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Simulation of Unsteady Magnetohydrodynamic
Flow of Hybrid Nanofluid in Solar Thermal
Collectors
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Abstract- The urgent challenge of climate change calls for
innovative energy solutions that reduce greenhouse gas
emissions and strengthen system resilience. Solar thermal
technology, when enhanced by advanced fluid dynamics, offers
a promising pathway towards sustainable clean energy. This
study simulates the performance of hybrid nanofluids,
specifically copper and titanium dioxide nanoparticles
dispersed in water, to improve heat transfer efficiency in
parabolic solar thermal collectors. The governing nonlinear
partial differential equations describing mass, momentum,
energy, concentration, and magnetic induction are reduced to
ordinary differential equations using similarity
transformations and solved using MATLAB’s collocation based
bvp4c solver. The model assumes two-dimensional laminar
flow, thermal equilibrium between fluid phases, and
temperature dependent hybrid nanofluid properties.
Parametric analysis shows that Brownian diffusion and
thermophoresis significantly influence velocity, temperature,
and nanoparticle concentration, while Prandtl and thermal
Grashof numbers strongly govern convective transport and
MHD coupling. The findings provide deeper physical insight
into hybrid nanofluid dynamics under electromagnetic
influences and support the optimization of solar thermal
collectors for enhanced thermal performance. The study
contributes to Sustainable Development Goals 13 by advancing
efficient and climate resilient clean energy technologies.

Keywords- Hybrid nanofluid, MHD, Similarity
transformation, Solar Thermal Technology, Simulation.

I. INTRODUCTION

HE global transition toward renewable energy is

accelerating, driven by recent technological
advancements that reduce costs while advancing the goal of
a cleaner and more sustainable energy future. Among these
renewable sources, solar energy is at the forefront, setting
new performance records and being integrated into national
power grids with minimal disruption to reliability. As a
result, solar power is increasingly reducing fossil fuels in the
energy sector, thereby reducing carbon dioxide and other
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greenhouse gas emissions.

Advancements in technology have accelerated the
adoption of renewable energy, offering solutions that are
both economically viable and environmentally sustainable.
Solar and wind power are achieving unprecedented growth,
and their integration into existing electricity grids is
occurring with minimal disruption to overall system
reliability. Solar energy offers numerous applications
including heating and cooling buildings, providing hot water
for domestic and industrial use, warming swimming pools,
and generating electricity [1]. One of the most effective
means of capturing solar energy is through thermal energy
storage (TES) systems, which are commonly used in
conjunction with solar collectors such as parabolic trough
collectors (PTCs) and flat plate collectors. These systems
play a critical role in addressing the growing global energy
demand and the depletion of conventional energy resources.

Solar energy is particularly attractive due to its abundant
availability and its ability to be easily converted into both
thermal and electrical energy. To harness this energy, solar
collectors absorb solar radiation and transfer the resulting
thermal energy to a heat transfer fluid (HTF). This thermal
energy can then be utilized in various applications, ranging
from domestic heating to electricity generation via TES
systems [2].

Recent studies have investigated the wuse of
nanotechnology to improve solar thermal system
performance. Hybrid nanofluids, including combinations of
copper (Cu) and titanium dioxide (TiO2) nanoparticles in
water, exhibit higher heat transfer rates than conventional
fluids. Similarly, carbon nanotube (CNT)-based hybrid
nanofluids, particularly those combining single-walled and
multi-walled CNTs, enhance thermal conductivity and
energy conversion efficiency in advanced heat management
applications [3]. Whereas prior studies such as [15] focused
on MHD-viscoelastic flows in porous channels, our work
extends the analysis to hybrid nanofluid dynamics in solar
thermal collectors, thereby linking fluid mechanics with
renewable energy and climate action.

