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Solar energy is an environment-friendly renewable energy source that fulfills the energy consumption requirements
of the world economy. Concentrated solar power is the most advanced technology that efficiently absorbs
concentrated solar energy. This article investigates the solar energy storage and entropy generation in
concentrated parabolic trough solar collectors for hybrid nanofluid flow due to a spinning tube inserted at
the receiver’s center. The effect of copper nanoparticles and multi-walled carbon nanotube mixture is studied
using water-based fluid. Also, the influence of an external magnetic field is investigated with thermophoresis
and Brownian motion of nanoparticles. The governing equations for the nanofluid flow are derived using the
conservation principles of mass, momentum, energy, and concentration with boundary layer assumptions and
no-slip boundary conditions. The governing equations are numerically solved using Adam Bashforth and Adam
Moulten’s fourth-order predictor-corrector numerical scheme along with the shooting approach. The numerical
outcomes for the fluid velocity, temperature, Nusselt number, and entropy formation against various influential
physical parameters have been discussed using graphs. It is observed that the augmenting Eckert number,
thermophoretic diffusion parameter, and Brownian motion parameter escalates the thermal profiles. Also, an
escalation of the radiation parameter and Lewis number enhances the Nusselt number. Thermal energy storage
in solar collectors utilizing different terminologies is crucial for improving the efficiency and performance of
solar thermal collectors.

1. Introduction ever, performance enhancement is the primary concern for researchers

and scientists in solar thermal collectors to minimize energy loss and

Energy demand is increasing at a very high rate due to industrializa-
tion, increasing population, and high living standards. In search of this
need, renewable energy sources are preferred due to their sustainability
and environment-friendly nature. Solar energy stands at the forefront
of renewable energy sources. Solar energy is sustainable, clean, readily
available in massive amounts, and not harmful to the environment; it
can meet the world’s energy needs by adopting efficient technologies.
Solar collectors convert solar energy into thermal energy by absorbing
radiant energy from sun radiation. Parabolic trough solar collectors are
preferred and efficient solar collectors that store concentrated radiant
energy from the sun. A parabolic trough is used to reflect and concen-
trate the solar radiations about a fixed axis, and the solar collectors
transform the incoming radiation energy into thermal energy. How-
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maximize the energy storage in the solar collectors. Maximum sunlight
absorption and minimum heat dissipation are the primary requirements
for improving the performance of solar collectors. Padilla et al. [1] intro-
duced the aspects of heat transport in parabolic trough solar collectors.
Jianfeng et al. [2] attempted the enhancement of performance of the
receiver tubes in parabolic trough collectors. The absorber or receiver
tube is a significant part of the setup of a parabolic trough collector.
The collector’s overall performance depends upon the receiver tube and
heat transfer fluid as discussed by Wang et al. [3]. Chen et al. [4] made
a computational model to examine the thermal performance of the re-
ceiver tube. Lipinski et al. [5] reviewed the advancements, difficulties,
and perspectives of high-temperature thermal energy storage in solar
systems. Performance evaluation and cooling system optimization for
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solar panels in Islamabad, Pakistan’s climate was done by Sattar et al.
[6]. Arifin et al. [7] evaluated the performance of a photovoltaic ther-
mal collector based on nanofluids and with varying convection cooling
flows. Sher et al. [8] discussed the impact of humidity and various types
of dust on the functionality of renewable energy modules. Some recent
studies made to investigate thermal energy storage in solar collectors
are [9], [10].

