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Abstract: The behavioral performance of magnetized nanofluids CuOin Parabolic Trough Concentrating Solar Collector (CSP) with
an Organic Rankine Cycle (ORC), and a Thermal Energy Storage (TES) system were studied under different solar radiations.
TheORCuses an environmentally sound quaternary mixture composed of R134a, R245fa, R125, R236fa. The results showed that the
power output and Hybrid efficiency of the CSP collector and thermal energy stored in the storage tank were enhanced with the increase
of the solar radiation and the magnetic field force. Also, the study concluded that the magnetized nanofluid CuO outperformed other
nanofluids understudy under similar conditions. Finally, the model’s prediction compared fairly with data reported in the literature.
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1. Introduction

As energy demand across the globe increases, harnessing
renewable energy remains essential. Concentrating sunlight
is an effective way to generate higher output and nanofluids
can play a crucial role in the development of these
technologies. Concentrating solar power collectors(CSP) has
received significant attention for electricity generation and
heat production capability. “Thermal storage integrated CSP
overcomes the intermittency of solarradiation.The
thermophysical properties of the heat transfer fluids (HTF)
and the thermal energy storage (TES) materials are key to
enhancing the CSP system's efficiency [1-49]. In general, the
CSP power generation systems use solar concentrators to
focus solar radiation onto a receiver that carries a heat
transfer fluid which is heated up to a high temperature due to
high concentrated solar radiation. Generally, in most CSP
plants, the heat transfer fluid is thermal oil. This heat
transfer fluid goes to a conventional steam turbine using
water as coolant or an Organic Rankine Turbine generator,
ORC, using refrigerant, where electricity is generated [1, 7].
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” [8,9].Moreover, Sami [10], studied the
performance of “nanofluids AlI203, CuO, Fe304, and SiO2
in a Parabolic Trough Concentrating SolarCollector (CSP)-
based power generation plant, an Organic Rankine Cycle
(ORC), and a Thermal Energy Storage (TES) system. The
resultsshowed that the power collected by the CSP collector,
hybrid  thermal efficiency, and thermal energy
storedwasenhanced with the increase of solar radiation.
Also, the study concludes thatthe nanofluid CuO
outperformed the other nanofluids. Thermodynamic
modeling of ORC has been reported in the literature by
different authors including Saloux et al. [23] and Sami [24,
25]. In this paper, a numerical model was presented to
“simulate and study the behavior of different magnetized

nanofluids circulating in the parabolic trough solar collector
loop to drive an Organic Rankine Cycle using an
environmentally quaternary refrigerant mixture, under
different solar radiations. The model has been established
after the mass and energy equations written for magnetized
nanofluids; AI203, CuO, Fe304, and SiO2. These
conservation equations were coupled with equations ORC
and thermal storage under different  operating
conditions.This research represents a significant contribution
to nanofluid science with the magnetic field.

2. Mathematical Model

The schematic in Figure.l depicted the proposed CPS
systemwhich is composed of a CPS solar collector, thermal
storage tank,piping, 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 magnetized nanofluids and thermal oil circulating
to the thermal oil/storage tank loop. The thermal oil drives
the Organic Rankine Cycle ORC and evaporates the
refrigerant blentin the waste heat boiler that is used to drive
the ORC vapor turbine to generate power. The condensed
blend vapor in the condenser is pumped back to the waste
heat boiler to complete the ORC cycle”.“The refrigerant
mixture used in the ORC loop is an environmentally sound
quaternary mixture composed of R1234fy, R245fa, R125,
R236fa developed and reported by Sami [28].
Thermodynamic and thermophysical properties were
obtained at REFPROP [33]. One of the most important
characteristics of the mixture R1234fy, R245fa, R125,
R236fa, are the variable saturation temperature and glide
temperature that are pivotal in absorbing more thermal
energy at low-grade temperatures and enhancing the Organic
Rankine Cycle efficiency”. For the magnetized nanofluids
heat transport fluid. It is assumed in the model that; the
magnetized nanofluid is homogeneous, isotropic,
incompressible, Newtonian, and inlet velocity and inlet
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temperature are constant, and thermophysical properties of

Magnetic Elements 5
= >

the magnetized nanofluids are constant.