[16] analyzed magnetohydrodynamic free convective heat
and mass transfer effects over an inclined plate, emphasizing
the influence of magnetic fields on buoyancy-driven flows.
While such studies provide important insights into the
fundamental physics of MHD convection, they do not
account for hybrid nanofluids or solar thermal applications,
which are the focus of the present work. [17] investigated
the heat and mass transfer characteristics of a
magnetohydrodynamic (MHD) Prandtl hybrid nanofluid
over a stretching sheet in the presence of bio-convection and
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chemical reactions. The study incorporated the effects of an
inclined magnetic field, thermal radiation, Brownian motion,
thermophoresis, and motile microorganisms. Using
similarity transformations, the governing nonlinear partial
differential equations were reduced to ordinary differential
equations and solved numerically via the Runge-Kutta-
Fehlberg method. Their results demonstrated that the
velocity, temperature, and concentration profiles of hybrid
nanofluids are enhanced compared to conventional
nanofluids, particularly with increasing Prandtl number and
magnetic field strength. The study highlighted the
significance of bio-convection in improving motile
microorganism transport and confirmed the robustness of
the model through comparisons with previous nanofluid
studies. The results also revealed that the velocity profiles of
basic nanofluid and hybrid nanofluid are increased by
increasing the Prandtl parameters’ values

Previous studies, including [13], investigated
oscillatory hybrid nanofluid flows through radiating wavy
channels with considerations for heat generation and
absorption. However, their analysis did not extend to
magnetohydrodynamic  effects or solar  collector
configurations, leaving a gap in the comprehensive
understanding of such systems.

[14] examined the interplay between surface roughness
magnetohydrodynamic effects, and micropolar fluid
behavior within porous triangular plate configurations. Their
findings underscored the influence of surface irregularities
and magnetic fields in reducing flow velocity and altering
heat transfer characteristics. However, their analysis was
confined to micropolar fluids in porous domains. In contrast,
the present study broadens the scope by exploring hybrid
nanofluids within solar thermal collector systems,
incorporating unsteady magnetohydrodynamic conditions.
This extension not only enhances physical modeling but also
aligns the investigation with practical applications in
renewable energy technologies.

Previous studies, including [4], investigated unsteady
Maxwell hybrid nanofluid flow of FesOs-Graphene/Ethylene

Glycol over inclined surfaces, incorporating thermal
radiation, viscous dissipation, Joule heating, and
suction/injection effects. However, their analysis primarily
addressed  fundamental flow and heat transfer

characteristics, without extending to specific solar collector
configurations or optimizing practical thermal performance,
leaving a gap in applying such hybrid nanofluids for
advanced solar thermal systems.

Among the various collector designs, parabolic trough
solar collectors (PTSCs) are among the most efficient,
employing reflective parabolic mirrors to concentrate
sunlight onto a linear receiver tube. The heat transfer fluid
within this tube absorbs the concentrated thermal energy,
which can then be used in steam turbines for electricity
generation or in industrial heating applications [5]. [6]
experimentally examined the influence of nanoparticle
concentration and stability on solar collector efficiency
using silver (Ag) and graphene oxide (GO) nanofluids. Their
results confirmed that metallic nanofluids markedly improve
heat absorption and evaporation efficiency relative to pure
water, providing useful empirical benchmarks for thermal
performance analysis. However, their study remains
primarily phenomenological and lacks the

magnetohydrodynamic (MHD) and transient flow
considerations essential for comprehensive modeling.
Magnetohydrodynamic (MHD) nanofluid flow in confined
geometries has received considerable attention due to its
relevance in thermal energy systems and heat transfer
enhancement.

[11] investigated unsteady squeezing flow and heat
transfer of a nanofluid between two parallel disks under the
influence of a variable magnetic field, incorporating suction
and blowing effects. Using the Least Squares Method
(LSM) validated against a fourth-order Runge-Kutta
scheme, they demonstrated that Brownian motion and
thermophoresis significantly affect velocity, temperature,
and nanoparticle concentration distributions. Although their
study focused on a single-phase nanofluid and a parallel disk
configuration, it provides valuable physical insight into the
influence of magnetic fields and nanoparticle transport
phenomena on thermal performance.