The researcher’s primary objective in solar collectors is to maximize
radiation absorption and minimize heat loss inside the absorber tube.
The external magnetic fields can control fluid flow dynamics having sig-
nificant electrical conductivity. The applied magnetic field diminishes
the flow rate, escalating the radiation absorption by maximizing the
contact between the heat transfer fluid and the receiver’s tube surface.
Kandaswamy et al. [11] analyzed the performance of an incompress-
ible magnetized copper-water nanofluid flow due to solar radiations and
demonstrated that a magnetic field controls the fluid flow. Sharma et
al. [12] modeled the pulsatile magnetohydrodynamic blood flow with
a heat source through the porous medium. Williamson nanofluid flow
was examined by Hayat et al. [13] under the effect of melting heat and
applied magnetic field. Dinh et al. [14] imposed the magnetic field for
heat transfer by the melting surface. Mishra and Sharma [15] studied the
mixed convection magnetized flow with the hall effect through the chan-
nel. Hsiao [16] used an enhanced parameters effect controlling method
to create a system for the extrusion of thermal energy. Tripathi et al.
[17] analyzed the two-phase magnetohydrodynamic blood flow with
the dependency of viscosity on temperature. Soomro et al. [18] studied
the lid-driven triangular cavity filled with water for convection heat
transfer. Magnetohydrodynamic liquid metal technology applications
in the generation of solar power were described by Deng et al. [19].
Al-Cruz et al. [20] comprehensively analyzed the entropy generation
due to the phase change material in the magnetohydrodynamic spin-
ning cylinder. Ghandhi et al. [21] did the modeling of drug delivery for
the hybrid nanoparticles in a magnetized occluded artery with varying
viscosity. Khanduri et al. [22] studied the electroosmotic magnetized
hydrodynamic flow with thrombosis through a curve artery. Sharma
and Gandhi [23] introduced the time-dependent magnetohydrodynamic
flow driven by the mixed convection under the effect of a nonuniform
heat source. Sharma et al. [24] discussed the Jeffrey electromagnetohy-
drodynamic nanofluid flow for solar energy applications, analyzing heat
and mass transfer along variably thicked surfaces. Some other recent in-
vestigations made for the study of magnetohydrodynamic flows [25],
[26]. Adjusting the turbulator layout affects the tubular heat exchang-
er’s heat transmission and hydraulic performance as studied by Ahmadi
[27]. Ji et al. [28] studied the influence of a spiral elastic tube heat ex-
changer’s deflector orientation on heat transfer capacity.

The most effective Brownian motion theory has been applied to the
nanofluid models to introduce the thermal conversion system of nanoflu-
ids. The influences of thermophoresis and Brownian motion with the
influence of solar radiation were studied by Ghasemi et al. [29]. Ther-
mophoresis is a phenomenon caused by the floating of nanoparticles in
the non-isothermal system in response to the thermal gradient. These
nanoparticles scatter the incident radiation, which increases the radia-
tion absorption in the receiver tube. The random motion of nanoparti-
cles in the liquid is known as the Brownian motion. The random motion
of particles undergoes collision, and these collisions entail energy trans-
fer between particles. Brownian motion of the suspended nanoparticles
within the base fluids is the mechanism for the abnormal enhancement
in the thermal conductivity of nanofluid’s. Anbuchezhian et al. [30] dis-
cussed the boundary layer nanofluid flow due to thermal stratification
with thermophoresis and Brownian motion and this study extended by
Kandaswamy et al. [31] to magnetohydrodynamic nanofluid flow. She-
hzad et al. [32] demonstrated a model for solar energy with Brownian
motion and thermophoresis of nanoparticles. Patel and Singh [33] ex-
amined the microplanar nanofluid flow with the Brownian motion and
thermophoresis under the effect of thermal radiation. Nayak et al. [34]
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developed a combined approach for the heat transfer in the receiver
tube with thermophoresis and Brownian motion to intensify the heat
transport. Solar energy applications for the influence of thermophoresis
in heat transfer for diverse geometries due to nanofluid flow were ana-
lyzed by Rekha et al. [35]. Sharma et al. [36] studied the heat transport
of the nanofluid flow over-stretching surface with the thermophoresis
and Brownian motion of the nanoparticles.

