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a b s t r a c t

A parabolic trough is defined as a type of solar thermal collector that is straight in one dimension and
curved as a parabola in the other two, lined with a polished metal mirror. Enhancing the thermal effi-
ciency of this collectors is one of the major challenges of developing and growing of parabolic trough
solar thermal power plants. Ferrofluids were proposed as a novel working fluid for industrial applica-
tions, due to their thermal performances. In this study, the convective heat transfer of Fe3O4-Therminol
66 ferrofluid under magnetic field (0e500 G) is evaluated using computational fluid dynamics. The
ferrofluid with different volume fraction (1e4%) and the Therminol 66 (as the base fluid) are considered
as the working fluids for a parabolic trough solar collector. Numerical analysis first validated using
theoretical results, and then a detailed study is conducted in order to analyze the effect of the magnetic
field on different parameters. The result demonstrated that using magnetic field can increase the local
heat transfer coefficient of the collector tube, thermal efficiency as well as output temperature of the
collector. In addition, increasing the volume fraction of nanoparticle in the base fluid and intensity of
magnetic field increased the collector performance.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Renewable energy, for instance solar and wind energy, is one of
themost promising solutions to produce clean energy for the future
since the conventional energy sources (such as oil, coal and natural
gas) will be finished in a few decades [1,2]. World energy con-
sumption is increasing continually and this is worrisome for all
researchers and scientists [3]. Solar energy, as an abundant energy
source, can either be converted into heat or electricity. It is a useful
source of energy for various applications: solar dryers, local hot
water production, and electricity production in concentrating solar
power plants [4]. Global solar energy production was predicted to
reach a rate of 8.9% annually between 2012 and 2040, making it the
fastest developing type of energy generation in the forthcoming
decades [5].

Different types of solar collectors have been used to absorb solar
energy, such as: evacuated tubes, flat plate black-surface absorbers,
m, malekan@dees.ufmg.br
and parabolic trough solar collector (PTSC) [6,7]. PTSC is a solar
concentrating system which utilizes a parabolic reflector to
concentrate solar radiation onto a solar absorbing pipe made of
metal materials [8]. It is the most suitable technology with high
thermal efficiency, for operation in medium to high-temperature
levels (over 150 �C) [6]. A working fluid flows through the
absorber pipe and the heat from the pipe is transferred to this fluid.
Typically, the working fluid is selected from the thermal oils, such
as Therminol, Dowtherm, Syltherm and Sandotherm, inwhich they
can operate up to 400 �C [9]. The vast majority of the PTSC working
fluids are Therminol VP1 and Syltherm 800 thermal oil, because of
their reliability and accessibility [10].

The heat transfer performance is mainly dependent on the
thermal conductivity as well as specific heat of the working fluids.
Therefore, by increasing the fluid thermal conductivity/specific
heat, the heat transfer performance would be improved. Nano-
particles provide an effective way of improving heat transfer
characteristics of working fluids [11]. Choi [12] was found for the
first time that nanoparticles increase the thermal conductivity of
the coolant, therefore improving the heat transfer performance.
Nanofluids are comprised of a concentration of nanoscale-sized
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Fig. 1. Geometry of the examined model of parabolic trough collector.
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particles, including pure metals; oxides; carbides; and carbon
nanotubes, immersed in a base fluid [13].