[7] Numerically investigated heat transfer and fluid flow
in a parabolic trough solar collector using an
MWCNT/water hybrid nanofluid and a V-ribbed receiver
tube. Their results showed a 134.6% enhancement in
thermal performance, with the Nusselt number reaching 760
at a Reynolds number of 50,000. While the study effectively
demonstrates the potential of hybrid nanofluids and ribbed
geometries to improve collector efficiency, it is confined to
steady, non-magnetic conditions. Unlike their work, the
present study extends the analysis to unsteady
magnetohydrodynamic (MHD) hybrid nanofluid flow,
incorporating magnetic field effects and transient heat
transfer behavior in solar thermal collectors.

[8] experimentally analyzed a photovoltaic/thermal
collector using TiO2, Al2Os, and ZnO/water nanofluids with
rectangular and spiral cooling channels. The ZnO nanofluid
achieved the best performance, reducing panel temperature
by 14°C and increasing electrical efficiency by 4.7%.
Although the study highlights the cooling potential of
nanofluids, it is limited to steady, non-magnetic conditions.
The present work extends this concept by modeling
unsteady magnetohydrodynamic (MHD) hybrid nanofluid
flow to capture the combined effects of magnetic fields and
transient heat transfer in solar thermal collectors.

[10] investigated Oldroyd-B ternary hybrid nanofluid
flow for solar-powered pumping, providing useful insights
into viscoelastic nanofluid behavior. However, their model
assumed steady laminar flow and omitted magnetic
influences, limiting real-world applicability. The present
study extends this by incorporating unsteady MHD effects
and hybrid nanoparticle dynamics within a parabolic solar
collector for enhanced thermal analysis.

[12] experimentally evaluated an evacuated tube heat pipe
solar collector using CuO nanofluid, achieving higher
thermal efficiency than with R134a or distilled water.
However, their analysis was limited to steady-state
conditions without considering hybrid nanoparticles or
magnetic effects.

These models fall short when applied to real-world
systems that involve curved geometries and dynamic flow
conditions, as seen in PTSCs. Furthermore, there remains a
significant gap in studies that investigate hybrid nanofluids,
especially those examining the effect of nanoparticle mass
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concentration and magnetic fields on unsteady heat and
mass transfer in PTSCs.

This study addresses these research gaps by simulating
the unsteady magnetohydrodynamic (MHD) flow of a Cu-
TiO2/water hybrid nanofluid within a parabolic solar
collector. The analysis includes the influence of a transverse
magnetic field and parametric variations such as the
Reynolds number, Brownian motion, and thermophoresis.
Hybrid nanofluids offer several advantages: improved
thermal conductivity, enhanced heat transfer efficiency,
tunable properties for specific applications, and reduced
operational costs. By incorporating electromagnetic effects,
this study aims to provide new insights into the optimization
of next-generation solar thermal systems for sustainable
energy production and climate action.

II. MATHEMATICAL FORMULATION

This study examines a parabolic solar thermal collector,
depicted in Figure 1, which features a parabolic reflective
surface aimed directly at a high-intensity heat source. This
setup allows the reflected sunlight to converge along a focal
line. Positioned along this focal line is a receiver tube with a
radius of a unit, enclosed within a transparent, anti-
reflective, and evacuated glass tube. The receiver is coated
with blackened nickel, which enhances its ability to absorb
short-wavelength solar radiation while reducing heat loss by
emitting less long-wavelength thermal radiation [9].
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Figure 1: Geometry of the Research Problem.

