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Abstract

Solar energy is among the cleanest and most adaptable compared to other renewable energy sources. The
major challenge is how to get this energy in efficient way to make it available for industrial applications
such as electricity generation. One of the most efficient techniques to harvest solar energy and transform
it into electrical energy is parabolic trough solar collector (PTSC), which is a type of concentrating solar
power generation systems. This system operates by concentrating solar irradiance onto a tubular receiver
in which this centralized energy is absorbed by a heat transfer fluid and transported to the power cycle.
Improving the performance of the PTSC can enhance efficiency as well as power generation of a PTS
power plant. Hence, this issue has been considered as one of the major challenges for scholars in this
field. One promising solution is finding more efficient heat transfer working fluids. Another suggestion is
proposing a different geometry for the receiver. In the current research, ferrofluids due to their heat
transfer characteristics are proposed as working fluid for a PTSC. Fe;O,/Therminol 66 and
CuO/Therminol 66 nanofluids are examined under external magnetic field for this target. Besides, to
improve the heat transfer characteristics of the collector, the receiver is designed with internal fins. This
work is carried out using computational fluid dynamics (CFD). The assessments are done by considering
the different nanoparticle sizes on the friction factor, thermal efficiency, performance evaluation criteria
(PEC) and convective heat transfer.

The results depict that reducing the particle size and enhancing the nanoparticles volume fraction increase
the convective heat transfer coefficient, Nusselt number, PEC and the collector efficiency. In addition, the
collector efficiency rises in the attendance of the magnetic field and maximum efficiency of the collector

was obtained for 4% Fe;04/Therminol 66 working fluid.

Keywords: CFD simulation; Parabolic trough collector; Fe;O4 and CuO nanoparticles; Heat transfer
coefficient; Magnetic field; Smooth and finned tubes

1. Introduction

The use of fossil fuels due to their adverse effects on the environment, global warming and climate change needs
to be reduced [1]. Hence researchers strive to attain independence from such sources of energy and move towards
alternative and renewable sources like geothermal, wind and specifically solar energy (SE) [2], [3]. Among them,
SE is the most abundant and easily accessible. Although many engineering systems have been designed to catch
and absorb the SE (such as photovoltaic system and solar thermal facilities), it is crucial to make these alternative
technologies more efficient [4]. Research into solar thermal systems has provided us with high-efficiency solar

collectors, which research is continuing aiming to further enhance efficiency.

Although solar photovoltaic system is recognized as one of the most commercialized technologies for harnessing
SE, solar thermal has some striking advantages such as: designing a thermal energy storage system (using molten
salt) to produce the electricity during night, benefiting of a wide range of solar radiation, and durability against

damage during intense radiation and operation under high temperature [5]-[7]. A parabolic trough solar collector



(PTSC) is a type of solar thermal power generation systems in which the SE is harvested using a parabolic mirror
and concentrated onto a long metal tube [8], [9]. In this system, the concentrated solar radiation onto the tube is
received by the working fluid and then it is utilized to generate steam for the Rankine cycle. A parabolic trough
collector commonly uses thermic oils like Syltherm, Dowtherm, Therminol, and Sandotherm where Therminol

VP1 and Syltherm 800 due to their reliability and accessibility are more applicable [10].

Nomenclature

A, collector aperture [T magnetic permeability constant in vacuum
B magnetic field L turbulent viscosity

bf base fluid Nu Nusselt number

Cy, C  constants Nuy, receiver Nusselt number based on base fluid
Cr collector concentration ratio p particle

D characteristic length PEC performance evaluation criteria

AP pressure drop Qs solar irradiance over the collector

€ dissipation rate Qu useful heat

Nen thermal efficiency r Interval between wire position and tube
f friction factor Re Reynolds number

fo receiver friction factor based on base fluid Ok, O¢ turbulent Prandtl numbers for k and ¢
ff ferrofluid Tin, Tout inlet and outlet temperatures