There are a bunch of numerical investigations dealing with ef-
fect analysis of using nanofluids on the thermal efficiency of the
PTSCs. Otanicar et al. [14] have experimentally and numerically
investigated the effect of different nanofluids on the performance
of a direct absorption collector. Kasaeian et al. [15] and Sokhansefat
et al. [16] have numerically studied the fully developed turbulent
mixed convection heat transfer (CHT) of the Al2O3/synthetic oil
nanofluid in a PTSC, with a uniform and non-uniform heat fluxes,
respectively. Their results showed that the Nusselt number as well
as the convection heat transfer coefficients (HTC) are dependent on
the nanofluid volume fraction. Xu et al. [17] have presented an
investigation of the operating characteristics of a novel nanofluid-
based direct absorption solar collector under solar-concentrating
medium-temperature operating conditions. They have used CuO-
oil as the working fluid and found out that the direct absorption
collector had a better performance than indirect one. Bellos et al.
[18] have studied the thermal efficiency enhancement of the
commercial parabolic collector using three different working
fluids: thermal oil, thermal oil with nanoparticles and pressurized
water. Their results have indicated that the use of nanofluids in-
creases the collector efficiency by 4.25%. Amina et al. [19] have
presented a 3D numerical model to investigate the heat transfer in
a PTSC receiver with longitudinal fins using different kinds of
nanoparticles (Al2O3, CuO, Sic, and a nonmetal particle). Their re-
sults have shown that the Nusselt number increased from 1.3 to 1.8
times, and also the metallic nanoparticles increase heat transfer
significantly than other nanoparticles. Kaloudis et al. [7] have
studied the convective heat transfer of Al2O3/synthetic 800 nano-
fluid in a PTSC using two-phase model computational fluid dy-
namics (CFD) simulation. Their results have reported a maximum
relative error for outlet temperature about 0.3% and a growth up to
10% on the collector efficiency with the 4% volume fraction of
nanoparticles. Ghasemi et al. [20,21] have presented the effect of
Al2O3-water and Al2O3-Therminol 66 nanofluids on the efficiency of
PTSC using CFD simulations. Their results have indicated that the
nanofluid enhanced the heat transfer performance and bigger
nanoparticle volume fraction leads to increase in Nusselt number.
Kasaeian et al. [22] have reviewed the nanofluid applications in
solar energy systems, and also Gorji and Ranjbar [23] have pre-
sented an extensive review of the literature regarding the use of
nanofluids in direct absorption PTSCs.

Ferrofluid which is composed of magnetic nanoparticles such as
nickel, iron, cobalt and their oxides, is able to improve the heat
transfer coefficient in the presence of magnetic field. These mag-
netic nanofluids are proposed as working fluid for different types of
heat exchangers, heat transfer enhancement for cooling of high
powers and heat pipes [24]. The use of ferrofluid under the right
magnetic field increases the thermal conductivity of the fluidwhich
results in better heat transfer performance of the parabolic trough
solar collector. The solute particle magnetic property in fact is
behind the enhancement of the thermal conductivity which can be
controlled by applying external magnetic field. Moreover, the fer-
rofluid viscosity can be controlled by the magnetic field applied.
The enhanced thermal conductivity of ferrofluid results in
improving the heat conduction during chain-like particle assembly
formation under the external magnetic field [25,26]. There are
different numerical investigations of the ferrofluids HTC perfor-
mancewith/without presence of themagnetic field: Jafari et al. [27]
have simulated the heat transfer of a ferrofluid under a magnetic
field based on kerosene into a cylinder; Huminic et al. [28]
numerically examined the heat transfer of nanofluid in a helical
double pipe heat exchanger in laminar flow; Aminossadati et al.
[29] studied laminar forced CHT of Al2O3/water nanofluid in a
horizontal micro-channel; Malekzadeh et al. [30] presented a nu-
merical analysis of the effect of magnetic field on HT in a laminar
flow through a tube; Aminfar et al. [31e34] numerically investi-
gated in several works the effect of non-uniform transverse/axial
magnetic fields on hydro-thermal as well as hydro-dynamic be-
haviors of ferrofluids; magnetic field effects on natural CHT of
copper/water and copper oxide/water nanofluids were numerically
investigated by Sheikholeslami et al. [35] and Mahmoudi et al. [36],
respectively; magnetic field effects on the convection onset for the
nanofluidwere examined by Yadav et al. [37e39]; and Shakiba et al.
[40] numerically studied the hydro-thermal characteristics of wa-
ter/Fe3O4 ferrofluid in a double pipe heat exchanger, which was
exposed to a variable magnetic field intensities. These studies have
reported one common outcomewhich is presence of magnetic field
leads to increasing the heat transfer performance, and hence the
Nusselt number. More recently, Malekan et al. [41] and Khosravi
et al. [42] have investigated the effect of magnetic field on the HTC
using computational fluid dynamics and adaptive neuro-fuzzy
inference system.