NanoFluids

Figure 1: Flow diagram of the proposed CSP with magnetized nanofluids system

CSP Solar Collector Model:

The power absorbed from solar radian by the CSP solar

collector can be determined by the following [3-6, 23- 32];
Paps = DNI % c0S 0 * Nope * IAM * Rg * Ej * SFpp0 (1)

Where;

DNI: Solar radiation (w/m2), ®: Angle of incidence, nop:

Optical efficiency, IAM: Incidence angle modifier., Rs: Row

shadow, E;: End losses, and SFa.: Solar field available. The

CSP collected power is given by[30];

Pcollector abs — Plosscol - Plosspip (2)
Where;

Paps: Collector power absorbed by CSP defined in equation
(1), Piosscol:Collector thermal losses of the CSP., Pjqgspip: SOlar
field piping losses.The CSP collector thermal losses outlined
in equation (2) were calculated as reported in reference [30].
Readers interested in the details of the losses experienced by
the CSP collector are advised to consult references [3-6, 23,
30-32].The mass flow rate of the basic heat transfer fluid,
thermal oil, can be given by the following;

PcollectedAaperture (3)

CrouTrieldoytrer T fieldiner)

Mejp =

Where, Apenure: isthe total aperture (m? and Ty ouer and
Triedinet are the outlet and inlet temperature of the thermal oil
in the solar field. DOWTHERM thermal oil fluid was used in
this simulation model [30-37];

Qstorage tank = 1M Mou(Ts — T6)Cpoil )

Where m,;; is the oil flow rate obtained from equation (8)
and C, is the specific heat of thermal oil the base fluid.The
thermal heat that can be discharged during the discharging
process is [30-37];

Qstorage tank = Moit (Thot tank — Teota tank)Cpm-l =

nmsaltThot tank—7cold tankCpsalt  (5)

Where; mg,;; ; the mass of salt in the storage thermal tank,
and n: Efficiency of heat exchanger

The following energy balances at the ORC cycle as shown in
Figure,.1 can be givenin the following [23,32];

Wore = Myey (hy — hy) (6)
Qwnp = Myef (hy — hy) (7
Qconp = Myes (hy — h3) (8)

: WT
4 Refrigerant V\
Mixture
A 4
Condenser
3
<
WPORC = mref(h4 - h3) (9)

Where, hl enthalpy at the outlet of the waste heat boiler
(KJ/Kg), h2: enthalpy at the exit of the vapor turbine
(KJ/Kg), h3: enthalpy at the condenser outlet (KJ/kg), h4:
enthalpy at ORC pump outlet (KJ/kg), and m: refrigerant
mass flow rate (kg/s). The ORC cycle thermodynamic
properties were calculated using the REFPROP program
[23,27, 30]using variable saturated boiling and condensation

temperatures”.The ORC efficiency can be calculated as;
Nore = % (10)

WHB
Where, Worc and Wporc represent the work produced by the
ORC and the work used by the ORC pump., and Qwng:

Thermal energy supplied by the waste heat boiler.
Qabs

Mesp = 4oen (11)

Where,, Wi: work used by the thermal oil pump, and Qcsp

is the CSP power collected and defined by equation

(2).Finally, the hybrid efficiency of the CSP-ORC system is;
_ WorRc=WPorc=WPyy
Nsu = Qcollector * (12)
Where Qconector represents the collected CSP power and is
given by equation (2).

Nanofluid heat transfer Fluid

Magnetized Nanofluids have been added to the “thermal oil
heat transport base fluid to enhance its thermal properties.
Sharma et al. [28], Sami [26,30-36],and Marefati et al. [37]
presented the equations to calculate the thermophysical and
thermodynamic properties of magnetized nanofluids”,

O total = O particles T O base fluid (13)

Where o represents a thermophysical property of the
nanofluid under investigation.The nanofluid thermal and
thermophysical properties, o, can be calculated as
follows;

O total = O pase fluid T 0‘pa\rticles.(q)) (14)

Where; @ represents the nanoparticle’s volumetric

concentration.

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

A=ad(, (15)
Where Cp is the specific heat, a is the thermal diffusivity, £
and p represent the thermal conductivity and density,
respectively. Equations (13) through (15) can be used to
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determine other thermophysical properties such as; a is the
thermal diffusivity, £ and p represent the thermal
conductivity and density asdifferent magnetic forces Gauss

published in the literature properties ([9], [10], [20]) as a
function of the properties outlined in the Table.1

Table 1: Thermophysical Properties of magnetized nanofluids

Ai203 CuO

Fe304 Sio2

Cpnf | 0 =0.1042a + 6226.5 | b = 0.2011a + 5730.8

b =0.8318a + 4269.8 | b = 0.6187a + 4293.2

K . | b = 2E-05a + 1.4888

b = 5E-05a + 1.3703

b =0.0002a + 1.0209 | b = 0.0001a + 1.0265

h |b=0.0031a+ 73.092 | b =0.0031a + 73.073

b =0.003a + 73.225 | b =0.003a + 73.231

Where “b” represents the nanofluid specific property and “a” is the magnetic field force in Gauss. Cgyr, Knf, and h are the
specific heat, thermal conductivity, and heat transfer coefficients of nanofluids.