In this study, several assumptions and simplifications
were made to model the system effectively. The flow is
laminar and axisymmetric, and the hybrid nanofluid is
assumed to undergo no chemical reactions. Viscous
dissipation effects are neglected, and in the absence of an
external electric field, fluid polarization is considered
insignificant. It is also assumed that thermal equilibrium
exists between the base fluid and the suspended
nanoparticles. A no-slip condition is applied at the surface
of the receiver tube. The temperature-dependent changes in
dynamic viscosity and thermal conductivity of the hybrid
nanofluid are assumed to follow a linear trend. Given the
optically thick nature of the nanofluid, the Rosseland

approximation is used to estimate the radiative heat flux.
Additionally, density variations due to both temperature and
nanoparticle concentration are modeled using the
Boussinesq approximation, which is appropriate for
describing boundary layer flows. The governing equations
for flow and thermal field under above assumptions are
modeled as [9].
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Above equations 1- 5(a) and (b) are the specific
governing equations in cylindrical coordinates which are the
continuity, momentum, energy, nanoparticle concentration
and magnetic induction equation both in r and z direction
respectively.
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Change of variables for the similarity transformation
taken in [9].
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The derivatives involved in the specific governing equations
are written in form of the dimensionless variables given by
equations (6a) —(6d) as follows.
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Table 1: Thermophysical Properties of Base Fluid and
Nanoparticles

Physical Base Fluid | Copper Titanium

Property (Water) (Cu) Dioxide
(Ti02)

Density, p|997.1 8933 4250

(kg/m?)

Thermal 0.613 401 8.953

conductivity, k

(W/m-K)

Thermal 21 1.67 0.9

expansion, B X

10-% (1/K)

Specific  heat, | 4179 385 686.2

Cp (J/kg'K)
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III. RESULTS AND DISCUSSION
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Fig. 2. Effects of Varying Re on Velocity Profiles.

Fig. 2 illustrates an inverse relationship between the
Reynolds number and the velocity profile of the hybrid
nanofluid in the parabolic thermal solar collector. As the
Reynolds number decreases, the effective viscosity of the
Cu-TiO»/water hybrid nanofluid increases due to stronger
nanoparticle fluid interactions and enhanced momentum
diffusion. The elevated viscosity intensifies the
hydrodynamic resistance within the boundary layer,
suppressing inertial effects and weakening fluid acceleration
along the collector surface. Consequently, the velocity
profile becomes flatter, and exhibits reduced peak values.
This behavior is consistent with classical boundary-layer
theory, where viscous forces dominate at low Reynolds
numbers and inhibit the development of a strong convective
flow field. The flattening of the velocity profile at low
Reynolds numbers directly affects the thermal boundary
layer. Reduced fluid acceleration limits convective mixing,
which can lead to higher temperature gradients near the
collector surface.
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Fig. 3. Effects of Varying Re on Temperature Profiles.

Fig. 3 demonstrates a direct relationship between the
Reynolds number and the temperature profile of the hybrid
nanofluid within the parabolic thermal solar collector. As
the Reynolds number increases, inertial forces become more

dominant and enhance fluid mixing along the heated
surface. This intensified mixing increases the frequency of
nanoparticle fluid collisions, thereby promoting internal
energy generation and strengthening thermal transport
mechanisms. The resulting rise in temperature is attributed
to the combined effects of increased momentum transfer and
reduced residence time of the fluid near the wall, which
modifies the structure of the thermal boundary layer. These
observations are consistent with classical nanofluid heat
transfer theory, where higher Reynolds numbers enhance
convective thermal transport through improved micro-
mixing.
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Fig. 4. Effects of Varying Re on Concentration Profiles.

Fig. 4 shows that increasing the Reynolds number leads to a
reduction in the nanoparticle concentration profile of the
hybrid nanofluid within the parabolic thermal solar
collector. As the Reynolds number rises, inertial forces
dominate over diffusive transport, resulting in stronger flow
mixing and higher shear rates near the collector surface.
These enhanced shear effects disrupt the natural tendency of
nanoparticles to accumulate, or form localized concentration
gradients. The intensified fluid motion promotes more
uniform dispersion of particles throughout the boundary
layer, thereby lowering the concentration values in the near-
wall region. This behavior is consistent with established
nanofluid transport theory, where higher Reynolds numbers
weaken concentration boundary layers by diminishing
particle residence time near heated surfaces. From a
boundary-layer perspective, increasing the Reynolds number
compresses the concentration boundary layer thickness due
to enhanced convective transport, which limits the
effectiveness of Brownian diffusion in sustaining elevated
nanoparticle concentrations close to the wall. As convection
becomes dominant, nanoparticles are rapidly swept
downstream before significant accumulation can occur,
leading to reduced concentration magnitudes in the thermal
boundary layer region. Similar observations have been
reported in studies on hybrid nanofluid flows over heated
surfaces and in solar collector configurations, where
elevated Reynolds numbers were shown to suppress
concentration build-up while enhancing overall flow
uniformity. This convective dominance highlights the trade-
off between improved mixing and reduced nanoparticle
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residence time, which plays a critical role in governing mass
transport behavior in high-speed solar thermal applications.
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Fig. 5. Effects of Varying Re on Magnetic Induction