Parabolic trough collector is introduced as the most proven
technology for indirect steam generation in solar thermal power
plants. Although this technology for electricity generation is not yet
competitive with fossil fuel power plants in some countries, it is
one of the economically feasible renewable energy technologies in
the future. Hence, obtaining the better performance of this system
is defined as a challenge for researchers. During the last decades, an
extensive research work has been done on the fluids dynamics in
the presence of magnetic field. The effect of magnetic field on fluids
is worth investigating due to its innumerable applications in
different fields. Based on the literature review, many investigations
were developed numerically to predict the HTC of nanofluids in
parabolic trough solar collector, and also many experimental and
numerical investigations to study the effect of ferrofluids on the
heat transfer performance in pipes and heat exchangers. But, there
are no numerical investigations regarding the effect of ferrofluids
on the convective HTC performance in the PTSCs, in the presence of
magnetic fields. The aim of the current study is to numerically
examine the thermal performance of solar parabolic trough col-
lector with ferrofluid under constant magnetic field. The ferrofluid
is considered with different volume fraction. The numerical simu-
lation is executed using the capabilities of CFD approach embedded
in ANSYS Fluent 18.2.
2. Problem definition

Schematic of the solar parabolic trough collector system is
shown in Fig. 1. The solar radiation is concentrated into the receiver
tube by a parabolic concentrator, and it is transmitted to the



Table 1
Thermo-physical properties of materials.

Material rðkg=m3Þ CpðJ=kg:KÞ kðW=m:KÞ mðkg=m:sÞ

Theminol 66 (base fluid) 899.5 2122 0.107 0.00106
Fe3O4 (particle) 5200 670 6 e

Ferrofluid with 1 vol % 942.5 2107.48 0.110073 0.0010865
Ferrofluid with 2 vol % 985.5 2092.96 0.113206 0.001113
Ferrofluid with 4 vol % 1071.5 2063.92 0.119657 0.001166
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working fluid by convection heat transfer. Ferrofluid helps to have a
better heat transfer characteristics for the parabolic trough
collector.

The local concentration ratio in the absorber tube is shown in
Fig. 2, which means only lower half of the tube is receiving the
concentrated solar radiation reflected by the collector. This radia-
tion will be applied over tube outer wall as heat flux, within our
numerical simulation.

The magnetic field is generated by an electric current going
through a wire parallel to the absorber tube longitudinal axis,
below the tube outer wall. The current-carrying wirewould cause a
non-uniform transverse magnetic field perpendicular to the fer-
rofluid flow direction.
2.1. Ferrofluid physical properties

Ferrofluid (ff) properties are dependent on the volumetric
fraction of the nanoparticles (vol %, i.e. 4). The ferrofluid properties
can be obtained from using a set of equations, which depend on the
physical properties of nanoparticles (p) and base fluid (f). Ferrofluid
density, specific heat capacity, thermal conductivity, and dynamic
viscosity are presented by [16,18,43,44]:

rff ¼ ð1� 4Þrf þ 4rp (1)

Cp;ff ¼ ð1� 4ÞCp;f þ 4Cp;p (2)

mff ¼ ð1þ 2:54Þmf (3)

kff ¼
0
@kp þ ðn� 1Þkf � ðn� 1Þ4

�
kf � kp

�
kp þ ðn� 1Þkf þ 4

�
kf � kp

�
1
Akf (4)

where r is the density, Cp is the specific heat, m is the dynamic
viscosity and k is the thermal conductivity. Subscript ff in Eqs.
(1)e(4) stands for the ferrofluid. Equation (4) was presented for the
first time by Hamilton & Crossor [45], and n is the shape factor
which is 3 for spherical particles.

