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ABSTRACT

A parabolic trough solar collector (PTSC) converts solar radiation into thermal energy. However, low thermal effi-
ciency of PTSC poses a hindrance to the deployment of solar thermal power plants. Thermal performance of PTSC
is enhanced in this study by incorporating magnetic nanoparticles into the working fluid. The circular receiver
pipe, with dimensions of 66 mm diameter, 2 mm thickness, and 24 m length, is exposed to uniform temperature
and velocity conditions. The working fluid, Therminol-66, is supplemented with Fe3O4 magnetic nanoparticles
at concentrations ranging from 1% to 4%. The findings demonstrate that the inclusion of nanoparticles increases
the convective heat transfer coefficient (HTC) of the PTSC, with higher nanoparticle volume fractions leading to
greater heat transfer but increased pressure drop. The thermal enhancement factor (TEF) of the PTSC is positively
affected by the volume fraction of nanoparticles, both with and without a magnetic field. Notably, the scenario
with a 4% nanoparticle volume fraction and a magnetic field strength of 250 G exhibits the highest TEF, indicating
superior thermal performance. These findings offer potential avenues for improving the efficiency of PTSCs in
solar thermal plants by introducing magnetic nanoparticles into the working fluid.
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Nomenclature
→
B Magnetic flux density
Cp Coefficient of specific heat, J/Kg K
Di Inner diameter of collector tube, m
f Friction factor
h Heat transfer rate, W/m2 K
→
H Magnetic field intensity
k Thermal conductivity, W/m K
L Length of the absorber tube, m
→
M Magnetization
Nu Nusselt number
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Re Reynolds number
u, U Flow velocity, m/s
→
v Velocity of ferrofluid, m/s
�P Pressure drop, Pa
μ Coefficient of dynamic viscosity, kg/m s
μ0 Magnetic permeability of the medium
ν Dynamic viscosity, m2/s
ρ Density, kg/m3

1 Introduction

The pursuit of renewable energy has become paramount in countering the escalating demand for
electricity and the concerning surge in greenhouse gas emissions across the globe. Countries like India,
China, and the US have veered toward investing heavily in solar, wind, hydro, and biofuel technologies
to address this pressing issue. By 2030, an estimated 800,000 MW of additional electricity generation
capacity will be imperative, with renewable sources anticipated to play a pivotal role in meeting this
demand. Solar energy stands out as a frontrunner capable of supplanting traditional energy sources,
presenting an opportunity to curtail energy consumption while fortifying ecosystems against pollution
and the perils of global warming.

India’s National Solar Mission stands as a testament to this paradigm shift, aiming not only to
diminish the nation’s reliance on fossil fuels but also to propel its economic modernization. As part of
this initiative, research endeavors are underway to bolster India’s ambition of significantly augmenting
its installed capacity with intensive solar power plants by the targeted year of 2030 [1].

Among the various technologies, solar thermal power plants leverage solar collectors to har-
ness solar radiation and convert it into usable energy. Parabolic trough collectors (PTCs), such
as those employing magnetic nanofluids (MNFs), exhibit remarkable efficacy in harvesting solar
energy. The MNFs are formed by dispersing magnetic nanoparticles in a base fluid, combining the
properties of nanoparticles and base fluid. The presence of an externally applied magnetic field can
modify the flow and heat transmission properties of MNFs. Common metals used for magnetic
nanoparticles include iron, nickel, cobalt, and magnetite. The enhancement of thermal conductivity
in solar collectors becomes achievable through the integration of MNFs and the application of an
external magnetic field, consequently leading to escalated heat transfer rates. Moreover, the magnetic
field’s influence extends to regulating the viscosity of the nanofluid. An array of research initiatives
has focused on optimizing parabolic solar trough collectors (PTSCs), encompassing factors like
internal fins, geometrical alterations, materials, porous structures, nanofluids, and methods to induce
turbulence [2–6].

Ample evidence from various studies underscores the potential of nanofluids to significantly
bolster heat transfer efficiency in thermal systems [7]. For instance, aluminum oxide-based nanoflu-
ids exhibited a 3.90% efficiency surge in a parabolic trough collector, with configurations featur-
ing two circular categories surpassing uniform nanofluids, resulting in a notable 12.5% efficiency
elevation [7,8].

