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ARTICLE INFO ABSTRACT
Keywords: This attempt numerically investigates the heat transfer in parabolic trough solar collectors
Rotating tube due to the rotating tube for the hybrid nanofluid flow over the Riga surface with Darcy

Darcy Forchheimer porous medium

Forchheimer’s porous medium under the effect of solar radiation. The influences of viscous
Riga surface

dissipation and Joule heating are also considered. Equations governing the fluid flow are

Hybrid fluid . . . . . . R . .
Sgla?raz?;(i)o: non-dimensionalized by implementing appropriate similarity variables. The resulting non-
Heat transfer dimensionalized ordinary differential equations are solved using the shooting technique with

Adam Bashforth and Adam Moulten’s fourth-order numerical approach. The numerical outcomes
for various influential physical parameters regarding the fluid velocity, temperature, Nusselt
number, and entropy generation are presented in graphical form. It is observed that the thermal
profile escalates with the higher values of Reynold’s number, modified magnetic field parameter,
and Prandtl number. Also, the Nusselt number diminishes with augmenting values of the
Eckert number, modified magnetic field parameter, Forchheimer number, and Darcy number.
The optimization of heat transfer in parabolic trough collectors is essential to improve the
performance of solar collectors. The concentrated solar power technology is adequate for storing
radiation energy in higher amounts.

1. Introduction

Solar energy is an effective solution for addressing current energy requirements. It reduces the use of fossil fuels in energy
consumption and is safe for our environment. Concentrated solar power technology efficiently stores the Sun’s radiation energy
in possibly more significant amounts. This technology uses a parabolic trough, which reflects the incoming solar radiation about
a fixed axis towards the bottom perimeter of the receiver tube. Energy from the concentrated solar radiation is absorbed by the
receiver tube, also known as the absorber tube. The absorber tube is housed in an envelope of glass to protect the thermal losses
from the environment. The fluid working in a parabolic trough receiver plays a significant role in the overall performance of the
collector [1,2]. Jianfeng et al. [3] introduced heat transfer performance under the effect of concentrated solar radiation in parabolic
trough solar collectors. A computational model of the heat transfer due to concentrated solar radiation in the receiver tube was made
by Chen et al. [4]. Lipinski et al. [5] discussed the advances, problems, and prospectives in thermochemical energy heat transfer
systems and high-temperature solar thermal collectors.
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Riga plate is usually employed to enhance the fluid’s thermophysical characteristics and prevent mechanical energy loss. Riga
plate is an electromagnetic actuator constructed from permanent electrodes and magnets. The strength of the magnetic and electric
field has a specific external element called Lorentz force that controls the fluid flow, which regulates the fluid flow. Pantokratoras
and Magyari [6] incorporated the Riga surface in the boundary layer free convection flow. The electrically conductive nanofluid
flow over the Riga surface was analyzed by Ayub et al. [7]. Ahmad et al. [8] performed the analysis of heat transfer over Riga surface
in the nanofluid flow. The flow of Walters-B fluid over the Riga plate was described by Shafiq et al. [9]. Rasool et al. [10] analyzed
the heat transfer due to the second-grade nanofluid flow passing across Riga surface. The description of gyrotactic microorganisms
swimming in a Maxwell nanofluid past Riga surface was given by Ramesh et al. [11]. Asogwa et al. [12] investigated the heat
transfer due to the Casson fluid with heat absorption along an inclined Riga plate. Sharma et al. [13] done the study of heat
transfer by magnetohydrodynamic fluid flow with the thermophoretic diffusion and Brownian motion effects. Moreover, Sharma
et al. [14] also studied the magnetohydrodynamic slip flow of blood through tapered multi-stenosed arteries. Ghandhi et al. [15]
did the analysis of magnetically targeted drug delivery through bell-shaped arteries. Sharma et al. [16] investigated the interaction
of an incompressible electro-magnetohydrodynamic Jeffrey nanofluid flow past a non-linear elongation surface. The low Prandtl
number for Maxwell fluid treated with hydromagnetic slip flow and heat transfer was analyzed by Sultana et al. [17]. Marangoni
stagnation point in thermosol Nanofluid flow of GO-MoS,/water on a stretched sheet with an inclined magnetic field was discussed
by [18].