[0) volume fraction u fluid velocity

Gy, direct beam solar irradiation

Gy turbulence kinetic energy generation Abbreviations

h convective heat transfer coefficient CFD Computational fluid dynamics

H,, Hy magnetic fields in x and y directions CHT Convective heat transfer

I electric current DPHX Double pipe heat exchanger

Iy beam radiation HTC Heat transfer coefficient

I global radiation LCOE Levelized cost of energy

K thermal conductivity coefficient MF Magnetic field

k turbulent kinetic energy MWCNT  Multi-wall carbon nanotube

L length of tube PTSC Parabolic trough solar collector

m mass flow rate PTC Parabolic trough collector

n dynamic viscosity RNG Re-normalisation group

Nanofluids are a unique class of industrial fluids that are composed by addition of nanoparticles (for instance
ALOs;, CuO, Fe;04, and SiO,) into the common industrial fluids like water and oil [11]. Nanofluids possess
exhibited high thermal conductivity and promising thermal characteristics compared to conventional industrial
fluids. For PTSCs, many investigations have proposed and evaluated different nanofluids as working fluid. Tagle-
Salzar et al. [12] developed an experimental study to assesses the thermal proficiency of the PTSC with Al,O;-
water nanofluid. It was obtained that the quantity thermal enhanced when Al,O; nanoparticles were added into
base fluid. For one collector this increasing has been reported as 0.3% for heat gain and 0.03% for thermal
efficiency. Khakrah et al. [13] implemented an exergy analysis for a PTSC with working fluid of Al,Os/synthetic
oil. It was found out that utilizing nanoparticles with 5% volume fraction enhances the relative exergy efficiency
approximately around 19%. Korres et al. [14] evaluated the thermal efficiency of a PTSC with Syltherm 800/CuO
(nanoparticle concentration:5%) working fluid. They have shown that the medium and uttermost heat transfer
coefficient (HTC) improvements were 16.16% and 17.41%, respectively. In addition, they have shown that the
values of pressure drop as well as the pumping work demand for nanofluid in all cases were too low. Shafiey and
Zamani [15] examined MgO nanofluids to improve the thermal efficiency of a heat pipe solar collector. They
reported that enhancing the mass flow rate inside the collector increased its thermal efficiency. Moreover, the HTC
of solar collector enhanced when nanofluids were applied instead of the base fluids. Sharafeldin and Grof [16]

proposed WO;/water nanofluid for an evacuated tube solar system and obtained that the heat gain and solar



collector outlet temperature increased with 23% and 21%, respectively. Tafarroj et al. [17] analyzed the
proficiency of a PTSC for nanofluids through CFD simulation and artificial neural network. Nanosilica and multi-
wall carbon nanotube (MWCNT) were mixed together with ethylene glycol as the base fluid. Their results depicted
that the nanofluid containing 0.6% MWCNT had the maximum temperature outlet.

Besides, in this area, molten salts with nanoparticles (nano-salts) have been evaluated extensively by many
scholars. Yaxuan et al. [18] performed an analysis to enhance the performance of bromide salt by nano-particle
dispersion employed for high-temperature heat pipes in concentrated solar systems. They reported that
decomposing point and heat of fusion were enhanced by 68.4 °C and 99.19%, respectively. Wei et al. [19]
ameliorated the thermal conductivity of liquid nitrate and carbonate salts doped with MgO particles. It was derived
that the thermal diffusivity of nitrate salt and carbonate salt remarkably improved with the augmentation of MgO

particles. In another study, specific heat of silica nanofluid was improved by Shin and Banerjee [20].

Ferrofluids are defined as liquids containing single-domain nanoparticles (for instance iron nickel oxide, cobalt and
their oxides, ferric oxide, etc.) with an average diameter of 15 nm or less. Ferrofluids are simulated through
ferrohydrodynamic governing equations under magnetic field (MF). As we know, thermal conductivity of metals is
higher than liquids. Hence, it will be predicted ferrofluids that are a colloidal mixture of magnetic metal particles
in a base fluid perform better than the conventional industrial fluids in thermal characteristics. Various numerical
efforts have been made to assess the thermal performance of ferrofluids with/without the attendance of MF.
Malekan and Khosravi [21] assessed the result of MF upon the HTC of Fe;04/water nanofluid trough an intelligent
model called adaptive neuro-fuzzy inference system optimized with particle swarm optimization, and CFD
simulation. It was derived that the presence of MF can enhance the HTC of ferrofluid. Malekan et al. [22]
enhanced the thermal efficiency of a double pipe heat exchanger (DPHE) incorporated with a small scale CAES
(compressed air energy storage) system by considering a ferrofluid as secondary fluid for the exchanger. Khosravi
et al. [10] proposed Fe;04-Therminol 66 (the examined volume fraction (1-4%)) at presence of magnetic field (0-
500 G) as working fluid for a PTSC. Their results have illustrated that using MF improves the thermal
characteristics of the solar collector including thermal efficiency, HTC, and output temperature. In another
research work, the HTC of nanofluids under MF was evaluated by Jafari et al. [23]. They assessed the heat transfer
of nanofluids under MF in a helical DPHX and for laminar stream in which increasing the HTC at presence of MF
was reported. Khosravi and Malekan [24] developed intelligent methods to predict the HTC of Fe;O,/water
ferrofluid in attendance of various MFs and operational conditions. Aminfar et al. [25], [26] assessed the hydro-

dynamic and hydro-thermal manner of ferrofluids by using the non-uniform transverse/axial MF.

Based on the literature review, many articles have proposed nanofluids (such as Al,Os/water, SiO,/water,
TiO,/water, etc.) as working fluids for PTSCs. Extensive research works have been carried out on the effect of MF
on heat transfer of ferrofluids in diverse industrial purposes. It could be plainly viewed that in most of them Fe;0,
nanoparticle has been appraised for ferrofluid suspension. In the case of PTSC, CuO has been recommended as
nanoparticle suspended in the base fluid. There is no study to figure out the thermal and fluid behavior of CuO
under MF and this study has been intrigued to fill this knowledge gap. Indeed, this study provides a comparison
between the CuO/Therminol 66 and Fe;04/Therminol 66 under various MF for a PTSC. These investigations are
undertaken while the central receiver is designed with internal fins. As a matter of fact, in the current study, for the

first time, the distribution of the thermal and fluid flow characteristics of the mentioned ferrofluids impressed by



MF for the finned tube and smooth tube are compared and investigated. Besides, the impress of the particle size of
nanoparticles on the thermal demeanor of the collector is determined. Moreover, this research illuminates the

contribution of geometry changes against working fluid changes.