Further investigations into alumina-water nanofluid unveiled a staggering 47% increase in heat
transfer rates, while CNT/water nanofluid demonstrated a remarkable 3.5 times enhancement, and
CuO/water nanofluid showcased a commendable 25% heat transfer augmentation [9–11]. Intriguingly,
the characteristics of the base fluid themselves exerted an impact on thermal conductivity enhance-
ment, with the lowest initial thermal conductivity exhibiting the most pronounced improvement [12].
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Magnetic Nanofluids (MNFs) represent a fusion of magnetic nanoparticles within a base fluid,
amalgamating the properties of both components. The introduction of an externally applied mag-
netic field can dynamically alter the flow and heat transmission attributes of MNFs. Magnetic
nanoparticles, including iron, nickel, cobalt, and magnetite, have commonly been used in this context.
Studies have shown that magnetic fields enhance heat transfer in MNFs. Jafari et al. [13] found
that magnetic fields increased the HTC and Nusselt number in kerosene-based nanofluids, while
nanoparticle agglomeration reduced it. Li et al. [14] and Lajavardi et al. [15] found that magnetic
fields improved heat transfer rates in heated wire and laminar flows with Fe3O4-based ferrofluids.
Sheikholeslami et al. [16] found that raising the Hartmann number reduced the nanofluid’s veloc-
ity and heat transfer rate, with platelet-shaped nanoparticles providing the highest heat transfer
rate. The effect of magnetic fields on convective HTC was studied using numerical simulations.
Ebrazeh et al. [17] found that nanofluids can improve solar panel efficiency, particularly in photo-
thermal solar collectors. Cao et al. [18] found that increased absorber surface area in-creased
convective heat transfer (CHT), leading to higher outlet temperatures. Khosravi et al. [19] found
that collector’s HTC increased with higher nanoparticle suspensions and magnetic field intensity.
Malekan et al. [2] found that CuO/Therminol-66 and Fe3O4/Terminal-66-based nanofluids increased
collector efficiency by up to 4% at 1% particle concentration in PTSC under an external magnetic field.

The integration of MNFs into solar thermal systems emerges as a promising avenue to bolster
efficiency and elevate the efficacy of solar power plants. The synergy between magnetic fields and
nanofluids presents a compelling prospect in revolutionizing solar energy harvesting, advancing
us toward a more sustainable energy landscape. The literature review assesses factors affecting
the energetic and exergetic performance of MNF-based solar collectors, identifying research gaps
like limited experimental studies, limited understanding of nanofluid configurations, and limited
comparisons between different types. The use of conventional barriers like turbulators, baffles, vortex
generators create turbulence in the working fluid but at the cost of high parasitic pressure losses.
Our goal is to address this issue by employing an external magnetic field. Utilizing MNFs offers a
significant advantage as they respond to this external magnetic field. Consequently, this magnetic
field becomes instrumental in inducing turbulence within the fluid flow, thereby amplifying heat
transfer while minimizing parasitic pressure losses. The present study, therefore, investigated the use of
MNFs in PTSCs, focusing on heat transfer modes and radiation losses. It numerically analyzes PTSC
performance under a constant external magnetic field and computes the impact of magnetic field, local
HTC, Reynolds number, nanoparticles, and nanofluid volume fraction on flow.

2 Materials and Methods

This section describes the computational methodology and the validation of the CFD solver in
the following sub-sections.

2.1 Geometric Modeling and Grid Generation
A PTSC uses U-shaped mirrors to harvest solar radiation, converting it into thermal energy.

MNFs are evaluated using CFD modelling to improve collector thermal performance. The PTSC
system model, shown in Fig. 1, involves a parabolic concentrator which concentrates solar radiation
into a receiver tube and transmitting it to a MNF for heat transfer. The semi-cylindrical tube has a
symmetrical layout, consisting of an outer layer as a solid wall and an inner section as a fluid conduit.
The circular receiver tube of the PTSC considered has an inner diameter of 66 mm with 2 mm thickness
and 24 m in length.
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Figure 1: Computational domain of the proposed model of parabolic trough solar collector

Fig. 2 depicts the structured mesh in the collecting tube. Grid generation was carried out in Ansys
software. Grid sensitivity is an important part of the numerical investigation. In order to test the
grid sensitivity, the values of heat transfer coefficient is monitored. The Grid independence test is
performed with Re = 15000, a uniform heat flux, and working fluid (magnetic nanofluid-1%) and is
furnished in Fig. 3. Finally, grid with elements 1219301 is found to be suitable for this study.