The collector’s efficiency is enhanced by minimizing the average difference of temperature in the collector surface and the
working fluid. Notably, porous materials accelerates the heat transfer by increasing the contact between the collector surface and
the working fluid, which creates a thinner hydrodynamic boundary layer between the fluid and surface of the collector [19]. The
thermal efficiency of a receiver with porous medium under concentrated incidence of solar radiation was investigated by Wang
et al. [20]. Wang et al. [21] also discussed thermophysical models by the mixture as the input gas with porous medium in the receiver
tube for heat transfer. The radiation—convection heat transmission in the porous medium for solar heat exchangers was studied by
Soltani et al. [22]. Beg et al. [23] computed the heat transfer through absorber in the porous medium using the radiative differential
approximation. The survey of Rashidi et al. [24] examined the heat transfer in solar heat exchangers or sun heaters comprised of
porous medium. The investigation of heat transfer in the solar thermochemical reactor with the porous medium was done by Logou
et al. [25]. Changes in effective thermal conductivity due to porous materials by considering the effects of heat radiation were
evaluated by Luo et al. [26]. Magnetohydrodynamic mixed convective unsteady flow in the presence of Darcy—-Forchheimer porous
medium was investigated by Sharma et al. [27]. Thermodynamic investigation of solar water heater employing Titanium oxide/oil
nanofluid combined with the porous medium was done by [28]. The hybrid nanofluid flow with Darcy—Forchheimer porous medium
across an infinite porous disk was investigated by Mohanty et al. [29].

Most of the nanofluids associated with direct absorption solar collectors were mono nanofluids. Nevertheless, mono-nanofluids
have significant drawbacks in certain areas. For example, carbon nanotubes have exceptionally higher thermal conductivities
and remarkable optical properties, and they have some disadvantages because the absorption spectrum of these nanoparticles is
predominantly in the visible spectrum, with poor absorption in the near-infrared region [30]. To overcome these obstacles, the
researchers proposed hybrid nanofluids, and multiple types of nanoparticles are dissolved in conventional fluid to prepare hybrid
nanofluids. Numerous attempts indicate that hybrid nanofluids have more incredible abilities for enhancing heat transfer than mono-
nanofluids, as discussed in the survey by Ahmadi et al. [31]. Xiong et al. [32] presented the review article for on thermal performance
enhancement of the parabolic trough solar collectors by introducing various types of hybrid nanofluids. The review paper by Hu
et al. [33] described the heat transfer due to the different types of hybrid nanofluids and observed that hybrid nanofluids have
better efficiency than mono-nanofluids and fluids. Kumar et al. [34] examined the performance of ferromagnetic hybrid nanofluids
in enhancement of heat transfer . The efficiency of hybrid nanoparticles Al,0;/MWCNT and Therminol-VPI base fluid are superior
for the stability and heat transfer analyzed from the literature by Adun et al. [35]. The solar collector’s thermal efficiency rises by
10.42% for using Al,O;/MWCNT and terminal-VPI hybrid nanofluid with direct normal irradiance between 700 and 1000 W/m?
was concluded from the study of Abid et al. [36]. The review article by Tiwari et al. [37] declares that the efficiency of hybrid
nanofluid is 0.6% greater than MWCNT-oil based nanofluid, 1.98% greater than Al,05-o0il based nanofluids, and 2.58% greater than
pure terminal-VPI. Ghandhi et al. [38] analyzed the entropy generation in the suspension of Au/Al,0O; in the magnetohydrodynamic
blood flow. Tavakoli [39] determined the optimal direction to store higher thermal energy in more significant amounts utilizing
water and Therminol VP-I. It is discovered that at low temperatures, water is the more economical option, whereas industrial oil
should be used at higher temperatures. Also, from the remarks of the literature [40-42], it is concluded that the use of MWCNT/Al, O,
hybrid nanofluids increase the performance of the thermal energy systems. Hydrothermofluidic characteristics sensitive to low and
intermediate Prandtl numbers for Oldroyd B fluid were investigated by Gope et al. [43].

