at ORC pump outlet (kj/kg)

mes  Refrigerant mass flow rate (kg/s)

Moil Is the oil flow rate obtained from Equation (8)

IAM Incidence angle modifier.

Pas  Collector power absorbed by CSP defined in Eqg. (1)

Plosscot  Collector thermal losses of the CSP

Plosspip  Solar field piping losses

Rs Row shadow

SFaal  Solar field available

Greek

C) Angle of incidence

opt Optical efficiency

Pp Represents the density of the nanoparticle
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