2. Methodology

2.1. Parabolic Trough Solar System

Commonly a PTSC power plant that commonly uses U-curved mirrors in order to harvest solar radiation. This
system is classified between the concentrating solar systems in which the direct normal solar irradiance is collected
and transformed to the thermic energy. This concentrated energy is received by the working fluid and its
evaporating lead to electricity generation. In this research, in order to attain to solution for increasing the thermal
efficiency of the solar collectors, ferrofluids are proposed and evaluated using CFD simulation. Generally, a PTSC
power plant is incorporated with a solar field (filled with lots of solar collectors), power cycle (for instance a
Rankine cycle), and in some cases, thermal energy storage system accompanied by fossil fuel backup system. The
solar field includes the parabolic, trough-shaped collectors that navigate normal solar irradiance onto tubular
receivers. Each collector contains the mirrors and its structure in order to support the receivers, mirrors as well as

sun tracker system; and each receiver contains a metal pipe with a solar absorbing surface.

2.2. Model Definition

The utilized model in this work includes a solar thermal collector and a receiver tube, as demonstrated in Fig. 1(a).
A non-uniform MF is generated by embedding an electrical wire parallel to the receiver tube axial direction,
hereunder the tube. Further, Fig. 1(b) presents the approximate model of the local concentration ratio (Cr) for the

receiver tube. This figure demonstrates that only the tube lower half receives the reflected solar radiation by the

collector.
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Fig. 1. (a) Schematic of the PTC model, (b) Cr distribution in the receiver, and (c) collector tube cross section, with and without
fins, and (d) a typical grid discretization of the problem.

Area under curves of the simplified model and typical LCR profile from [27] show an error of less than 5%, which
indicates the simplified model can be considered as a good approximation of the typical LCR profile. This
simplified model was also proposed by Munoz et al. [28]. Two types of collector tubes are considered in this study,
smooth and finned tubes as shown in Figure 1(c). These two configurations are considered to evaluate the effects
of fins on the PTC performance with and without presence of MFs. In addition, a typical grid discretization of the

receiver tube problem is shown in Figure 1(d).

2.1. Governing Equations under Presence of Magnetic Fields

Numerical analysis is done by coupling the equations of energy and Navier-Stokes to ascertain the heat transfer
specifications inward the tube. The influence of MF is accounted by calculating the components of MF in the

momentum equations. Continuity equation is defined as [29]:

du dv oJw 0 )
o + @ + 9z
in which, following assumption were used to utilized continuity equation to numerically model the current
nanofluid: steady, and incompressible and laminar nanofluid flow, thermo-physical properties to be constant, and
viscosity loss to be negligible. Momentum equations are [29]:
du Ou du dap u %u 0% 7
p(uax+v£+waz)——ax+y 6x2+6y2+622 + Fg(x) )
( dv  Ov Ov) op (621] v %
P

ua+1)£+W& =—ay+[laxz+ay2+azz)+FK(y) 3)

ow ow  dw op *w  *w  *w
p(uax+v@+wa )__ax+”6x2+6y2+622 @
Energy equation is defined as [29]:
oT  oT  aT . 0°T  8°T °T
G Cp)(uax * v@ * WaZ) o2 * dy? * 0z* ©)

where, Fg(x) and Fg(y) are Kelvin force (owing to the magnetic gradient). The components of Kelvin force are

oH oH
defined as uoM7, and HOM@ in x and y directions, respectively. These components are obtained as a result of the

electric current through the wire. The position of this current-carrying wire and schematic of distribution of MFs



are presented in Figure 2. The MF of electric current are Hy and Hy, in the x and y directions respectively, and are

defined by the following equations [30]:

u B I (x—a)
N = ©)

1 —b)
Hy(xy) = o ™

2m(x — @)’ + (v — b)?

Decreasing magnetic
intensities

Fig. 2. Schematic of position of an electric wire accompany with the tube cross section which shows distribution of the MF.

The MF strength is calculated by [24], [29]:
I 1

H(x,y,z) =
N o ®
Also, M is defined as magnetization and is obtained by [24], [29]:
6m, 1
M =——|coth(§) — <
e [CO -z )
Where ¢ is the Langevin parameter and can be obtained by the following formula [24], [29]:
UomuH
&= KgT (10)
and the particle magnetic moment is [31]:
4u3ndf,
M 6% 91.25 x 10 30 (1D

In order to quantify the MF intensity effects on the working magnetic nanofluid, a dimensionless magnetic number
(Mn) can be utilized. This dimensionless value is proportional to the MF intensity and is defined as [29]:
HoxH?*h?

i (12)

where 10, h, x, p, and o are magnetic permeability in vacuum, tube hydraulic diameter, magnetic susceptibility and

density of the nanofluid, and thermal diffusivity (1.599 X 10 =7 m¥s).

The k-¢ RNG turbulence method is applied in this study [28], [32]:

V-(pﬁvﬁk)zv~ (,u+iij +G —pye (13)
7 o, .
* C &
V~(p/7 v, g)=V~H/¢+i]w}rqg(5/k)@ —% (14
Vs o

where £ is turbulent kinetic energy, ¢ is dissipation rate, Gy is the generation of turbulence kinetic energy, oy and o,
are the turbulent Prandtl numbers for k and ¢, respectively, C;; and C,; are two constants, and y; is the turbulent

viscosity. The constants for the k-¢ RNG model are defined by [33]:



2

k
# =p,C,—, C,=0.0845
&

H

Clg = 1'425 ng = 168
Gk = 17 Gc = 1.3 (15)
1( 6u Ou,
Gk = 2ﬂtEi'Ei'7 E’/ = — i‘l'_j
i i 2 axj ax’.