Profiles.

Fig. 5 shows that increasing the Reynolds number intensifies
the magnetic induction within the boundary layer of the
hybrid nanofluid flow in the parabolic thermal solar
collector. At higher Reynolds numbers, the stronger inertial
forces enhance fluid motion and increase the velocity
gradients perpendicular to the flow direction. These sharper
gradients strengthen the interaction between the electrically
conducting hybrid nanofluid and the applied magnetic field,
thereby amplifying the induced electromotive forces in
accordance with MHD principles. Moreover, the superior
electrical conductivity of the Cu-TiO2/water hybrid
nanofluid facilitates the formation of induced currents,
which further contribute to the strengthening of the
magnetic induction profile. This behavior aligns with
established magnetohydrodynamic theory, where higher
flow velocities and conductive particle dispersion promote
greater magnetic field perturbations. The intensified
magnetic induction at higher Reynolds numbers has a direct
impact on the Lorentz forces acting within the boundary
layer. As the induced currents interact with the applied
magnetic field, the resulting Lorentz forces oppose the fluid
motion, providing an additional mechanism of flow
regulation. This phenomenon highlights the dual role of
magnetic fields in solar thermal collectors: enhancing
electromagnetic effects while simultaneously modulating
hydrodynamic  behavior. From a transport-physics
standpoint, the increase in Reynolds number elevates the
magnetic Reynolds number, thereby strengthening the
coupling between fluid motion and magnetic field evolution
within the boundary layer. Under such conditions,
convective transport of the magnetic field becomes
increasingly significant relative to magnetic diffusion,
leading to enhanced magnetic induction near the collector
surface. Similar trends have been reported in prior studies of
conducting nanofluid and hybrid nanofluid flows subjected
to external magnetic fields, where increased flow inertia was
found to intensify induced magnetic fields and amplify
Lorentz-force feedback mechanisms. This enhanced
electromagnetic-hydrodynamic interaction plays a crucial

role in regulating momentum transport and stabilizing flow
behavior in magnetically assisted solar thermal systems.
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Fig. 6 shows that increasing the Brownian diffusion
parameter (Nb) results in elevated velocity profiles of the
hybrid nanofluid within the parabolic thermal solar
collector. Physically, a larger Brownian diffusion parameter
corresponds to stronger Brownian motion of nanoparticles,
driven by higher thermal energy. This intensified random
motion enhances nanoparticle dispersion, disrupts
clustering, and reduces effective frictional resistance in the
fluid. As a result, the hybrid nanofluid experiences smoother
flow and higher velocity, consistent with Buongiorno’s
nanofluid transport theory, where Brownian diffusion
contributes to momentum redistribution and improved
convective behavior. The enhanced nanoparticle agitation at
higher Nb values also promotes more uniform distribution
of thermal energy within the fluid, which reduces localized

viscosity variations.
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Fig. 7. Effects of Varying Nb on Temperature Profiles.
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Fig. 7 shows that increasing the Brownian diffusion
parameter (Nb) elevates the temperature profile of the
hybrid nanofluid within the parabolic thermal solar
collector. Higher values of Nb indicate more vigorous
random motion of nanoparticles, which enhances
microscopic mixing throughout the boundary layer. This
intensified Brownian activity increases the frequency of
particle fluid collisions, promoting more effective energy
exchange and augmenting the effective thermal conductivity
of the hybrid nanofluid. As a result, thermal energy is
transported more efficiently from the heated surface into the
fluid, leading to a noticeable rise in the temperature
distribution. This behavior is consistent with classical
nanofluid heat-transfer theory, where Brownian diffusion
plays a key role in strengthening conductive and convective
heat transport mechanisms within particle-laden fluids.
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Fig. 8. Effects of Varying Nb on Concentration Profiles.