All irreversible thermofluidic processes result in a loss of efficiency. In practice, the amount of these irreversibilities is calculated
via entropy generation. It is preferable to slow down the entropy generation rate to enhance the storage of available energy in
the thermodynamic systems. Parvin et al. [44] examined the entropy formation due to forced convection heat transfer in a solar
collector with direct absorption. A numerical simulation of a flat plate solar collector with laminar conjugated heat transfer by mixed
convection was done by Charjouei et al. [45]. Entropy formation in Casson cross micropolar nanofluid with the thermal radiation
for the three-dimensional unsteady magnetohydrodynamic flow was computed by Nayak et al. [46]. Wang et al. [47] simulated
the single two-phase closed thermosyphon nanofluid flow to investigate its thermal performance. Sharma et al. [48] numerically
studied the entropy produced in the fluid flow driven by magnetohydrodynamic effects. Kumawat et al. [49] discussed entropy
formation in the magnetohydrodynamic blood flow in a porous curve-shaped artery. A thermal model based on three-dimensional
Finite Volume with non-uniform solar heat flux was devised by Goyal and Reddy [50]. Entropy generation and heat transfer in the
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Jeffrey nanofluid flow under the effect of solar radiation were investigated by Sharma et al. [51]. Entropy simulation in a hybrid
water-EG nano liquid flow using magnetohydrodynamic was done by Sen et al. [52]. The irreversibility of magnetohydrodynamic
convective hybrid nanofluid flow due to a rotating disk with nonlinear thermal radiation was examined by Mohanty et al. [53].

Previous investigations deal with thermal energy storage due to static laminar fluid flow through the absorber tube in parabolic
trough solar collectors using conventional fluids. An attempt has yet to be made to analyze the entropy generation and heat transfer
in parabolic trough solar collectors due to hybrid nanofluid flow under the influence of the rotating tube with Darcy Forchheimer
porous medium along the Riga surface. Hence, this study investigates the entropy generation and heat transfer for enhancing thermal
energy storage of parabolic trough collectors affected by the following physical situations.

This attempt analyzes the heat transfer in parabolic trough solar collectors due to hybrid nanofluid flow under the influence
of the rotating tube.

A homogeneous mixture of Al,0; and MWCNT hybrid nanoparticles and Therminol-VPI synthetic fluid is considered as the
heat transfer fluid.

The influences of viscous dissipation, Ohmic heating, Darcy Forchheimer porous medium, and Riga surface (Electromagneto-
hydrodynamic) are also taken in the investigation.

Adam Bashforth and Adam Moulten’s fourth-order numerical approach is implemented with the shooting technique to solve
non-dimensionalized governing ordinary differential equations.

Entropy generation in heat transfer for parabolic trough solar collectors due to rotating tube for the hybrid nanofluid flow is
also investigated.

The computational analysis of radiative heat transfer in parabolic trough solar collectors with a rotating tube and Darcy-
Forchheimer porous medium using hybrid nanofluids holds excellent importance in Case Studies in Thermal Engineering. This
research addresses the critical issues for storing renewable solar energy due to parabolic trough solar collectors in thermal
engineering. The parabolic trough collectors are vital for harnessing solar power efficiently, and enhancing their performance is
crucial for advancing clean energy solutions. Overall, this research bridges theory and application, offering tangible benefits to
thermal engineering. It advances the design and optimization of solar thermal systems, contributing to sustainable and clean energy
sources.

2. Physical assumptions

Steady-state incompressible flow in a laminar pattern for hybrid nanofluid flowing in the absorber with inserted rotating tube
is considered under the effect of viscous dissipation, Ohmic heating, Darcy Forchheimer porous medium, and solar radiation. It is
assumed that the solar radiations on the receiver tube are concentrated by the parabolic trough. The receiver tube and inner tube
temperatures are initially taken as constant with a constant rotation of the inner tube. In general, the vector product F = J x B
determines the Lorentz force, where J indicates the induced density of the electric current, and the magnetic field induced is given
by B. According to Ohm’s law, the equation J = o(E + V x B) determines the current density, where E stands for electric field
and V for velocity of fluid, respectively. The desired electric current density can be achieved for fluid flows with high electrical
conductivity without external electric fields. The current density achieved by the magnetic field of 1 T applied is enough to gain
control (MHD flow control), and in this scenario, the Lorentz force is F = J x B ~ o(V X B) B. However, for fluids with low electrical
conductivities like 10 S/m or less, the current density produced by magnetic fields of several Teslas without an electric field is
insufficient and is negligibly too small. The flow field needs an external electric field to control the low electrical conductive fluid
flows. In that case, the Lorentz force is defined as F = J X B = ¢(E X B).