2.2. Thermal investigation

The major goal of this investigation is to appraise the heat transfer from the absorber to the heat transfer fluid. It
concerns to the convection heat transfer coefficient, in which smaller magnitudes of this variable causes a higher
absorber temperature resulting in higher thermal losses. PTSCs employ the direct beam solar radiation (Gy). The
existing radiation upon the collector is defined by @s = Aq - G, and the useful heat is calculated as Qu="1" ¢, " [Tou
—Tin], in which where A,, ™, T;,, and T, are the collector aperture, mass flow rate, inlet and outlet temperatures,
respectively. The convection HTC (h) can be calculated using Nusselt number. On the plus side, Nusselt number
pertains on the problem geometry and flow conditions [10]. Egs. (16-18) indicate corresponding formula for

Nusselt number, Prandtl number, and friction factor [10]:

hD,

= 16

Nu X (16)

uCy

_H 17

Pr % 17)
f 2AP (Di)

- e (18)
prru\L

where AP, L and u are the pressure loss, length of the receiver tube and fluid velocity, respectively. In turbulent

flow regime (Re > 2300), the Nusselt number is determined based on Colburn correlation [34] as:
Nu=0.023 - Re"8. pr04 (19)

Another relationship that can be used to calculate the Nusselt number for nanofluid was proposed by Leinhard and

Leinhard [35] as follows:
@ Re-P
(8) e Pr

with feh =74 for
1+128- %- (Pro68 —1) " (20)

Nu=

turbulent flow
Petukhov relation [36] is a widely used theoretical way to calculate the friction factor using Reynolds number, as:

f=1(0.79-In Re — 1.64) 2 2n

2.3. Ferrofluid Physical Properties
Ferrofluid physical properties are calculating by considering the attributes of based fluid (bf) and nanoparticles
simultaneously and are presented by [24], [37], [38]:

prr= 1 —@)ppr + @pp (22a)

Corr= (A= @)Cppr+ 9Chp (22b)



wrr =1+ 2.5¢)ups (22¢)
kp +(n— 1)kbf —(n— 1)(p(kbf — kp)

k =
1t Ky + (n— Dhkys + @y — k) o (22d)

where ¢ and n are the volumetric fraction of the nanoparticles and shape factor, respectively. Equation (22d) was
developed by Hamilton & Crossor [39]. Therminol 66 and two different nanoparticles (Fe;O4 and CuO) are used to
form different ferrofluids for this study, with the different ¢ values. This volumetric fraction typically varies

between 0.1 — 4%. Table 1 epitomizes the physical attributes of the whole heat transfer fluids and nanoparticles.

Table 1. Physical attributes of all heat transfer fluids and nanoparticles [29], [40]

Material p (kg/m®) Cp (J/kg.K) k (W/m.K) u (kg/m.s)
Therminol 66 (bf) 899.5 2122 0.107 0.00106
Fe,04 (p) 5200 670 6
CuO (p) 6500 540 18 -
©=2% 985.5 2092.96 0.113206 0.001113
Therminol 66 — Fe;0, (ff)
©=4% 1071.5 2063.92 0.119657 0.001166
©=2% 1011.51 2090.36 0.113431 0.001113
Therminol 66 — CuO (ff)
©=4% 1123.52 2058.72 0.120125 0.001166

3. Results and Discussion

ANSYS® Fluent® version 19.1 is adopted to solve the governing equations of a three-dimensional steady-state
model. As it was explained in the previous section, the turbulent model adopted here is k-€ RNG model in order to
model the PTSC problem [28]. The solution of momentum and energy equations are obtained using the second
order upwind differencing scheme. A convergence limit of 1073 and 107° are considered for momentum, mass and
energy equations. A user-defined function code is written to include the ferrofluid properties and MF in all the

simulations.

The flowing fluid possesses uniform velocity and temperature at the tube inlet as u = ug, Tr = To = 230 °C. As it was
stated before, an outer surface of the tube receives a uniform heat flux due to the solar reflection from the collector
(taking into account the mirror efficiency), while top surface receives direct solar radiation for the sun. Therefore,
top and bottom half tube surfaces are subjected to quy =I5 and Gaown = IsCr, respectively, in which I is global
radiation with the intensity of 680 W/m?, I is beam radiation with the intensity of 630 W/m?, and Cr is about
15.46. Also, outlet boundary condition is assumed to be zero pressure gradient. In addition, it is assumed that
nanoparticles have spherical shape with a diameter of 10 — 20 nm, and hence the shape factor (n) would be equal to
3 [29]. The Biot—Savart law is applied to compute the MF produced by current-carrying wire as:
s

2rr

B= (23)

where, 7 is the distance between MF calculation point and the wire location.