Fig. 8 illustrates that increasing the Brownian diffusion
parameter (Nb) enhances the concentration profiles of the
hybrid nanofluid in the parabolic thermal solar collector. A
larger Nb reflects stronger Brownian motion of
nanoparticles, driven by elevated thermal energy. This
intensified random motion reduces particle agglomeration
and promotes more uniform dispersion throughout the fluid
domain, thereby strengthening the overall concentration
distribution and contributing to improved thermal transport.
This behavior is consistent with classical nanofluid transport
theory, where Brownian diffusion acts as a dominant
mechanism governing nanoparticle migration within the
boundary layer. As Nb increases, the random movement of
nanoparticles enhances mass diffusion away from the
collector surface, leading to thicker concentration boundary
layers and higher concentration levels throughout the flow
field. In addition, the enhancement of Brownian diffusion
weakens concentration gradients near the wall by
continuously  redistributing nanoparticles across the
boundary layer, thereby mitigating particle sedimentation
effects commonly observed at lower Nb values. This
intensified diffusive transport increases nanoparticle
availability within the thermal boundary layer, which is

known to strengthen the coupling between mass and heat
transfer processes.
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Fig. 9 shows that increasing the Brownian diffusion
parameter (Nb) reduces the magnetic induction profile of the
Cu-TiO»/water hybrid nanofluid in the parabolic thermal
solar collector. This reduction arises from enhanced
nanoparticle dispersion, which weakens electromagnetic
coupling and attenuates induced currents. The observed
behavior highlights the dual role of Brownian diffusion in
improving fluid stability while influencing heat transfer and
flow control in solar thermal systems.
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Fig. 10. Effects of Varying Pr on Velocity Profiles.

Fig. 10 illustrates that an increase in the Prandtl number (Pr)
elevates the velocity profiles of the Cu-TiOz/water hybrid
nanofluid in the parabolic thermal solar collector. This effect
arises from the suppression of thermal diffusivity relative to
momentum diffusivity, which intensifies temperature
gradients at the absorber wall. The resulting buoyancy-
driven convection accelerates the hybrid nanofluid, yielding
higher velocity magnitudes throughout the flow domain. In
solar thermal collector applications, this mechanism is
particularly significant, as the enhanced velocity promotes

Volume 34, Issue 3, March 2026, Pages 917-927



Engineering Letters

improved fluid circulation and heat extraction efficiency
while maintaining stable boundary-layer development.
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Fig. 11. Effects of Varying Pr on Temperature Profiles.

Fig. 11 shows that as the Prandtl number (Pr) increases,
the temperature profile of the Cu-TiO2/water hybrid
nanofluid decreases within the parabolic thermal solar
collector. This behavior arises from diminished thermal
diffusivity, which restricts heat conduction into the fluid
bulk and produces steeper thermal gradients near the
absorber wall. The intensified gradients confine thermal
energy close to the surface, thereby reducing the overall
fluid temperature. A higher Prandtl number indicates that
momentum diffuses more rapidly than heat, causing the
thermal boundary layer to become thinner compared to the
velocity boundary layer. As a result, thermal energy does
not penetrate deeply into the fluid core, and the temperature
distribution becomes increasingly concentrated near the
heated surface. This limited heat penetration explains the
progressive drop in temperature away from the collector
wall at elevated Pr values
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Fig.12. Effects of Varying Pr on Nanoparticle Concentration
Profiles