The applied electric field and magnetic field are in the spanwise direction r normal to the wall for the Riga plate. Because of the
stripwise character of the plate, significant spanwise changes in F occur close to its surface, but these variations quickly diminish
as the distance r increases. The average of the force density F = F,, along the spanwise coordinate z converts into a function
exponentially decreasing in the direction r, which is given by:

nJ M T
F = —exp| ——r
8p a,

where a;, denotes the width of the permanent magnets and electrodes, M (Tesla) is the strength of the magnets, and J (A/m?)
represents the current density applied by the electrodes. This equation describes the force experienced by charged particles or
elements due to electromagnetic interactions. It gives the precise computation of the Lorentz force and the exponential term
describes the variation in Lorentz force density within the boundary layer of the fluid. This equation incorporates the fundamental
electromagnetism concepts and beneficial in understanding complex electromagnetic interactions. It is an extremely useful tool for
explaining and modeling the behavior of electromagnetic forces (see Fig. 1).

According to the assumptions mentioned above, the following equations govern the viscous incompressible hybrid nanofluid
flow in the boundary layer [54,55]:

Momentum equation
UG
hnf‘B:l 7%:

3

U U2, 1)

ou _ (62U 19U U)_nJM

V3
&= g7 = 2L _ZR-
oR ~ "™ \5r2 "RoR ~ R exp(= B

phnf
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Fig. 1. Physical geometry of the solar collector.
Table 1

Physical properties of the nanoparticles and base fluid.

Physical properties Al O4 MWCNT Therminol-VPI
Density [p (kg/m*)] 3970 1600 938

Heat capacitance [C, (J/kg K)] 765 796 1970
Thermal conductivity [x (W/m K)] 40 3000 0.118

Energy equation

T  kmys 9 oT oU U\? 1(RIqp)  zJM z
c U—=—'—(R—) (———) -1 ~ZRyu. 2
(PCo)ins Uk = & ar \Rar) *#mr (5~ %) ~ & or Phns expl=g-R) 2
where,
_ 4o, o1
IR =735, 9R

is the expression for the non-linear radiation approximated by Rosseland approximation.

And,
4 o 473 4
T >~ 4T2 T - 3T2
T* is expanded about T, using Taylor series.
Boundary conditions:

R=ri: UR)=owr, T=T,
R=r,: UR)=0, T=T,.

Physical properties of the Aluminum-Oxide (Al,0;) nanoparticles and multi-walled carbon nanotubes (MWCNT) and Therminol-VPI

are given in the Table 1.

Expressions for the evaluation of thermophysical properties of hybrid nanofluids are given by: Dynamic viscosity

Hy
(1 _4)1)2,5 (1 _¢2)2,5

ﬂhnf =
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Density

Py = P11+ (1=01) [(1= ) oy + d2ps] -
Specific heat capacity

s = A= ¢DI(1 = h2) (c,) 5 + Palc))a] + by ()
Thermal conductivity

— )Xk1+2knf—2¢l(k,,f—kl)
hnt nf $1(kyy — k) +ky + 2k,

where,
_ ky 42k =20, (k; — ky) < (k)
nf = s
ky + 2k, + ¢y (kp — ky)
3. Similarity transformations
R U ry T-T,
r=—u=—, —,0=
ry wry ry T, -T,

where r,, r;, w, T,, and T, are the external tube’s radius, the internal tube’s radius, the internal tube’s constant velocity of
the rotation, the internal tube’s surface temperature, and the external tube’s surface temperature, respectively. As a result, the
dimensionless governing equations are:

Non-dimensionalized momentum equation:

2
Pulr) | 10ur) _ l W) — ReSL ( )6u(r) _ % exp(—fr) — Dau(r) — 2 Ful(r) = 0, 3)
or? roor S

Non-dimensionalized energy equation:

R0(r) 1 00(r) S, [ outr) 1 > 4Rd 1 00:6(r)) Sy 06(r)
EASE AN + EcPr=2 -2 2 o2 prReZ2u + Mo = 4
o Yo TR\ Tar T s ar T P @
Non-dimensionalized boundary conditions:
r=n: u=1, 0=1,
r=1: u=0, 6=0.
2 C, JMr?
where, Ec = 21@n)" 4o the Eckert number, Re = 222”2 js the Reynolds number, Pr = A is the Prandtl number, M, = ——2,
(pC }fAT Buywry
C,
is the modified magnetic field parameter, Rd = doc1) is the radiation parameter, F, = rneGy is the Forchheimer number, g = —-Z2
Prk s VKyvy aq