Figure 2: Structured meshing of the collector tube

Figure 3: Grid independence test
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2.2 Working Fluid Parameters
The nanoparticles volume fraction (volume percentage, i.e., 1%–4%) affects the characteristics of

MNFs. The magnetic nanofluid characteristics may be calculated using a sequence of equations based
on the physical properties of nanoparticles and base fluid, as shown in Table 1 [20–22].

Table 1: Thermophysical properties of base fluid and magnetic nanofluid

Material ρ (kg/m3) Cp (J/kg K) k (W/m K) μ (kg/m s)

Base fluid (Theminol-66) 899.5 2122 0.107 0.00106
Fe3O4 nanoparticle 5200 670 6
Magnetic nanofluid (1%) 942.5 2107.48 0.110073 0.0010865
Magnetic nanofluid (2%) 985.5 2092.96 0.113206 0.001113
Magnetic nanofluid (4%) 1071.5 2063.92 0.119657 0.001166

2.3 Governing Equations
The MNF is considered as a single-phase fluid and its physical and chemical properties are deter-

mined by the concentration of base fluid and nanoparticles. The continuity, energy, and momentum
equations of a base fluid apply to MNF, except that the effective properties must exchange for the base
fluid’s properties. Conservation equations can be described as follows:

Continuity equation:

∇
(
ρnf

→
v
)

= 0 (1)

where ρnf defines the nanofluid density, kg/m3,
→
v defines the velocity of ferrofluid, m/s.

Momentum Equation:

∇ ·
(
ρnf

→
v
)

= −∇p + ∇
(
μnf ∇ →

vnf

)
+ μ0

( →
M · ∇

) →
H (2)

where μ0 denotes the magnetic permeability. The term μ0

( →
M · ∇

) →
H denotes the Kelvin force, N.

Maxwell equation was used to calculate the magnetic flux density (
→
B) as follows:

→
B = μ0

( →
M + →

H
)

(3)

where
→
M is the magnetization,

→
H is the magnetic field intensity and μ0 is the permeability of the

medium.

Energy Equation:

ρnf Cp,nf

(
∂T
∂t

+ →
vnf · ∇T

)
= knf ∇2T , (4)

The parameters used to calculate thermal efficiency of the system are:

Nusselt Number (Nu):

The ratio of the convective heat transfer to the conductive heat transfer in a system is expressed as
the Nusselt number, a dimensionless metric. It is the ratio of the heat flow rate via conduction through
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a constant thickness at the same temperature differential to the convective heat transfer rate.

Nu = hDi

k
, (5)

where h defines the heat transfer rate, W/m2 K, Di defines inner diameter of collector tube, m, k denotes
the thermal conductivity, W/m K.

Reynolds Number (Re):

A fluid’s flow regime in a pipe or channel can be described by a dimensionless quantity called the
Reynolds number. It uses the fluid’s inertia force in relation to its viscous force to determine laminar
or turbulent flow.

Re = UDi

ν
, (6)

where U denotes the flow velocity, m/s, ν = μ

ρ
, where the ν is dynamic viscosity, m2/s.

Friction Factor (f ):

The friction factor, a measure of fluid flow resistance, can be used to calculate the pressure loss
along the receiver pipe. It reveals how the fluid loses energy and experiences a pressure drop as it travels
through the pipe.

f = 2�P
ρnf u2

(
Di

L

)
, (7)

where �P denotes the pressure drop, Pa, ρnf denotes the density of nanofluids, kg/m3, u defines the
velocity of fluid, m/s, L denotes the length of the absorber tube, m.