The fundamentals of entropy generation in fluid flows for energy
storage systems were described by Bejan [37]. Heat transfer in solar
collectors by thermofluidic processes undergoes some irreversibilities,
resulting in an efficiency loss as explained by Boer and Tamm [38].
Minimizing entropy generation in thermal storage systems is essential
because it improves any device or system’s functionality, performance,
and efficiency. In practice, the entropy generation rate determines the
quantity of irreversibilities. Oztop and Salem [39] reviewed the entropy
generation in energy conversion and storage systems by mixed or natu-
ral convection heat transfer. Improvements to the geometry of thermal
energy storage using shell and tube technology for latent heat analyzing
entropy generation were done by Guelpa et al. [40]. Thermal systems
with entropy measures to sustainably use renewable energy technolo-
gies as studied by Khan et al. [41]. The heat transmission in a miniature
linear Fresnel prototype using hybrid nanofluids (rGO — Co;0,/water)
was studied by Said et al. [42]. Sharma et al. [43] did the study of en-
tropy formation optimization in higher-order chemical reaction for the
magnetohydrodynamic flow. Ghandhi et al. [44] studied the entropy
formation in magnetized hybrid nanofluid blood flow for hemodynam-
ical applications. Kumawat et al. [45] done the entropy analysis of a
magnetized curve-shaped artery with mass and heat transport by simu-
lating two-phase flow. Tavakoli et al. [46] used phase change material
and sinusoidal internal fins simultaneously to exhibit thermohydraulic
performance in LHTES systems. Lead acid battery state of charge pre-
diction for cutting edge renewable energy systems with neural networks
was done by Widjaja et al. [47].

In the literature mentioned above, many attempts have been made to
analyze the heat transfer due to magnetized nanofluid flows over vari-
ous stretching surfaces and cylindrical pipes. From the literature survey,
it is noticed that no attempt has been made to describe the effect of a
rotating tube inserted at the center of the absorber tube in solar collec-
tors under thermophoretic diffusion and Brownian motion of the hybrid
nanoparticles to maximize the radiation absorption by the working fluid.
The rotational effect of the inner tube will generate disturbance in the
nanofluid flow and enhance the fluid mixing, which will result in en-
hanced radiation absorption from sunlight, which, in turn, improves the
performance of the solar collectors. Therefore, this attempt studied the
heat transfer in parabolic trough solar collectors for the hybrid nanofluid
flow due to an applied magnetic field under the effect of a rotating tube
with thermophoresis and Brownian motion of nanoparticles. To fill the
gaps mentioned above, the main remarks and novelty of this attempt
are:

An advanced type of hybrid nanoparticles, Copper and Multiwalled
carbon nanotubes, are used in the analysis to improve the conduc-
tive properties of heat transfer fluid.

Water is used as the heat transfer fluid in the investigation because
water is readily available having low viscosity and higher thermal
capacity.

Influences of thermophoretic diffusion and Brownian motion are
encountered to analyze the nanoparticle’s movement in response
to the thermal gradient.

The impact of the external magnetic field produces a parallel
Lorentz force that controls flow dynamics by affecting the drag co-
efficient.

Optimized heat transfer is examined in the receiver tube under the
influence of an inserted rotating cylinder in the center of the ab-
sorber tube. The rotating cylinder increases the movement of fluid
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particles in the hybrid nanofluid, enhancing internal heat absorp-
tion.

+ Entropy generation is also studied to estimate the irreversibilities
generated in the heat transfer.

Energy demand rapidly increases due to industrialization, popula-
tion growth, and rising living standards. Renewable energy sources are
ideal for meeting this need because of their sustainability and envi-
ronmental friendliness. Solar energy is the perfect renewable energy
source as it is clean, readily available, and environmentally friendly.
Concentrated solar power technology is used to collect solar energy from
sunlight and is known as a solar thermal collector. Enhancement of the
performance of solar collectors is the primary concern for researchers to
maximize thermal energy storage and minimize energy loss. Therefore,
this attempt is made to enhance the performance of solar collectors by
introducing novel concepts and assumptions. This attempt addresses the
influence of the rotating tube inserted at the center of the receiver tube
in the presence of the external magnetic field for the hybrid nanofluid
flow. The rotational effect of the inner tube inserted at the center of
the receiver tube will generate disturbance in the fluid flow and fluid
mixing in the boundary layer, which results in efficient heat transfer. Ad-
ditionally, the applied magnetic field will develop the parallel Lorentz
force, which will minimize the drag coefficient at the receiver’s tube
surface. This resistance increases the contact between the fluid flow
and the absorber tube, which enhances radiation absorption. The hybrid
nanoparticles in water will advance the heat transfer fluid by advancing
the physical properties of the base fluid. This article has been divided
into seven essential subsections. A detailed explanation of these subsec-
tions or the article structure is described below:

The first part contains the introduction section, which briefly ana-
lyzes the existing literature and the gaps available in the literature.
The second part is the physical assumption section; this section con-
tains the physical assumptions considered toward the advancement
of concentrated solar power technology and terminologies consid-
ered for the mathematical modeling of the governing equations.
The third section contains the numerical procedure used to simulate
the governing equations to find numerical outcomes.

The fourth section presents the validation and analysis of the nu-
merical results obtained from applying the numerical methodology.
Section five describes the quantity of engineering interest and the
corresponding outcomes.

Section six is the entropy optimization section, which explains the
terminologies involved in the entropy generation and their corre-
sponding outputs.

Finally, section seven presents the concluded remarks of the study.

2. Physical assumptions

The time-independent boundary layer hybrid nanofluid flow be-
tween concentric tubes with the influences of viscous dissipation, ther-
mophoretic diffusion, Brownian motion, and Ohmic heating with no-slip
boundary conditions is assumed. The non-uniform radiative heat flux
distribution on the tube is assumed from the concentrated solar radia-
tions reflected by the parabolic trough about the receiver tube placed at
a focal length of the trough. A mixture of Multi-walled carbon nanotubes
and Copper nanoparticles with water is considered the heat transfer
fluid. Hybrid nanofluid flow is considered as symmetrical along the axial
and angular directions. R is the radial direction with velocity compo-
nents U. The physical geometry of the solar collector is presented in
Fig. 1.

In the case of electrically conductive fluid flow, the magnitude of
current density produced by the magnetic field is sufficient to control the
fluid flow. Therefore, the current density generated due to the external
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Fig. 1. Physical geometry of the solar collector.

magnetic field is J = 6(B X U), and the Lorentz force is F = 6(B X U) X
B.

Nanofluid flow is assumed as the steady, laminar, and unidirectional.
Thus, the fluid velocity and velocity gradients in the angular and axial
directions with respect to « and z vanishes. In this case, the equations
governing the fluid flow are [48], [49]:

Governing equations:

Continuity equation:

R
% U)=0, (€]
JR
Momentum equation:
2 opnsUB?
Ua_U:thf 6_U+ld_U_£ _’f—7 )
oR 0R2  ROR R? Phnf
Energy equation:
T _ knny 0 (0T
c L -—(R—)
("Co)ins V3R = & 3R \Ror
dT oC _ Dr (0T \?
Dyl S+ L () 3
”[ B3ROR | T, \oR @
. (ﬂ_g)z_mﬂ
Hmi\9R ™ R aR
where,
4 4
g, = ——2e 9T 14 ypdT _ 374,
3pr OR 2 2
Concentration equation:
2 D 2
v _p, [Loc @C], Prior 2T) @
JR ROR 0R? T, | ROR 0OR2
Boundary conditions:
R=r: UR)=owr, T=T, C=C, )
R=r,: UMR)=0, T=T, C=C,.

where, the equation (1) is the continuity equation for one-dimensional
steady-state hybrid nanofluid flow which preserve mass conservation
principle, equation (2) is momentum equation representing velocity dis-
tribution in the fluid flow with convection, diffusion and magnetic field
terms, equation (3) is the energy equation representing the thermal dis-
tribution in the hybrid nanofluid flow due to the convection, diffusion,
viscous dissipation, thermophoretic diffusion, Brownian motion and ra-
diation heat transfer, equation (4) is the concentration equation gov-
erned by convection, diffusion, thermophoretic diffusion, and Brownian
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motion, and equation (5) represents the no-slip boundary conditions,
g, is the non-uniform radiative heat flux distribution estimated by the
Rosseland approximation, v, , is the kinematic viscosity, r; is the ra-
dius of the inner tube, T) is the surface temperature of the inner rotating
tube, C, is the nanoparticle concentration at the inner tube, kj,, is
the thermal conductivity, D is the thermophoresis diffusion, fj is the
absorption coefficient, yy,, is the dynamic viscosity, o, is the Stefan-
Boltzmann constant, Dy is the coefficient of Brownian diffusion, r, is
the radius of the outer tube, 7| is the surface temperature of the outer
tube, w is the speed of angular rotation, and C; is the nanoparticles
concentration at the surface of the outer tube. Relations used for the
calculation of thermal properties of hybrid nanofluids are:
Dynamic viscosity