ﬂnf S, = M _ (0),.s _ kg

2
is the exponential index parameter, Da = -* is the Darcy number, and S, = w53 = o), S = %, are some constants
A 125 f

associated with the thermal properties of hybrld nanofluids.
4. Numerical procedure

This study investigate the heat transfer in parabolic trough collectors due to hybrid nanofluid flow through the absorber tube with
inserted rotating tube in the absorber. Equations governing the fluid flow dynamics are non-dimensionalized by incorporating the
suitable similarity variables. The resulting non-dimensionalized equations governing the hybrid nanofluid flow are second-order,
highly coupled, non-linear ordinary differential equations. And the numerical solutions of the these equations is tackled by the
shooting technique with the combination of Adam Bashforth and Adam Moulten four step numerical approach, which uses both
the explicit and implicit schemes to predict and correct the numerical solution, also known as the predictor—corrector method. The
steps involved in numerical formulation of the current investigation are described below:

Governing equations:

u =uy,
' 1 u S M S1 9
=u =——u; + = + Re—Luu; + —exp(—pr) + Dau+ — F.u?,
Uy = u pil = eSZuul Szexp( pr) au 5, U
o' =0,
2
o 1 S3 1 Sy 1 1 4Rd 1
02 = 01 = m PrReS—4u01 - ;91 - S—4ECPr up — ;u - S—PrEcMexp( pru+ (1 + F) 0 (5)

5
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Boundary conditions:

=n: u=1, 6=1,
=1: u=0, 6=0.

Adam Bashforth four step explicit (predictor) method for this system of first—order differential equation is written as:
ul)y=1, wuy()=t, wyrw+1)=0, 6)=1 06,(1)=g, On+1)=0.
uk + 1) = u(k) + 2—Z[55u1(k) — 59, (k — 1) + 37u; (k — 2) — 9u, (k — 3)],

uy(k+ 1) = uy (k) + 2—’; [55u5 (k) — 59, (k — 1) + 37uy(k — 2) — uy(k — 3)],

6k +1)=06(k)+ %[SSGI(k) —596,(k = 1)+ 376,(k —2) — 96, (k - 3)],

6,(k+1)=6,(k) + %[5502(10 —590,(k — 1) + 370,(k — 2) — 90, (k — 3)]. (6)
Adam Moulten four step implicit (corrector) method for this system of first-order differential equation is written as:

ulk + 1) = u(k) + %[251u1(k + 1) + 646u; (k) — 264u, (k — 1) + 1061, (k — 2) — 19u (k = 3)],

uy(k+1) = uy (k) + %[251142(1{ + 1) + 646115 (k) — 264u5 (k — 1) + 1061, (k — 2) — 19u,(k — 3)],

O(k+1)=0(k)+ 7—}210[25191(k + 1) + 6460, (k) — 2646, (k — 1) + 1060, (k — 2) — 190, (k — 3)],

01(k+1)=6,(k)+ %[25102(1{ + 1) + 6460, (k) — 2646, (k — 1) + 1060, (k — 2) — 196, (k — 3)]. 7)

where k varies from 4 to n, the first four steps of this numerical scheme are calculated by the Runga Kutta fourth-order method. The
resulting momentum and energy equation are second-order ordinary differential equations. Therefore, we need two initial conditions
for solving both the momentum and energy equations, but we have only one initial condition for both the momentum and energy
equations. The remaining initial conditions for u; and 6, are calculated using the shooting technique by setting initial guesses ¢,
and g, and updating them using Newton’s method. The expression of Newton method for updating the initial guesses is given by:

u(b,n + 1) — u(b)
ubn+1)
0(b,n+ 1) — 6(b)

T 0+ )

where u(b, n+1), u; (b, n+1), (b, n+1) and 6, (b, n+1) are the respective predicted values from the numerical scheme at the endpoint, and

u(b) and 0(b) are the respective boundary conditions given at the end point of the domain. Initial guesses are updated continuously
until the numerical solution converges to the error tolerance of 10~ for both the momentum and energy equations.