The discretized model for the current work is composed by hexahedral cells in all regions (fluid and receiver tube).
The boundary layer between the receiver tube inner wall and the working fluid was defined in such a way to have a

good output for the y+ parameter, which can be calculated as [41]:
u* .
=t (24)
\%




in which u*, y, and v are defined as friction velocity at the nearest wall, distance to the nearest wall, and local
kinematic viscosity of the fluid, respectively. A value close to 1 can be considered as a good output for the y+, and
hence, the discretized model can capture near wall boundary layer adequately [42]-[44]. A mesh sensitivity
analysis was made for the receiver tube and thermal efficiency of solar collector as well as y+ of receiver tube
were calculated for different meshes. Table 2 gives the results of the mesh sensitivity analysis, in which it was
performed for the smooth absorber and for inlet temperature equal to 230°C. Finally and according to these results,
a mesh with around twelve million cells (very fine case) was selected as a good discretization model for current

problem. A schematic of the discretized model with the very fine mesh case was shown in Figure 1(d).

Table 2. Mesh discretization effect on the thermal efficiency and y+ parameter of the solar collector

Mesh type Coarse Medium Fine Very fine
# of cells 2,909,300 5,753,248 8,461,704 12,022,300
y+ 2.1 1.6 1.25 1.15
Ntn 0.7195 0.7258 0.7295 0.7305

Variation of Nusselt number obtained from the current simulation for smooth tube with all the working fluids with
nanoparticle size of 10 nm, and those obtained using either Egs. (19) and (20) are used to validate the numerical
model. Equation (19) is used to validate the base fluid, while Eq. (20) is used to validate the ferrofluids, according
to [27], [45]. Figure 3 presents the outputs of the validity study, in which the current CFD outputs are in
accordance with the results from theory, leading to have less than 6% error between them. In all the graphs in this
section, the curve names consist of the following parts: CuO or Fe;04 which refers to the type of nanoparticles, 2%
or 4% refers to the volumetric fraction of the particles, B refers to the intensity of the MF, and 10 nm or 20 nm
refers to the size of nanoparticles. When needed, a magnification was added to some figures to better understand

the comparison between different cases.

2500
L ——F+— Base fluid
A Base fluid - Theory
L v Cu0-2%,B=0
L » CuO -2%, B=0-Theory
2000 | Cu0 -4%B=0
L Cu0 -4%, B =0 - Theory
L ) Fe304-2%,B=0
L Fe304 -2%, B = 0 - Theory
L A Fe304-4%,B=0
1500 |- —4&— Fe304-4%,B =0 - Theory
=1
= L
1000 —
500 +—
0 1 T I [ TR L I L
0 50000 100000 150000 200000 250000

Re
Fig 3. Nusselt number variation for the current model and from the theories.

3.1. Simulation Results for Smooth Tube



Ferrofluids with different volume fractions (2% and 4%) are used as the working fluid for the PTSC. As above
mentioned, the MF investigated in the research, was generated through a wire placed near to the receiver tube. MF
effects on the local HTC for nanoparticles of 10nm and 20nm are shown in Figure 4. The figure reveals that the
HTC has a tendency to increase with a growth in Reynolds number for all working fluids, and also nanoparticles
help to possess higher HTC compared to the base fluid. In addition, the HTC shows an increasing behavior for
higher values of ¢, as clearly can be seen in Figure 4b and 4c, which is mainly due to have more nanoparticles in
the ferrofluid, and hence, higher thermal conductivity for the ferrofluid. Furthermore, it was observed that the
applied MF enhances the cooling performance of the ferrofluid. Furthermore, the 4% Fe;04/Therminol 66
ferrofluid with 10nm particles size and with the MF showed the highest convective HTC. The HTC of ferrofluid

and particle size have an inverse relation (one decreases, the other increases).
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Fig. 4. Local convective HTC (h): (a) comparison between two particle sizes, (b) particle size of 10nm, and (c) particle
size of 20nm.

The gradient of velocity close to the walls is enhanced mainly because of the presence of non-uniform transverse
MF. This results in increasing the HTC value, as it was shown in Figure 4. Figure 5 shows contour of temperature
and velocity for the base fluid at the outlet, considering the inlet temperature of 503 K and Re of 31000 and 62000,
respectively. In addition, Figures 6 illustrate outlet velocity for T;, = 503 K, B=0G, and 250 G, and Reyy
=31000, and for particle size of 10nm for both CuO and Fe;O, ferrofluids. This figure demonstrates the
enhancement in velocity in the case of ferrofluid with the MF. Also, Fe;0, ferrofluid shows better performance

than CuO in terms of velocity distribution at the outlet, comparing Figure 6a and 6¢ with Figure 6b and 6d.

©,0,0,0,0,0, 0 0 0. 0 @ 9,0 06,0 0. 0. 0, 0
0, %05 %75 %2 %2, %, Ow, 99, %, %6, Y6 a5 %75 %2s U, Uy %0 %, %9, T0n 2, T,
(b) ©

Fig 5. Results for the base fluid for T;, = 503 K: (a) outlet temperature (K) for Re = 31000, and velocities (m/s) for: (b) Re =
31000 and (c) Re = 62000.
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Fig 6. Outlet velocity (m/s) assuming Re = 31000, T;, = 503 °K, ¢ = 4% and particle size of 10nm, for: (a) CuO with B =0, (b)
Fe;04 with B = 0, (¢) CuO with B =250G, and (d) Fe;0,4 with B =250G.