Upnr = ali
hnf — >
(1 _¢1>2.5 <1 _¢2)2.5
Density
Prnp =P1o1+ (1=1) [(1=2) oy + baps] .

Specific heat capacity

ey =01~ ¢1)[(1 - ¢2) (ep) r + dalep)r ]+ Pi(cp)rs
Thermal conductivity

ky + 2k, =26 (kyp —ky)
b1 (K — k) +ky +2k,,

King = (Kns) X

where
kg 2k =2, (K — k)
U kg 2k + s (K — k)

x(ky).

Elecrical conductivity

3(o; —0,7)P
W=<1+(61 L On )

- 20',,f) - (o) — an)q.’)l

where
<1 . 3(oy—0)ds >

O = 2

nf (0'2—20'f)—(0'2—0'f)¢2 4

Physical Properties Copper MWCNT Water
Thermal Conductivity [k (W/mK)] 401 3000 0.613
Electrical conductivity [S/m] 596x107  1.9x10™*  0.05
Heat Capacitance [C, (J/kgK)] 385 796 4179
Density [p (kg/m3)] 8933 1600 997

Above governing equation are non-dimensionalized by employing
the following appropriate dimensionless variables:

R U r T-T, Cc-G
r=—, = — = — :TI_TZ’ :Cl_Cz_

s s

ry wry ry

Dimensionless governing equations:

Momentum equation:
M? S o5
- +=
(1-n2) S

Energy equation:

d?u(r) 1 du(r)
dr? r dr

! }u( )— Re—u( )d”(’) 0,

(6)

d20()  1dow) du(r) 1 2
a2 Ty Tar TEPr s4{ ar :"(’>}
AR 1d(00) |, o Ss " )dt‘)(r) o d00) d0)

38, r dr S dr dr
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+ Per<d6(r) > =0, @
dr

Concentration equation:

d? d d*o do
0) , 1490)  Ni[d00) 100 _popy iy 390 ¢(r) o,
dr? r o dr Nb| dr? r odr
(8
Boundary conditions:
=n: u=1, 6=1, ¢=1,
=1: u=0, 6=0, ¢=0.
C
where, Re = pf:)ﬂ is the Reynolds number, Pr = - p(pkp )y is the
rkr
pf(wrl)z . 46,T3 .
Prandtl number, Ec = -—~—-— is the Eckert number, Rd = —*< is
(ﬂCp)fAT Brks

the radiation parameter, M = B,d Z—f is the magnetic field parameter,
\/ !

Dp(C1-C,) . . . Dr(T\-T») .
Nb= M is the Brownian motion parameter, Nt = ‘r% is
fi2
the thermophoretic diffusion parameter, Le = DL is the Lewis number,
B
J2 H (vC») k o
and S, = hnf .S, = hnf .S, = 4 hnf’ = hnf’SS = 2 are some
Hf (/’Cp) f k of

constants associated with physical properties of the hybrid nanofluids.
3. Numerical procedure

In the numerical procedure, the first-order differential equation sys-
tem is made after introducing the dimensionless variables; the resulting
equations are numerically solved by Adam Bashforth and Adams Moul-
ten’s fourth-order predictor-corrector numerical scheme. The system of
first-order ordinary differential equations is given by:

Governing equations in the system of differential equations:

u =uy,
, 1 M? S 1 S
=u=—Zu+ st +Re—uu,,
Uy =u, p {( ) S, u eSZuul
0'=0,,
1 S o1, S 1]?
02=01 =————|PrRe—ub|——0,——=EcPr|u——u
1+4Rd/3S, S, r S, r
+ PrNbé, ¢, + PrNt6? + |+ 2Rd 101.
! 38,
¢,=¢17
¢1 Nt 0,
¢2:¢1 RePrLeuqﬁl—T—m 9 +—
©)
Boundary conditions:
r=n:. u=1, 6=1, ¢=1,
r=1: u=0, 6=0, ¢=0.