nh=1n-

81 = 81

5

u(b,n+ 1) — u(b) < 1076

O(b,n+1) - 6(b) < 107°
5. Graphical results

This study numerically investigates the entropy generation and heat transfer in parabolic trough collectors due to hybrid
nanofluid flow through the absorber tube with inserted rotating tube under the influences Darcy Forchheimer’s porous medium
and Riga surface. The governing equations representing the fluid flow dynamics are non-dimensionalized by incorporating the
suitable similarity transformations. The numerical solutions of the resulting non-linear governing equations are tackled via the
shooting technique in combination with Adam Bashforth and Adam Moulten’s four-step numerical approach, which uses both the
explicit and implicit fourth-order schemes to predict and correct the numerical solution, also known as the predictor—corrector
method. Validation of the analysis is done with the article by Mohsenian et al. [54] by taking novel assumptions of this study as
zero. Validation plots are plotted for the temperature and velocity profile results as shown in Fig. 2. These Figures report that this
attempt is in good validation with the existing study.

5.1. Velocity profile results

Fig. 3 presents the results corresponding to the velocity profiles for diverse values of the different pertinent parameters. Fig. 3(a)
illustrates the velocity profile affected by the modified magnetic field parameter M,,. Physically, the increasing effect of the magnetic
field promotes a more vital Lorentz force to hybrid nanofluid flow, and a stronger Lorentz force reduces the drag coefficient at the
surface, which diminishes the resulting nanofluid velocity. The influence of the exponential index of the Riga surface on the fluid
velocity is picturized in Fig. 3(b). This picture presents that the fluid velocity is enhanced by escalating the exponential index
parameter. An enhancing exponential index parameter weakens the strength of the applied magnetic field, diminishing the drag
force and increasing the fluid velocity profile. Figs. 3(c) and 3(d) indicate the behavior of fluid velocity due to variation in Darcy
number and Forchheimer number. In this Figure, it is displayed that the rise in the Darcy number and the Forchheimer number
drops the velocity profile because the porosity of the medium resists the fluid flow, due to which the velocity profile worsens.
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Fig. 2. Present study validated with the study of Mohsenian et al. [54] in the Figs. 2(a) and 2(b).
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Fig. 3. Plots of velocity profiles for the diverse values of various influential physical parameters.
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Fig. 4. Plots representing the temperature profiles for diverse values of various pertinent parameters.
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5.2. Thermal profiles results

Numerical findings of the fluid temperature profiles affected by the various physical parameters are displayed in Figs. 4. Fig. 4(a)
represent the results of thermal profiles for diverse values of Reynolds number. This Figure reveals that the increment in Reynolds
number increases the fluid temperature profile. An increasing Reynolds number increases the inertial forces in the fluid flow,
improving fluid movement within the boundary layer and enhancing the thermal profiles. The modified magnetic field parameter
results for the thermal profiles are presented in Fig. 4(b). In this Figure, it is seen that the fluid temperature profiles are enhanced
with an enhancement in modified magnetic field parameters. A higher value of the modified magnetic field parameter means a more
vital Lorentz force in the fluid, and the Lorentz force reduces the drag coefficient in the fluid flow, which enhances the interaction
between the working fluid and the surface of the absorber tube due to which an improvement in thermal profiles achieved. Thermal
profiles for the magnifying values of the Prandtl number are shown in Fig. 4(c). This Figure reports that the temperature profiles are
enhanced due to enhancing the Prandtl number. A higher Prandtl number indicates that the fluid has a higher ability to conduct
heat relative to its ability to convect it. In such cases, heat tends to conduct away from the heated surface more efficiently, leading
to changes in temperature profiles. Fig. 4(d) presents the influence of the Eckert number on fluid temperature profiles, showing
that an enhanced Eckert number augments the thermal profiles. Eckert number quantifies the ratio of the kinetic energy of the
fluid to the thermal energy changes within the flow. Enhancing the Eckert number indicates more kinetic energy in the fluid flow,
leading to increased mixing and better heat transfer. The increased turbulence and mixing within the fluid results in better heat
dispersion and reduced temperature gradients. Results of the thermal profiles for the radiation parameter are reported in Fig. 4(e).
As per this Figure, it is seen that the thermal profiles reduces for enhancing the radiation parameter, and this result has a similar
trend with the findings of the existing literature [55]. Fig. 4(f) illustrates the outcomes of thermal profile results due to distinct
volume concentrations of the nanoparticles. The first case is plotted for thermal profile results due to the base fluid Therminol-VPI
by taking nanoparticle concentrations as ¢; = 0.00, ¢, = 0.00. The second and third cases are plotted for the thermal profiles
obtained due to the nanofluids by taking nanoparticles concentrations ¢, = 0.05, ¢, = 0.00 and ¢, = 0.00, ¢, = 0.05, and the
fourth case is plotted for the thermal profile due to the hybrid nanofluid with nanoparticles concentrations ¢, = 0.05, ¢, = 0.05.
This Figure shows that thermal profiles due to hybrid nanofluids are higher than the nanofluids. And, the thermal profiles of the
nanofluids are higher than the base fluid. Also, the thermal profiles for alumina nanoparticle-based nanofluid are higher than the
multi-walled-carbon-nanotube-based nanofluid.