Theoretically, friction factor can also be calculated from Petukhov relation:

f = 1
(0.79lnRe − 1.64)

(8)

Thermal Enhancement Factor (TEF):

The efficiency of heat transfer can be measured with a statistic called the thermal enhancement
factor. It indicates the improvement in heat transfer rate per unit change in friction factor. The thermal
enhancement factor is a crucial factor in optimizing heat transfer systems, indicating a more efficient
process with a higher heat transfer rate. It helps identify effective techniques and configurations to
enhance heat transfer while minimizing frictional losses.

TEF =
Nunf

Nub(
fnf

fb

)1/3 , (9)

where Nunf denotes the nanofluids Nusselt number, Nub define the base fluid Nusselt number, fnf

denotes the nanofluid friction factor and fb is the base fluid friction factor.

2.4 Boundary Conditions
Table 2 represents initial and boundary conditions and solver setting used in the study.
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Table 2: Boundary conditions and CFD solver settings for the model

Numerical model Conditions Value

Energy equation on
Turbulence model RNG k-ε
MHD model on
Boundary conditions
Inlet Velocity inlet Re = 1 × 104 to 2.6 × 105

Outlet Gauge pressure 0 Pa
Upper wall Wall

Heat flux 700 W/m2

Down wall Wall
Heat flux 19500 W/m2

2.5 Validation
The Fig. 4 shows the heat transfer coefficient variation produced from the present simulation.

The current simulation results of 1% nanofluids are compared to numerical results obtained from
Sami et al. [23]. The numerical outcome agreed well with the correlation with a maximum deviation
6.87% indicating that the present numerical model is reliable.

Figure 4: Comparison of heat transfer coefficient with Reynolds number

Fig. 5 shows the friction factor variation produced from the present simulation. As can be
observed in this graph, the current CFD results are in good agreement even with the theoretical outputs
(i.e., Petukhov correlation mentioned in Eq. (8)), with a maximum deviation of 2.23% indicating that
the present numerical model is reliable.
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Figure 5: Comparison of friction factor with Reynolds number

3 Results and Discussion

This study examines the effects of circumferential heating, magnetic field, and fluid types such as
Therminol-66 and MNF on HTC, Nusselt number, friction factor, pressure decreases, and TEF. Fig. 6
depict the local HTC for various nanofluid volume fractions (1% to 4%) with or without a magnetic
flux density (B). In MNF, the local HTC increases as the volume fraction of Fe3O4 nanoparticles
increases.

Figure 6: Heat transfer coefficient of nanofluid with magnetic field for all cases, h vs. Re

The local HTC increased with a rise in Reynolds number for both the MNF and the base fluid in
an applied transverse magnetic field, as shown in Fig. 6. In the absence of a magnetic field, HTC of
MNF is greater than that of base fluid, indicating that dispersed particles in the base fluid contribute
to an improvement in HTC of the collecting tube.
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Fig. 7 illustrates how a magnetic field and nanoparticles affect the fluctuation of the Nu. As the
Reynolds number increased, both the MNF and the base fluid exhibited an increase in the Nu. In
addition, the MNF exhibited a greater Nu than the basal fluid. This can be explained by the fact
that the nanoparticles in the MNF have a higher thermal conductivity. Nu exhibited an upward
trend with increasing nanoparticle volume fractions, ranging from 1% to 4%, indicating that as the
nanoparticle volume fraction in-creased, the thermal conductivity of the nanofluid improved, resulting
in a higher Nu.

Figure 7: Impact of magnetic field on the Nusselt number, Nu vs. Re

Fig. 8 depicts the interaction between friction factor and Re. The friction factor is discovered to be
impacted by varied volume fraction percentages of MNF in the receiver pipe, both with and without
magnetic field. The friction factor decreases as Re increases for all nanofluid cases. The friction factor
of MNF is larger than that of the base fluid as a result of its increased viscosity as well as its increased
density.

Figure 8: Impact of magnetic field on the friction factor, f vs. Re
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Similarly, the pressure drop experienced by the MNF is influenced by the differing volume fraction
percentages of the nanofluid and base fluid in the receiver pipe. Fig. 9 illustratively demonstrates
this. The viscosity of the MNF increases as nanoparticles are infused to the base fluid. This results a
significant pressure drop, especially for higher volume fractions. In addition, as the Re increases, the
pressure loss rises as a result of the increased nanofluid velocities caused by larger Reynolds numbers.
As depicted in Fig. 6, an increase in pressure drop corresponds to a rise in f .