Numerical Procedure

The logical diagram presented in Figure.2 described the
sequence of steps and calculations of the model. The
equations (1) through (15) were integrated into the finite-
difference formulations. Iterations were performed using
MATLARB iteration techniques until a converged solution is
reached with an acceptable iteration errorof 0.05. The logical
diagram startswith inputting solar radiations, nanofluids,
magnetic field, system specifications, and parameters to
initiate the calculation of the heat transport fluid
characteristics in the CSP collector, thermal oil flow, storage
tank, refrigerant flow, and finally, the ORC work and hybrid
system efficiencies were calculated”.

3. Discussion and Analysis

“Hybridizing concentrating solar power and magnetized
nanofluids technologies can lead to higher aggregate
efficiencies over the typical efficiencies of 15%,Thereafter,
in the following we use different solar radiations; 283, 599,
and 189 w/m2, atdifferent angles of incidence at 8 AM, 12
PM, and 4.00 PM and magnetized nanofluidCuO and
magnetic fields of 127 through 3000 Gauss, using thermal
oil as heat transport fluid. It was assumed that the CSP
Aperture is 510120 (m2) and the supply and exit
temperatures to the CSP collector are 166.5 -C (331 °F) and
149.5 -C (301 F), respectively, and 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
oF)”.The“characteristics of the CSP hybrid system using
thermal oil as heat transport base fluid were presented in
Figures 3 and 4. at three different hours during the day, and
different angles of incidence of the solar radiation in January
2018; 17.44¢ at 8:00 AM, 77.44- at 12:00 PM and 137.44- at
16:00. These figures showed that the maximum power
absorbed by the CSPand ORC work output occurred during
the mid-day .” Furthermore, it also showed that the higher
the solar radiation the higher the characteristics of the CSP
system and the power produced by the ORC. Results also
demonstratedthat the maximum efficiencies of the CSP and
the hybrid system occurred at mid-day. This is because
higher solar radiation at a higher angle of incidence
increases the thermal energy absorbed by the CPS collector
and the thermal energy delivered to the waste heat boiler of
the ORC.This, in turn, increased the ORC work produced
and the efficiencies of the CPS and the hybrid system
efficiency of CSP”. The results also demonstrated that the
maximum efficiencies occurred at noon and solar radiation
of 599.67 w/m2.Magnetized and non-magnetized
“panofluids such as CuO, Fe304, and SiO2 have received
significant attention in the literature namely [10-32]. It has

been reported that CuO nanofluid has shown great
enhancement when used as heat transport fluid. This
obviously can be attributed to the higher thermodynamic,
thermophysical and heat transfer properties of the nanofluid
Cu0[10-32].”. Figures .3 through .8 showed that the
nanofluid CuOenhanced the characteristics performance of
the CSP solar collector system over the thermal oil as base
heat transfer fluid. It appears from these figures that the
higher the concentration of the magnetized nanofluid CuO
the higher the ORC work produced. This resulted in
enhancing the hybrid CSP solar collector system efficiency
and other characteristics of the CSP under study. It can also
be concluded, the higher the magnetized nanofluidCuCO
concentrations the higher the hybrid system performance
characteristics.Furthermore,  Figures 9 through .11
demonstrated that the higher the concentration of the
magnetized nanofluid CuCo the higher the CSP system
characteristics such as ORC’s work, thermal energy at
storage tank, and thermal energy supplied to the waste heat
boiler of the ORC and also at the mid-day where solar
radiation is the highest at 599.67 w/m2. Also indicated 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 equation
(11). Furthermore, Thecharacteristics of the CSP collector
system under solar radiations of 500, 750, 1000, and 1200
w/m2 occurred at different hours of the day and 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. It is noted in
Figures 12 through 14 that the ORC key parameters were
enhanced with the increase of the solar radiation and at
higher nanofluid concentrations as per Figures 3 through 11.
However, it is to note that higher pressure head losses and
pumping power losses in the thermal oil loop can increase at
higher concentrations and that is undesirable. Therefore, the
designer has to exercise caution when using the higher
concentration of CuCo nanofluid[25, 26, 30]”. The
enhancement of the CSP solar collector system increased the
ORC refrigerant mass flow rate and the hybrid system
efficiency. It appears from Figures 12 through 14 that the
higher the concentrations of nanofluids the higher the solar
radiation, the higher the refrigerant mass flow rate, ORC
work produced, and consequently the CSP hybrid system
efficiency.Figures .12 through .14 illustrated the impact of
the concentrations of nanofluid CuO on the performance of
the ORC system and the CSP hybrid system under different
solar radiations at the mid-day; 500, 750, 1000, and 1200
W/m2. As seen in Figure.12, the thermal energy supplied by
the CSP collector to the ORC loop has been enhanced with
higher concentrations of this nanofluid at constant solar
radiation, and consequently, the ORC work produced has
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been also increased at higher concentrations. It is also found
that the thermodynamic efficiencies with CuO nanofluid,
under optimum conditions, are higher than those obtained
from the base fluid. Also, the results displayed in this figure
showed that the higher the solar radiation the higher the
ORC output as illustrated in the figure.13 On the other hand,
Figure.14 showed that the efficiency of the CSP solar
collector hybrid system has been increased with the increase
of solar radiation and as discussed earlier and is independent
of the nanofluid concentrations as per equation (15). Finally,
our results concludethat the combination of theORC with the
CuO nanofluid is the optimum choice for the CSP solar
hybrid system which agreed with what has been reported in
the literature namely; [31, 35].