Figure 7 shows the temperature distributions at the outlet for both ferrofluids with volume fraction of 4%, Re of
31000, T;, equal to 503K, particle size of 10nm, and MF of 0 and 250G. Though surface temperature of the
receiver tube for B = 0 reaches a higher value than B = 250, MF forces the majority of fluid to flow with the
maximum temperature. In addition, maximum temperature of CuO ferrofluid is bigger than Fe;0,, for both MFs of
0 and 250G. However, larger portion of the Fe;0, case reach a bigger temperature value, see minimum temperature

of all cases from Figure 8.
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Fig 7. Outlet temperature (K) for ferrofluids with Re = 31000, Tj, = 503 °K, ¢ = 4% and particle size of 10nm, for: (a) CuO
with B =0, (b) Fe;04 with B =0, (¢) CuO with B =250G, and (d) Fe;O4 with B =250G.

Figure 8 presents the variation of Nusselt number in the presence of MF and for two different nanoparticle sizes.
Similar to the HTC variation from Figure 4, smaller particle size improves better the variation of the Nusselt
number than bigger particle sizes, by comparison between Figures 8a and 8b. Nusselt number grows with
Reynolds number for all working fluids, while ferrofluid experiences higher values compared to the base fluid. As
it was stated before, incorporating nanoparticles within ferrofluids led to have higher thermal conductivity, mainly
due to the high conductivity of nanoparticles. Therefore, HTC of the ferrofluid are increased more than base fluid.
Higher ¢ values lead to have bigger effective thermal conductivity for ferrofluid, and hence, higher Nusselt

number.
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Fig. 8. Effects of MF on the Nusselt number: (a) comparison between two particle sizes, (b) particle size of 10nm, and
(c) particle size of 20nm.
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Friction factor variation for both CuO and Fe;0, ferrofluids are shown in Figure 9, with and without attendance of
MF, different volume fractions and particle sizes. Higher density and viscosity for ferrofluids result in higher
friction factor than the base fluid. In addition, the highest friction factor from all cases is for Fe;O, ferrofluid with
20nm particle size and 250G MF; see Figure 9a. Figures 9b and 9c show the friction factor for particle size of

10nm and 20nm, respectively. More importantly, friction factor increases in the attendance of MF, according to

Figure 9.
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Fig. 9. Variation of the friction factor (f) in the presence of MFs: (a) comparison between two particle sizes, (b) particle
size of 10nm, and (c) particle size of 20nm.

According to the results presented in Figure 9, friction factor drops with the higher values of Reynolds number. As
it was presented in Eq. (18), there is an inverse relationship between friction factor and velocity. Velocity
streamlines at the receiver tube outlet are presented in Figure 10, for B = 0 and 250G, Regr = 31000, ¢ = 4%, and
particle size of 10 nm. It could be noticed that the MF forces the boundary layers to move to the tube central parts,
similar to the distribution of outlet temperature. As can be observed from Fig. 10c and 10d, force generated by the
MF in the transverse plane produces secondary flows and two vortices. This force can be augmented by enhancing
the intensities of MF. On the other hand, the maximum outlet velocity for B = 0 is concentrated at the tube central
part, see Figure 10a and 10b. Due to the presence of MFs, ferrofluid particles are more concentrated near the tube

bottom side, which clarifies why there are vortices in Fig. 10c and 10d, and no vortices in Fig. 10a and 10b.
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Fig 10. Outlet velocity streamline (in m/s) for Re = 31000, T;, = 503 °K, ¢ = 4% and particle size of 10nm, for: (a) CuO with B
=0, (b) Fe;0,4 with B =0, (c) CuO with B = 250G, and (d) Fe;04 with B = 250G.

Performance evaluation criteria (PEC) has been introduced as a proven approach to appraise the thermo-hydraulic
manner of flowing working fluid in the receiver tube [46], which is calculated by:
Nu/Nuy

PEC=———— 2
(/) (@)

in which Nuy, fy, f and Nu are the Nusselt number and friction factor of the receiver tube working with base fluid
and ferrofluid, respectively. Accordingly, for an effective approach the PEC value is greater than one, which means
a better performance from thermo-hydraulic point of view. PEC variation for both ferrofluids with volume
fractions of 2 and 4%, both particle sizes, and different MF intensities, is shown in Fig. 11. As it can be seen from
these two figures, Fe;O4/Therminol 66 with ¢ = 4% and B = 250 shows the best thermo-hydraulic performance. As
it was explained before, MF leads to a bigger HTC and friction factor. In addition, the enhancements in HTCs are

bigger than friction factors, and as result, the PEC for ferrofluids with B = 250 show an increasing behavior.

12—
L " (a)
[ *
1.1+
[ =
L - X
: A
[ - -
o —
w1 E—
o I i
L Cuc-2%B=0
Fas Cub -2%, B =250
[ ~ ¥ — Cu0-4%B=0
09! P CuO-4% B =250
| Fe304-2%,B=0
|- Fe304 - 2%, B = 250
S Fe304-4%,Bz0
L ] Fe304 -4%, B = 250
08—+ttt R ! ! !
0 50000 100000 150000 200000 250000

Re

17



I (b) - Cuo-2%B=0
—4— Cu0 -2% B =250
L n ¥ — Cu0-4%B=0
1 j » Cu0 -4%, B = 250
Fe304.2%,B=0
: > Fe304 - 2%,B = 250
095+ O Fe304-4%,B=0
L B Fe304-4%,B =250
I :
2 ool DU —»
o L P ——
— O = —==-x
= ——— —&
0.85 —
0.8
0.75 L [ [ L I | 1 | [
0 50000 100000 150000 200000 250000
Re

Fig. 11. Variation of PEC in the presence of MF, for: (a) particle size of 10nm, and (b) particle size of 20nm.