Ferrofluid in this study is a mixture of Theminol 66 and Fe3O4
nanoparticles, with the different volumetric fractions. The usual
range values for this parameter is 0.1e4% [46]. The nanoparticles
are spherical with a diameter of about 10 nm. Table 1 presents the
properties of the nanoparticles, base fluid and of the ferrofluid.
Fig. 2. Local concentration ratio distribution in the absorber tube.
2.2. Heat transfer analysis

The heat transfer from the absorber to working fluid is the core
of the analysis and depends on the heat convection coefficient.
Larger values of this parameter lead to lower absorber temperature,
and hence lower thermal heat losses. Parabolic trough collectors
utilize the direct beam solar irradiation (Gb. Thus, the available
solar irradiation in the collector module (Qs) is calculated as the
product of the direct beam solar irradiation and collector aperture
(Aa):

Qs ¼ Aa � Gb (5)

The useful heat (Qu) absorbed by the working fluid is calculated
by the energy balance in the fluid volume according to:

Qu ¼ _m � cp � ðTout � TinÞ (6)

The thermal efficiency of the solar collector is calculated as the
ratio of the useful thermal energy to the available solar irradiation,
using following equation:

hth ¼ Qu

Qs
(7)

In theoretical basis, the convection heat transfer coefficient (h) is
calculated by the Nusselt number which depends on the flow
conditions and the problem geometry [47]. Nusselt number is
defined as:

Nu ¼ hDi

k
(8)

By having the pressure drop along the absorber tube, the friction
factor (f) can be calculated according to the following relation [48]:

f ¼ 2DP
rff u2

�
Di

L

�
(9)

where DP is the pressure drop, L is the tube length, and u is the fluid
velocity. The theoretical value for the friction factor can be calcu-
lated using the Petukhov relation, as [49]:

f ¼ ð0:79 � ln Re� 1:64Þ�2 (10)

According to Webb [50], an effective way to evaluate the
thermo-hydraulic behavior of ferrofluid flow in the heat exchanger
or solar receiver is to use the performance evaluation criteria (PEC)
which is defined as follows:

PEC ¼ Nu=Nu0
ðf =f0Þ1=3

(11)

in which Nu0 and f0 are the Nusselt number and friction factor of
the receiver tube having base fluid as the working fluid, respec-
tively, where f andNu are the friction factor and the Nusselt number
of the receiver tube with ferrofluids, respectively.
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2.3. Magnetic field and governing equations

Suppose that the particles are dispersed in the base fluid, and
therefore because of their small size, they act like a fluid. In addi-
tion, by assuming that the slipping velocity between nanoparticles
and base phase is negligible, ferrofluid can be considered as a
single-phase fluid with physical properties based on two-
component concentration, i.e. base fluid and nanoparticles.
Therefore, continuity, momentum, and energy equations of a pure
fluid are applicable to a ferrofluid, except that the effective prop-
erties of ferrofluid must replace the base fluid properties. Compo-
nents of a magnetic field generated by a wire that carries electric
current (I) can be calculated as [51]:

Hxðx; yÞ ¼ I,ðx� aÞ
2p

h
ðy� aÞ2 þ ðx� bÞ2

i (12)

Hyðx; yÞ ¼ I,ðy� bÞ
2p

h
ðy� aÞ2 þ ðx� bÞ2

i (13)

where, the magnetic intensity can be calculated as follows:

Hðx; y; zÞ ¼ Hðx; yÞ ¼ I

2p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðy� aÞ2 þ ðx� bÞ2

q (14)

Conservation equations can be stated as follows by considering a
steady and incompressible flow; constant thermo-physical prop-
erties, and negligible viscosity:

Continuity equation: V,
�
rff vff

�!�
¼ 0 (15)

Momentum equation: V,
�
rff v

!
ff

�

¼ �Vpþ V
�
mffV v!ff

�
þ m0

�
M
!
,V

	
H
!

(16)

Energy equation: rff Cp;ff

�
vT
vt

þ v!ff ,VT
�

¼ kffV
2T (17)

in which m0 is magnetic permeability constant in vacuum. The term
m0ðM

!
,VÞH! is the Kelvin force which will be zero if there is no

gradient of the magnetic field.
The magnetic field generated by a steady current, I, can be ob-

tained by the BioteSavart law:

B ¼ m0I
2pr

(18)

in which, r is the distance between the location of wire and the
location where the magnetic field is calculated. For the current
study, the parameter r is the distance between the wire and the
tube longitudinal axis.
Table 2
Mesh independency analysis.