6. Quantity of engineering interest

In parabolic solar collectors, the physical quantity of engineering interest is the heat transfer rate, i.e., the Nusselt number. Our
main objective is to augments the efficiency of concentrated solar power technology by enhancing heat transfer in the working fluid
by introducing new terminologies, which allow storing more thermal energy from incoming solar radiation to meet the sustainable
energy demand. Therefore, the Nusselt number is defined as.

4Rd '\ 00
Nu=-5,(1+224)2, _
“ 4< * 3S4>6r|r‘"

Figs. 5 presents the numerical findings obtained for the Nusselt number against different physical parameters. Fig. 5(a) show
the Nusselt number results against the Prandtl number for different values of modified magnetic field parameters. According to this
Figure, it is noted that the Nusselt number reduces with increase in the Prandtl number and modified magnetic field parameter.
Fig. 5(b) present the Nusselt number influenced by the Reynolds number for diverse values of the exponential index. This Figure
reports that augmenting the Reynolds number drops the Nusselt number, and it grows by escalating the exponential index parameter.
Findings of the Nusselt number due to radiation parameters for the varying values of the Eckert number are picturized in Fig. 5(c).
This Figure illustrates that the Nusselt number escalates with a rise in radiation parameter and decelerates with an improvement in
the Eckert number. The influences of Darcy number and Forchheimer parameter on Nusselt number are presented in Fig. 5(d). This
Figure shows that a rise in Darcy and Forchheimer decreases the Nusselt number. Fig. 5(e) presents the Nusselt number, i.e., heat
transfer rate results for the Therminol-VPI based fluid, aluminum-oxide nanofluid, multiwalled carbon nanotube based nanofluid,
and hybrid nanofluid. This Figure shows that nanofluids have higher heat transfer rates than the conventional Therminol-VPI base
fluid, and hybrid nanofluids have higher heat transfer rates than both the aluminum-oxide (Al,05) and multiwalled carbon nanotube
(MWCNT) nanofluids at the same nanoparticle volume fraction.

7. Entropy optimization

Heat loss in an irreversible process in a thermodynamic system is called entropy generation. To evaluate the performance of
the thermodynamic system, it is compulsory to examine the heat loss in the irreversible process. Entropy is generated in this model
through conductive heat transfer, viscous dissipation, nanoparticle diffusion, Darcy Forchheimer porous media, and the Riga surface.
The mathematical term for entropy generation is:
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Fig. 5. Plots of Nusselt number for diverse values of different influential parameters.

After introducing dimensionless variables, the non-dimensionalized form of the expression for entropy generation is as follows:

2 2
S S
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Fig. 6. Plots of entropy formation against different influential parameters.

Entropy generation determines the heat losses in the thermal systems due to irreversibilities in the heat transfer processes.
Minimization of the overall entropy in the thermal systems improves the performance and efficiency of the thermal systems. Figs. 6
presents the entropy generation results influenced by the different physical parameters. Figs. 6(a) and 6(b) demonstrate the entropy
generation due to the variation in Forchheimer number and Darcy number. In these figures, it is seen that the entropy generation
result shows a dual behavior for the varying values of the Darcy and Forchheimer numbers, having the same trends for both the
Darcy and Forchheimer numbers. Entropy generation first rises with a rise in both the Darcy and Forchheimer numbers, and near the
midpoint of the similarity variable, entropy generation changes reduce with escalating Darcy and Forchheimer numbers. Entropy
generation influenced by Reynolds number is depicted in Fig. 6(c). This Figure clears that entropy generation first diminishes with
an enhancement in Reynolds number and than after the mid point of the similarity variable entropy generation enhances with
escalating Reynolds number. Fig. 6(d) displays the entropy generation due to variation in radiation parameter. As per this Figure it
is noted that entropy generation magnifies by enhancing the radiation parameter.