Figure 9: Variation of pressure drop for nanofluid and base fluid, �P vs. Re

It is crucial to compute the overall improvement in thermal performance in order to establish
whether or not the combination of a magnetic field and a nanofluid could have any practical
applications. The TEF is used to evaluate this improvement, outlined by Eq. (9). Fig. 10 depicts the
fluctuation of TEF with Re for various volume fractions of MNF and base fluid in the receiver
conduit, both with and without the magnetic field. The results indicate that TEF of the collector rises
as the volume fraction of MNF increases. This enhancement is due to the MNF’s improved thermal
conductivity. Additionally, the presence of a magnetic field is demonstrated to improve heat transfer
performance as seen by an increase in the TEF.

The collector achieves highest possible value for its TEF when a MNF with a volume percentage
of 4% is used while also being in the presence of a magnetic field. Based on these findings, it appears
that an improvement of a significant amount in thermal performance can be achieved by combining
a magnetic field with a greater volume percentage of MNFs.

The temperature distribution at the collector tube’s outlet is shown in Fig. 11. The figure shows
the outlet temperature of both the base fluid and MNFs with a 4% volume fraction when the inlet
temperature is 503 K and the Reynolds number is 15000. The surface temperature of the collection tube
is higher when no magnetic field was present. Convective transfer of heat is significantly enhanced by
secondary flows and the creation of vortices within the collection tube, as observed here. The enhanced
convective heat transfer is a direct result of intense flow mixing.
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Figure 10: Thermal enhancement factor with different magnetic nanofluids and base fluid

Figure 11: Outlet temperature contour at Re = 15000, (a) base fluid (therminol-66) (b) magnetic
nanofluid-4%

4 Conclusions

The research investigated how the combination of magnetic nanofluid (MNF) and a magnetic field
affected the thermal efficiency of a PTSC. Using computational fluid dynamics, the study examined
various factors’ impact on convective heat transfer coefficients (HTC) and thermal efficiency. From
this analysis, several key conclusions emerged. Introducing an external magnetic field and MNFs
resulted in higher heat transfer coefficients and Nusselt numbers compared to scenarios without
magnetic fields. Incorporating nanoparticles into the base fluid boosted the HTC of the solar collector,
which increased further with higher nanoparticle volume fractions. Among the cases studied, the MNF
with a 4% nanoparticle volume fraction and a magnetic flux density of B = 250 G displayed the most
significant thermal performance. Regardless of the magnetic field’s presence, friction factors decreased
as Reynolds numbers rose. Moreover, the thermal efficiency factor of the collector rose with escalating
nanoparticle volume fractions in the MNF. These findings highlight the potential for leveraging MNFs
and magnetic fields to enhance PTSCs’ thermal performance, bolstering their practical application in
solar energy systems.
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While a wealth of numerical simulation-based research papers delves into external magnetic field-
based parabolic trough solar collectors (PTSCs), there remains a significant scarcity in experimental
work within this domain. Notably, only a handful of researchers [23,24] have documented laboratory-
scale experimental models of solar collectors influenced by external magnetic fields. Surprisingly, the
open literature lacks substantial information pertaining to the practical application of these models
within commercial, industrial, or large-scale settings. The dearth of available data concerning the
implementation and scalability of these technologies in real-world scenarios represents a significant
gap in the current knowledge landscape. Implementing MNFs in solar energy systems requires
thorough investigation, focusing on scaling up the technology and evaluating its viability in real-
world scenarios. Long-term stability, cost-effectiveness, and environmental impact are essential aspects
that future research should address to facilitate the practical integration of MNFs in solar energy
systems. Further, the future study may also include developing precise models to accurately represent
the true behavior of MNFs, refining existing models to encompass rheological and thermophysical
traits, examining how nanoparticle size and shape affect thermal conductivity and heat transfer, and
modeling interactions between nanoparticles to optimize thermal performance.
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