Model validation:

Among a few experimental data that have been reported in
the literature on the use of nanofluids in CSP solar
collectors, 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

sTore

and Tzivanidis [41]. This comparison is presented in
Figures.15 under nanofluid concentrations of 1% through
6%. The “experimental data of the trigeneration system
studied by reference [41] included an organic Rankine cycle
(ORC) and an absorption heat pump operating with LiBr-
H20 which is powered by the heat dissipated from the
condenser of the ORC. The comparison was shown in
Figure. ,15 between the data of Bellos and Tzivanidis [41]
and our model’s prediction was performed using the
nanofluids CuO. It was found that the experimental data and
the model have 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; such as the pressure in the turbine inlet, the
temperature in the ORCcondenser, and the nanofluid CuCO
concentration is attributed to the discrepancies between the
model’s prediction and the data. In addition, Reference [41]
did not fully disclose the aforementioned parameters which
are critical to the validation of the current model. It is
worthwhile that other references were consulted [36-40] to
get details on these parameters”.
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Figure 2: Logical block diagram for numerical model solution

4. Conclusions

This study investigated the enhancement effect and
characteristics of nanofluid CuO, circulating concentrating
solar power (CSP) with ORC, and Thermal Energy Storage

under different solar radiations, angle of incidence, and
different CuCo concentrations. The results showed that the
power absorbed, and collected by the CSP collector, thermal
energy stored in the storage tank, and work produced by the
ORC were enhanced with the increase of the solar
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radiations. In addition, the CSP efficiency was peaked at the
mid-day. It was also found that the CSP hybrid system
efficiency has been enhanced mainly by the increase of solar
radiation and at higher nanofluid concentrations and higher
magnetic field force, over the thermal oil as base fluid. As
expected, the results indicated that the CSP collector
efficiencies  were independent of the nanofluid
concentrations. In addition, the study concluded that the
magnetizednanofluid CuO outperforms other nanofluids
reported in the literature and thermal oil base fluid under
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. It is
recommended that further experimental studies be conducted
using magnetized the nanofluids Ai203, Fe304, and SiO2 in
CSP solar collector loop to obtain more experimental data
for the numerical validation under different solar radiations,
magnetic fields, and heat transfer fluid under different
conditions.

POWER VS TIME - JANUARY 2018 -
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Figure 3: CSP hybrid system has different characteristics
with thermal oil as a base fluid
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Figure 4: CSP hybrid system efficacies with thermal oil as
base fluid
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Figure 5: CSP hybrid system Characteristics with CuO 1%
concentration and thermal oil as base fluid
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Figure 6: CSP hybrid system efficacies at CuO 1% with
thermal oil as base fluid

power Vs time - january 2018 - 5% Nf
(Cu0)
—#—Pabz (Wm*)
Qstorge tank (Wim®)

—4—Wore (W)

Peollectad (Wim®)
Qwhb (W/m®)

E 200

E 100 /—0\

F.;: 0

[ ] 3 10 12 14 16 18
Time (h)

Figure 7: CSP hybrid system Characteristics at 5%
CuCowith thermal oil as base fluid

Nomenclature

Agperture: isthe total aperture (m2)

Cpoil is the specific heat of thermal oil in the base fluid.
DNI: Solar radiation (w/m2)

E: End losses

h1 enthalpy at the outlet of the waste heat boiler (kj/Kg)
h2: enthalpy at the exit of the vapor turbine (kj/Kg)

h3: enthalpy at the condenser outlet (kj/kg)

h4: enthalpy at ORC pump outlet (kj/kg)
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Mt refrigerant mass flow rate (kg/s)
m,;; is the oil flow rate obtained from equation (8)
IAM: Incidence angle modifier.
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Figure 8: CSP hybrid system efficacies at 5% CuCowith thermal oil as base fluid
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Figure 9: CSP efficacies at different CuCoconcentrations with thermal oil as base fluid

Pabs: Collector power absorbed by CSP defined in equation  Greek

1) ©: Angle of incidence

Posscol: Collector thermal losses of the CSP. Nopt- Optical efficiency

Plosspip: Solar field piping losses. pp represents the density of the nanoparticle.
Rs: Row shadow
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Figure 10: CSP hybrid system ORC waste heat boiler at different CuCoconcentrations
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