8. Conclusions

This attempt analyzed the heat transfer and entropy generation in hybrid-nanofluid flow due to a rotating tube in the absorber
under the influence of the Darcy-Forchheimer porous medium and Riga surface. The governing equations are non-dimensionalized
with the help of similarity variables. The numerical investigation of the proposed mathematical model for the resulting dimensionless
coupled ordinary differential equations is done by Adams Bashforth and Adams Moulten’s four-step method with the shooting
technique. Newton’s method is used to update the initial guesses. The main concluding remarks of the current investigation are
listed below:

11



B.K. Sharma et al.

Case Studies in Thermal Engineering 51 (2023) 103642

Fluid velocity reduces with the rise in the modified magnetic field parameter M,, and the velocity profiles u(r) accelerates
with the rise in the exponential index parameter .

Velocity profile diminishes with escalates in Forchheimer number F, and Darcy number Da.

Thermal profiles 6(r) enhances with an improvement in Reynold’s number Re, modified magnetic field parameter M,,, Prandtl
number Pr, and Eckert number Ec, and thermal profiles 8(r) reduce with growing the radiation parameter Rd.

Nusselt number Nu, decreases with augmenting values of Eckert number Ec, modified magnetic field parameter M,,, Darcy
number Dq, Prandtl number Pr, and Forchheimer number F,.

Nusselt number enhances by magnifying the exponential index parameter f, and radiation parameter Rd.

Entropy generation first rises with a rise in the Forchheimer number F, and Darcy number Da. And, after the midpoint of the
similarity variable, entropy reduces with escalates in the Forchheimer number F, and Darcy number Da.

Entropy generation first decelerates with an escalating in Reynolds number Re and then after the midpoint of the similarity
variable it enhances with an increment in Reynolds number Re.

Entropy generation escalates by enhancing the radiation parameter Rd.

Utilizing solar energy is regarded as the effective solution for addressing current energy requirements and environmental issues,
such as the depletion of fossil fuels and global warming. Parabolic trough solar collectors are the most demonstrated collectors
for capturing the concentrated solar radiation in solar power generation. Riga plate is usually employed to enhance the fluid’s
thermophysical characteristics and prevent mechanical energy loss. The Riga plate device generates magneto-electric fields. The
external magnetic and electric field’s strength has a specific external element that controls fluid flow and minimizes drag force. All
thermofluidic processes involve irreversibilities, resulting in a loss of efficiency. In practice, the entropy formation calculates the
irreversibilities to minimize the entropy generation rate and maximize accessible energy.

Nomenclature

ag represents the width of magnets and
electrodes, (m)

F is the Lorentz force (N = kg m s2)

M is the strength of the magnets (T =kg s72 A1)
C, specific heat capacity at constant
pressure (J K~! kg™!)

k is the thermal conductivity (W m~! K~1)
M, is modified magnetic field parameter
q, is the strength of non-linear radiation
T, is the temperature of inner tube (K)

U is the velocity component in radial

Da is the Darcy number

Ec Eckert number

Fr is the Forchheimer number

¢, drag coefficient independent of viscosity
J represents the current density by the
electrodes. (NC™1)

K, permeability of the medium, (m?)

Pr Prandtl number

T is the temperature (K)

T, is the temperature of external tube (K)
u is dimensionless velocity

direction (m s™!)

ry is the radius of inner tube (m)

R is the radial direction (m)
Re Reynolds number

u dynamic viscosity (kg m~! s71)

o is the rotational velocity (rad s~!)

o electrical conductivity (S m™!)

¢, is the concentration of aluminum-oxide

nanoparticles
Suffixes
nf represent nanofluid

r is dimensionless radius

r, is the radius of absorber tube (m)
Rd is the radiation parameter

g is the exponential index parameter

v is the kinematic viscosity (m? s~!)

p is the hybrid nanofluid density, (kg m~3)
0 is the dimensionless temperature

¢, is the concentration of multi-walled
carbon-nanotube nanoparticles

hnf represent hybrid nanofluid

f represent fluid
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