The receiver thermal loss can be calculated using the following relation [27]:

Quoss = Qabs — Qu (26)
where Qass is defined as the absorbed solar energy and can be estimated as follows [27]:
Qaps = Qs Nopt,max * K(0) (27)

in which Nopymax 1s the maximum optical efficiency and for current work is equal to 75.5%, and K(8) is the incident
angle modifier. This last parameter depends on the incident angle on the collector aperture (€) and for the present
study is considered equal to 1 since the PTS collector is surveyed for zero incident angle. Figure 12 present the
receiver thermal loss variation versus Reynolds number for all the cases with smooth receiver tube, utilizing the
Eq. (26). As it was expected, the thermal loss for the PTSC with the base fluid is bigger than all the other cases,
and lower heat loss was obtained with Fe;O4/Therminol 66 ferrofluid of 4% volumetric fraction and with MF

intensities of 250 G.
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Fig. 12. Variation of heat loss in the presence of MF, for: (a) particle size of 10nm, and (b) particle size of 20nm.

The thermal efficiency of the solar collector is defined using the following equation [27]:

Qu
Men =", (28)
The main parameter to evaluate the solar collector is its thermal efficiency. Variation of thermal efficiency for all
working fluids, with different ¢ and B values, and with particle size of 10nm and 20nm is presented in Figure 13.
MF helps to have higher thermal efficiency for the collector. As it was stated before, the bigger values of ¢ lead to
have higher thermal conductivity for the ferrofluids, and according to Figure 13 this leads to an increase in the
efficiency. Therefore, more SE can be absorbed by the receiver tube with ferrofluids, and hence resulting in more
thermal energy conversion. Korres et al. [14] have reported that the thermal efficiency of a PTSC with Syltherm
800/CuO nanofluid showed an average of 1.24% enhancement compared to Syltherm 800 case. According to

Figure 14, the average of enhancement in the thermal efficiency for CuO/Therminol 66 is around 1.35% for B = 0

and around 4.0% for B = 250 G.
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Fig. 13. Thermal efficiency for all working fluids: (a) particle size of 10nm, and (b) particle size of 20nm.

3.2. Results for Finned Tube

According to Bellos et al. [47] and Olia et al. [48], incorporating fins within collector tube can enhance the
performances of the PTC system. Four fins with the length of 10 mm were utilized for the finned receiver tube, as
shown in Figure lc. In addition, as it was discussed in section 3.1, nanoparticle size of 10nm show better
performance than the 20nm particle size. Also, Fe;04/Therminol 66 ferrofluid delivered better performance than
the CuO/Therminol 66, and of course with larger volume fraction, i.e., 4%. Therefore, Fe;0,/Therminol 66
ferrofluid with ¢ = 4% and particle size of 10nm are considered for the finned tube, to analyze the effect of MF

along with the fins on the performance of the PTC system.

Figure 14 presents variation of heat transfer coefficient, Nusselt number, friction factor, and performance
evaluation criteria for finned tube with and without presence of MFs and for base and Fe;0,4 nanofluid with 4%

volume fraction of 10nm particle size. As can be seen from this figure, finned tube shows a better performance in
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terms of all these parameters, where the best enhancement behavior is for the finned tube with Fe;O4/Therminol 66

working fluid and in the presence of MF.
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Fig. 14. MF and fins effects on the: (a) HTC, (b) Nusselt number, (c) friction factor, and (d) PEC, for nanoparticle size
of 10nm.

Figure 15 presents distribution of the outlet temperature and outlet velocity streamline for finned tube with base
fluid and Fe;04/Therminol 66 ferrofluid (4% volume fraction). Particle size is 10nm, Reynolds number is 30000
and MF is 250G. The effects of fins to increase the outlet temperature are clarified by comparing Fig. 15a with 5a
and 15b with 7d, with average outlet temperatures of 513.85, 514.25, 514.41, and 514.56, respectively. In addition,
velocity streamline magnitudes and configurations are affected by the presence of fins, comparing Fig. 15d with
Fig. 10d. Figure 15c is used to compare the base fluid velocity distribution with ferrofluid distribution in the

presence of fins and MF.
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Fig. 15. (a) and (b) outlet temperature (K) for base fluid and Fe;04 with B = 250G, (c) and (d) outlet velocity streamline (in
m/s) for base fluid and Fe;04 with B =250G. Other parameters are: Re = 31000, T;, = 503 °K, ¢ = 4% and particle size of
10nm, for finned tube.

Similar to PTC with smooth tube, the heat loss of the PTC with finned tube along with corresponding results for
the smooth tube are shown in Figure 16. As can be seen from this figure, the PTC with finned tube delivered the
lower heat loss compared with the smooth receiver tube. In addition and similar to the previous findings, the

presence of MFs helped to have even lower hear loss in comparison to PTC without the presence of MFs.
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Fig. 16. Heat loss of the solar collector with smooth and finned tubes, for base and Fe304/Therminol 66 fluids. Particle size is
10nm, and MFs are B = 0 and 250.