Fig.12 demonstrates that as the Prandtl number (Pr)
increases, the nanoparticle concentration near the absorber
wall decreases in the Cu-TiOz/water hybrid nanofluid. This
reduction is caused by intensified temperature gradients,

which strengthen thermophoretic forces that push
nanoparticles away from the heated surface toward cooler
regions in the fluid bulk. The resulting redistribution of
nanoparticles modifies local transport properties and
influences overall collector performance. At higher Pr
values, the thermal diffusivity of the fluid decreases relative
to its momentum diffusivity, causing sharper thermal
gradients to form near the absorber surface. These gradients
amplify thermophoretic motion, promoting a more
pronounced migration of particles away from high-
temperature zones. As a result, the concentration boundary
layer becomes thinner, reducing particle accumulation at the
wall and promoting a more uniform dispersion in the interior
flow region. The thinning of the concentration boundary
layer directly affects heat transfer characteristics. With
fewer nanoparticles accumulating near the wall, thermal
conductivity in the immediate boundary region is slightly
reduced, but the more uniform particle dispersion in the bulk
enhances convective heat transport. By controlling the
Prandtl number and associated thermal gradients, it is
possible to manage particle distribution effectively, ensuring
thinner concentration boundary layers, enhanced bulk
dispersion, and overall improved efficiency of heat transfer
processes.
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Fig. 13. Effects of Varying Pr on magnetic induction
Profiles.

Fig. 13 demonstrates that as the Prandtl number (Pr)
increases, the magnetic induction intensity of the Cu-
TiOz2/water hybrid nanofluid decreases across the flow
domain. This behavior arises from enhanced convective
motion, which distorts or weakens magnetic field lines
depending on the orientation of the applied magnetic field.
As the Prandtl number becomes larger, the fluid’s thermal
diffusivity decreases, meaning heat spreads more slowly
through conduction. The observed reduction highlights the
interplay between thermal transport and electromagnetic
coupling in magnetohydrodynamic solar thermal systems. In
practical applications, these trends suggest that solar thermal
collectors using hybrid nanofluids may experience a reduced
magnetic response when operating in regimes dominated by
high-Prandtl-number behavior. Although higher Pr values
can enhance certain thermal features, they simultaneously
weaken magnetic controllability. Understanding this balance
is essential for optimizing MHD-based heat transfer systems
to achieve stable and efficient performance.
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Fig. 14. Effects of Varying Thermal Grashof number (Gr) on
Velocity Profiles.

Fig. 14 demonstrates that increasing the thermal Grashof
number (Gr) elevates the velocity profiles of the Cu-
TiOz/water hybrid nanofluid in the parabolic thermal solar
collector. This enhancement arises from stronger buoyancy
forces generated by intensified thermal gradients, which
accelerate the fluid and amplify natural convection.
Optimizing Gr through careful design and operational
control is therefore critical for achieving maximum thermal
performance in solar energy systems.the thermal Grashof
number through design and operational parameters is
essential for maximizing the thermal performance of solar

energy systems.
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Fig. 15. Effects of Varying Thermal Grashof number (Gr)
on Temperature Profiles.

Fig. 15 demonstrates that increasing the thermal Grashof
number (Gr) reduces the temperature profiles of the Cu-
TiO2/water hybrid nanofluid in the parabolic thermal solar
collector.  This  reduction arises from  stronger
buoyancy-driven convection, which accelerates fluid motion
and enhances thermal energy transport. The resulting decline
in temperature distribution underscores the importance of
buoyancy-induced flow in regulating thermal gradients and

optimizing heat transfer performance in solar thermal
systems. As Gr increases, the buoyancy forces become more
dominant relative to viscous forces, leading to intensified
upward fluid movement and a thinning of the thermal
boundary layer. This enhanced convection reduces the local
thermal resistance, allowing heated fluid parcels to be
rapidly displaced by cooler fluid from lower regions of the
collector. Consequently, the overall temperature field
becomes more uniform, reflecting the improved mixing and
reduced thermal stratification. Furthermore, the decrease in
temperature profiles at higher Gr values indicates that
thermal energy is being transported more efficiently away
from the heated surface.
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Fig. 16. Effects of Varying Thermal Grashof number (Gr)
on nanoparticle concentration Profiles