Cells 671,467 1,239,200 2,373,828 3,404,164 4,522,038

hth 0.7272 0.7285 0.7314 0.7321 0.7324
2.4. Boundary conditions

The following boundary conditions are applied to the receiver
tube numerical model:

▪ Inlet

The fluid flow has a uniform velocity and uniform temperature
at the receiver inlet:
u ¼ u0; Tf ¼ T0 ¼ 230+C (19)

▪ Wall

A uniform heat flux is applied at the outer surface of the
receiver. Top and bottom half periphery of the receiver are sub-
jected to:

_qup ¼ Ig (20)

_qdown ¼ IbCR (21)

where, Ig is global radiation and is considered equal to 700W/m2, Ib
is beam radiation and considered equal to 650W/m2, and CR is the
collector concentration ratio and is assumed equal to 30.

▪ Outlet

Zero pressure gradient condition is employed across the outlet
boundary.
3. Results and discussion

Governing equations are solved using the commercial software
ANSYS® Fluent® 18.2. The effects of magnetic field on hydro-
thermal characteristics of the fluid are investigated by applying a
single phase model. A 3D steady state turbulent keε RNG model
along with standard wall functions is used to simulate the heat
transfer in the receiver tube. The RNG derived keεmodel gives very
good predictions for a pipe and when non-equilibrium wall func-
tions are implemented [52]. Therefore keε RNG turbulent model
along with the SIMPLEC solution algorithm [53] are adapted for the
parabolic trough receiver system. The second order upwind dif-
ferencing scheme is used formomentum and energy equations. The
convergence limits are set to be equal to 10�3 for momentum and
mass and 10�6 for energy equations. The ferrofluid properties and
magnetic field effects are incorporated within the simulation using
a user-defined function code written in C language.

A mesh sensitivity analysis is made for the receiver tube and
thermal efficiency of solar collector is calculated for different
meshes. Table 2 gives the results of the mesh sensitivity analysis, in
which it is performed for the smooth absorber and for inlet tem-
perature equal to 230 �C. Finally, a mesh with around 4.5 million
cells is selected as an appropriate discretization.
3.1. Validity study

Fig. 3 shows friction factor variation obtained from the current
model. Results from current simulation were calculated using Eq.
(9), by having the pressure drop and velocity for each case, and
theoretical result was obtained using Eq. (10). As it can be seen from
this figure, the present CFD results agree well with the theoretical
outputs, with a maximum error of 2%.



Fig. 3. Friction factor variation to validate the present model with Petukhov correla-
tions [49].
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3.2. CFD results

As it was stated before, ferrofluid with different volume fraction
(1%, 2%, and 4%) is used as the working fluid. In addition, a current-
(a) (b)

Fig. 5. Outlet temperature (in K) for Re¼ 15000, Tin¼ 503 K, and magnetic fie

(a) (b)

Fig. 4. (a) Outlet temperature (in K) for Re¼ 15000, (b) Velocity at Re¼ 15000
carrying wire is located close to the collector tube, aiming to pro-
vide magnetic field for the nanoparticles. Fig. 4 presents outlet
temperature and velocity for the base fluid (Therminol 66), under
inlet temperature 503 K and Re of 15000 and 31000, respectively.

Figs. 5 and 6 present outlet temperature, for a flowwith the inlet
temperature of 503 K, magnetic field intensities of B ¼ 0 G;
and 500 G, and for Reff ¼ 15000. Although, surface temperature for
the tube without magnetic field reaches a bigger value than in the
presence of magnetic field, magnetic field helps to have the ma-
jority of fluid flows with the higher temperature.

Figs. 7 and 8 present the velocity streamline at the collector tube
outlet, along with a magnetic field of B¼ 500 G and without mag-
netic field, for ferrofluid Reynolds of Reff ¼ 15000, and for different
volume fractions. Similar to the outlet temperature distributions,
applying the magnetic field results in diffusion of the outlet
boundary layer to the central parts of the tube. As it can be seen
from Fig. 7, the generated force in the transverse plane growths by
increasing the magnetic field intensity, which results in secondary
flows, and then two vortices. While in the case of ferrofluid without
magnetic field, the maximumvelocity at the output is concentrated
at the center of collector tube. In addition, the particles of ferrofluid
are concentrated near the bottom side of the tube in the case of
presence of magnetic field. This explains why there are vortices in
Fig. 7, while in Fig. 8 such thing does not exist due to the absence of
magnetic field.
(c)

ld of 500 G, with ferrofluid volume fraction of: (a) 1%, (b) 2%, and (c) 4%.