As a result of enhancing outlet temperature due to the presence of fins, the solar collector efficiency is also
increases as presented in Fig. 17. This figure is also for the base fluid and Fe;O, ferrofluid with particle size of
10nm. MF intensities are 0 and 250G and volume fraction of nanoparticles are 4%. As can be seen from this figure,

finned receiver tube with ferrofluid in the presence of MF delivers the highest efficiency compared to the other

cases.
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Fig. 17. Thermal efficiency of the solar collector with smooth and finned tubes, for base and Fe304/Therminol 66 fluids.
Particle size is 10nm, and MFs are B = 0 and 250.

Another important parameter to be examined is the financial assessment of the collector with smooth and finned
tubes. To do this, the levelized cost of energy (LCOE) was proven to be the best approach [28], [49]. According to
Conrado et al. [49], the PTC cost with smooth receiver tube is about 200 Euros/m?, while cost of the finned tube is
about 3% higher [28]. Current PTC collector has 85 m? aperture, and hence, the cost of PTC with smooth and
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finned tubes is around 17,000 and 17,510 Euros, respectively. Following equation can be used to calculate the
LCOE [47]:

co
QN 10N

in which N is the system total operation hours. This parameter is calculated for all the operating PTC lifetime.

LCOE =

29

Considering the typical lifetime of mechanical equipments, parameter N for the current study is considered to be
around 24000 hours (total life of 20 years, with 1200 h per year). The reader should note that the LCOE estimates
presented here are only cost indications of the PTC collector part with the working fluids studied here, not for the

whole solar power plant.

Figure 18 presents the LCOE variation with Reynolds number for the current PTC with smooth and finned tubes,
and for different working fluids. According to Bellos et al. [47], the LCOE for smooth and finned tubes are almost
the same for inlet temperature of 493 — 503 K, as can be seen in Fig. 18a. While LCOE would be larger for finned
tube that smooth one for lower inlet temperatures. Therefore, PTC with smooth tube must be selected for low inlet

temperatures, while for higher inlet temperatures than (higher than 503 K) the finned tube must be selected.
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Fig. 18. LCOE for collector with smooth and finned tubes, for different working fluids and MFs are B = 0 and 250, and for: (a)
particle size of 10nm, and (b) particle size of 20nm.

4. Conclusions

In the current research, a numerical simulation was exerted for the comparison between CuO/Therminol 66 and
Fe;04/Therminol 66 at the presence of MF, which were proposed as working fluid for a parabolic trough solar
collector (PTSC). This comparison was done using CFD approach. Besides, the central receiver was designed with
internal fins and the distribution of the thermal and fluid flow characteristics of the ferrofluids impressed by MF
for the finned tube and smooth tube were compared and evaluated. The influence of MF and particle size of
nanoparticles over the collector efficiency were analyzed and discussed. The following results were drawn from

the current study:

= Enhancing Reynolds number rises the convective heat transfer coefficient (CHTC) for the base fluid and
ferrofluids.

=  When the volume fraction and particle size of nanoparticles enhance, the CHTC augments as well.The
maximum CHTC belongs to 4% Fe;O4/Therminol 66 with the particle size of 10 nm and in the presence
of MF. Rising the particle size decreases the CHTC. The same outcomes were obtained for the Nusselt
number.

= Investigation of the friction factor for the ferrofluids and base fluid demonstrated that the friction factor of
the ferrofluids is higher than the base fluid. The 4% Fe;04-Therminol 66 with the particle size of 20 nm
and under MF has the maximum friction factor.

= Performance evaluation criteria (PEC) was considered as an evaluation parameter for the solar collector.
The analyses have shown that increasing the MF and decreasing the particle size can augment the PEC.
The same consequences were obtained for the efficiency of the collector. The solar collector working with
4% Fe30,4-Therminol 66 under MF with the particle size of 10 nm indicates better performance compared
to the base fluid as well as CuO/Therminol 66.

= Although CuO nanoparticles have a higher thermal conductivity compared to Fe;0, particles, this study

has shown that under magnetic field Fe;O, performs better than CuO for improving the collector
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efficiency. Moreover, PTC with finned tube illustrates better proficiency in terms of enhancing heat
transfer characteristics from tube to the working fluids. Finally, PTCs with smooth and finned tubes and
Fe;04/Therminol 66 with 4% volume fraction as working fluid and in the presence of MF have almost the
same levelized cost of energy, while the other cases show higher values for this parameter. The average of
enhancement in the thermal efficiency for CuO/Therminol 66 is around 1.35% for B = 0, and around
4.0% for B = 250 G, while an enhancement of 1.24% was reported by Korres et al. [14] for Syltherm
800/CuO for a PTSC with B = 0, i.e. no magnetic field.
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Highlights
e CFD simulation for heat transfer modeling of a parabolic trough solar collector with internal fins is
carried out
e Fe;04/Therminol 66 and CuO/Therminol 66 under magnetic field are proposed as working fluids
e Increasing the volume fraction and decreasing the particle size enhance the collector efficiency
e The collector efficiency with Fe;04/Therminol 66 is better than CuO/Therminol 66

e The collector efficiency rises in the presence of the magnetic field
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