Fig. 16 shows the influence of the thermal Grashof number
on the nanoparticle concentration profiles of hybrid
nanofluids in a parabolic thermal solar collector. An
increase in the thermal Grashof number results in a
pronounced reduction in nanoparticle concentration across
the flow domain. This behavior is because of enhanced
buoyancy-driven convection, which intensifies fluid motion,
disrupts nanoparticle aggregation, and facilitates more
homogeneous particle redistribution. As convective currents
strengthen, localized clustering diminishes, promoting a
more uniform nanoparticle dispersion. Such redistribution
not only modifies the microstructure of the hybrid nanofluid
but also has significant implications for thermal transport, as
uniform particle dispersion enhances effective thermal
conductivity and overall heat transfer performance within
the collector.

Moreover, at higher Grashof numbers, the dominance of
thermal buoyancy over viscous forces leads to stronger
upward fluid acceleration, thinning near-wall concentration
gradients and reducing particle sedimentation tendencies.
This dynamic behavior ensures that nanoparticles remain
actively  suspended  within the fluid, preventing
concentration boundary layer thickening that could
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otherwise reduce thermal responsiveness. The resulting
improvement in nanoparticle mixing enhances thermal
boundary layer disruption, enabling more efficient energy
absorption and transport.
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Fig. 17. Effects of Varying Thermal Grashof number (Gr)
on Magnetic Induction Profiles.

Fig. 17 reveals that the magnetic induction profiles of
hybrid nanofluids within a parabolic thermal solar collector
increase with rising thermal Grashof number. This behavior
is attributed to the intensification of buoyancy-driven
convective flow, which enhances the movement and
alignment of electrically conductive nanoparticles within the
fluid. As the thermal Grashof number increases, stronger
thermal gradients generate more vigorous fluid motion,
amplifying the interaction between the fluid’s velocity field
and the applied magnetic field. This results in elevated
magnetic induction due to the magnetohydrodynamic
(MHD) coupling effect, where the motion of conductive
nanofluids under thermal and magnetic forces induces
magnetic fields.

IV. VALIDATION

To ensure the accuracy of the present formulation, the
effects of the Prandtl number on the velocity profiles of the
hybrid nanofluid were compared with the results reported by
[17]. As shown in Figure 10, the velocity profile increases
with the Prandtl number, consistent with the trends observed
in the referenced study. The strong agreement between the
present results and the previous work confirms the reliability
of the model and its applicability to analogous fluid
dynamics scenarios.

V. CONCLUSION

This study presents a comprehensive exploration into the
role of hybrid nanofluids specifically copper and titanium
dioxide nanoparticles suspended in water in enhancing the
thermal performance of parabolic solar collectors. Through
advanced mathematical modeling and  numerical
simulations.

By converting nonlinear governing equations into
ordinary  differential  equations  using  similarity
transformations and solving them through MATLAB’s
bvp4c solver, the analysis offers valuable insights. Key
results show that flow variables such as Prandtl and thermal
Grashof numbers parameter significantly influence velocity,
temperature, and nanoparticle concentration profiles of
hybrid nanofluids in solar thermal systems.

The significance of this research extends beyond its
technical contributions. It demonstrates how hybrid nano
fluid-enhanced  solar  collectors, integrated  with
magnetohydrodynamic principles, can offer practical and
scalable solutions for improving energy efficiency. This
study aligns directly with the broader environmental
mandate of Sustainable Development Goal 13 on urgent
action to combat climate change and its impacts and SDG 7
on affordable, reliable and sustainable energy.

Moving forward, this framework lays the foundation for
future research that might incorporate transient solar
behavior, more diverse nanoparticle blends, and aging
effects on fluid stability. It also opens the door to
interdisciplinary approaches such as machine learning
optimization or real-world system integration that could
transform experimental prototypes into reliable components
of the global clean energy
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