(c)

and (c) Velocity at Re¼ 31000, for base fluid (Therminol 66). Tin¼ 503 K.



(a) (b) (c)

Fig. 6. Outlet temperature (in K) for Re¼ 15000, Tin¼ 503 K, and without magnetic field, with ferrofluid volume fraction of: (a) 1%, (b) 2%, and (c) 4%.

(a) (b) (c)

Fig. 7. Velocity profile of the ferrofluid outlet for Re¼ 15000 and magnetic field of 500 G, with ferrofluid volume fraction of: (a) 1%, (b) 2%, and (c) 4%.

(a) (b) (c)

Fig. 8. Velocity profile of the ferrofluid outlet for Re¼ 15000 and without magnetic field, with ferrofluid volume fraction of: (a) 1%, (b) 2%, and (c) 4%.
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Fig. 9(a) presents velocity profile of the ferrofluid with 2% vol-
ume fraction in the presence of 500G magnetic fields. The axial and
cross-sectional velocities are brought in this figure in which are
corresponding to outlet velocity profile were shown in Fig. 7(b). As
it can be seen from this figure, the secondary flows are also forming
at the middle of tube, very similar to those at the tube outlet; only
their amplitude is smaller, which is according to our expectations.
In addition, Fig. 9(b) and (c) show the velocity streamline and
contour for ferrofluid with 2% volume fraction and Re¼ 15000, and
with magnetic field of 50 G. These figures also show that the sec-
ondary flows can havemagnitudes close to the axial flow velocities,
even for smaller magnetic intensities.

Fig.10 shows the effects of transverse magnetic field on the local
HTC, in which it increases with an increase in Reynolds number for
ferrofluid and base fluid. First of all, as can be observed in the Fig. 10
(a), the HTC of ferrofluid (nanofluid without magnetic flied) is
higher than that in the base fluid. Indeed, submerged particles in
the base fluid can enhance the HTC of collector tube. The HTC



(b)

(a) (c)

Fig. 9. Velocity profile of the ferrofluid with ferrofluid volume fraction of 2% and for Re¼ 15000, in (a) an axial and two cross-sectional planes, with magnetic field of 500 G, (b) and
(c) for magnetic field of 50 G.
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increases with an increase in nanoparticle volume fractions
(Fig. 10(b)), which is due to have more nanoparticles in the calcu-
lation of the effective ferrofluid thermal conductivity. Application
of the magnetic field increases the cooling performance of the
ferrofluid. In addition, Applying non-uniform transverse magnetic
field causes an increase in velocity gradient near the walls, and
finally results in enhancing the heat transfer coefficient (Fig. 10(c)).

Magnetic field and nanoparticles effects on the Nusselt number
variation are presented in Fig. 11. By increasing the Reynolds
Fig. 10. Effects of magnetic field on the local convective heat transfer coefficient (h):
(a) all cases, (b) without, and (c) with magnetic field only.
number, Nusselt number experiences an increase for both ferrofluid
and base fluid. Ferrofluid has the higher Nusselt number in com-
parison with the base fluid. Due to high thermal conductivity of
nanoparticles, thermal conductivity of the ferrofluids increase, and
as a result; their HTC are enhanced. By increasing the nanoparticle
volume fractions, the Nusselt number increases, which is as a result
of higher nanoparticle involvement in the ferrofluid effective
thermal conductivity calculation.

Fig. 12 shows the variation of the friction factor for different
volume fractions of ferrofluid in the collector tube, with and
without presence of magnetic field. The friction factor decreases in
all cases by increasing the Reynolds number. This is due to the fact
Fig. 11. Effects of magnetic field on the Nusselt number.



Fig. 12. Effects of magnetic field on the friction factor (f): (a) all cases, (b) without, and
(c) with magnetic field only.

Fig. 14. Effects of magnetic field on the friction factor (f): (a) all cases, (b) without, and
(c) with magnetic field only.
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that the friction factor and velocity have an inverse relationship.
Also, the ferrofluids have provided higher friction factor comparing
to the base fluid, as a result of higher ferrofluid density and vis-
cosity. Moreover, Fig. 12(b) shows the friction factor increase for the
bigger volume fractions. In addition, magnetic field has an
increasing effect on the friction factor, as can be seen in Fig. 12(c).

Variation of the pressure drop for base fluid and ferrofluid with
different volume fractions, with and without presence of magnetic
field is shown in Fig. 13. Dispersion of nanoparticles into the base
fluid leads to an increase in ferrofluid viscosity. This leads to an
increase in pressure drop of ferrofluid with bigger volume fraction.
Also, increasing the Reynolds number causes a growth in pressure
drop because of high velocity of the ferrofluid for the bigger Rey-
nolds numbers. In addition, as it was shown in Fig. 7, magnetic field
cause to an increase in the velocity of the ferrofluid, thus, leads to
growth in the pressure drop. This is in accordance with similar
conclusions presented in [44,54]. Therefore, according to Eq. (9),
increase in pressure drop leads to increase in friction factor, as it
was presented in Fig. 12. Although, magnetic field causes to in-
crease in the outlet velocity as well, but rate of growth in pressure
Fig. 13. Variation of pressure drop for base fluid and ferrofluid with and without
magnetic field.
drop is bigger than rate of growth in velocity.
It is obvious from Eq. (11) that the value of PEC for an effective

enhancement approach should be larger than unity. A larger PEC
means a better thermo-hydraulic performance. Fig. 14(c) shows the
variation of PEC for Fe3O4-Therminol 66 ferrofluid with various
volume fractions. As it can be seen from this figure, the best
thermo-hydraulic performance occurs for ferrofluid with 1 vol% in
the case of magnetic field absence, similar to results of Ghasemi
et al. [21]. In addition, presence of magnetic field helps to have
bigger HTC and friction factor, but the growth of HTCs are more
than that of friction factors, which leads to have an increase in PEC
for ferrofluids under magnetic field, see Fig. 14(a) and (b).

Thermal efficiency of the solar collector (hth), defined by Eq. (7),
is the most important parameter for its evaluation. Fig. 15 presents
the variation of this parameter versus Reynolds number for the
collector with base fluid and ferrofluid with various volume frac-
tions, with and without presence of magnetic field. It can be seen
from this figure that the hth of collector increases for bigger volume
fractions, which is due to the thermal conductivity improvement of
the ferrofluids. This causes to absorb more solar radiation by the
Fig. 15. Thermal efficiency of the current solar collector with different working fluids.
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ferrofluid-receiver, hence more thermal energy conversion. In
addition, presence of magnetic fields improves the thermal effi-
ciency of the collector.

4. Conclusion

Current study presented a numerical study based on computa-
tional fluid dynamics incorporated within ANSYS® FLUENT®, in
order to study the effects of ferrofluid and magnetic field on the
performance of a parabolic trough solar collector. Fe3O4-Therminol
66 ferrofluid with different volume fraction was considered as the
working fluid, having the Therminol 66 as the base fluid. In addi-
tion, analyses were done with and without presence of a magnetic
field which was provided by a current-carrying wire located close
to the collector tube. Effect of the magnetic field on the convective
heat transfer coefficient, thermal efficiency, and collector perfor-
mance was investigated in detail. The results have shown that the
HTC of solar collector increases by using submerged nanoparticles
in the base fluid. Increasing in volume fraction of nanoparticles can
increase the HTC as well. Also, current investigations have shown
that using magnetic field helps to increase local HTC of the collector
tube, output temperature, and thermal efficiency of the collector.
The best performancewas obtained for ferrofluid with 4 vol% under
a magnetic field of 500 G, which proves effectiveness of both fer-
rofluid andmagnetic field on the collector performance. Finally, the
best thermo-hydraulic performance occurs for ferrofluid with 1 vol
% in the case of magnetic field absence for which the flow pressure
drop and friction factor have the smallest values, similar to the
results obtained in the literature.
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