The derived differential system for the unknown variables, u(r), 6(r) and
¢(r), presented in the general form is given below:

d

T=qtru). f (o) =uo,

211_9 =q(r,0), 0 ("0) =6,
¢

S =ar.d), ¢ (ro) = o

Successive approximation for four step Adam Bashforth explicit (predic-
tor) numerical scheme is given by:
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Fig. 2. Validation of this study with the existing literature [49].

h
Upy g =Uy + 7 [55q(ri,uy) —59q(r_1,up_y) +37quy_o, uy_»)
- 9q(rk_3,uk_3)],

h
Orp1 =0, + ﬁ[SSq(rk, 0,) —59q(r_1.6,_1) +37q(ri_,0,_») 10)

=9q(ry_3,0r_3)],
D1 =P + %[554("/(7‘1’/() =59q(ri_1s i—1) +37q(ri_o. Pr_2)
= 9q(ri_3, Px_3)1-

Successive approximation for four step Adams Moulten implicit (correc-
tor) numerical scheme is given by:

_h
720
+106g(ry_o, up_p) — 19q(ri_3,u;_3)1,

h
720 [251q(ry 1,054 1) + 6464q(r;, 0,) — 264q(r;_1,0,_1)
+ 106g(ry_s,0,_2) — 19q(ri_5,0,_3)],
h

D1 = Pi + m [251q(rs1> Pry1) + 646q(ry, dy) — 264q(r_1, Pr—1)
+106g(ri_o, Pr—2) — 19q(ri_3, hr_3)].

Upp = Uy + [251q(ry 1, upyy) + 646q(r uy) — 264q(r,_q,u,_y)

Os1 = O +

(1)

where k varies from 4 to n, this predictor-corrector method is the four-
step numerical approach; therefore, we need the first four steps to solve
this system of equations to implement this four-step predictor-corrector
method and these first four steps are evaluated by the Runga-Kutta
fourth-order numerical scheme.

The momentum, temperature, and concentration equations are all
second-order differential equations, necessitating two initial conditions
for their numerical solution. However, we currently possess only a single
initial condition for each of these equations. To overcome this barrier,
the unknown initial conditions for u;, 6, and ¢, are calculated with
the shooting method by taking initial guesses ¢, g, and m,;. Newton’s
method update the initial guesses until the solution reaches a desired
error tolerance of 107°. The expression of Newton method to update
initial guesses is:

f=t, - u(b,n+ 1) — u(b)

uy(b,n+1)

_ 6(b,n+1)—0(b)
81 =81~ W
"y =my ¢(b,n+1) — p(b)

¢1(b,n+1)

. The calculated values from the numerical scheme at the endpoint are
denoted by u(b,n+1), uj(b,n+1), 0(b,n+1), 0,(b,n+1), ¢(b,n+1), and
¢, (b,n+ 1), while the boundary conditions at the domain’s endpoint are
indicated by u(b), 6(b) and ¢(b). The initial estimates for momentum. en-
ergy, and concentration equations are updated repeatedly with Newton

method until the numerical solution converges to the error tolerance of
1076,

u(b,n+ 1) — u(b) <1076,
0(b,n+1)—0(b) <1076,
d(b,n+1) — ¢(b) < 107°.

4. Graphical results

This section discusses the numerical outcomes obtained from apply-
ing the above methodology against the effective physical parameters
for the momentum profile, temperature profile, Nusselt number, and
entropy formation. It is necessary to validate the outcomes of this study
with the existing one. The current investigation is validated by neglect-
ing this study’s novel parameters and assumptions. Fig. 2 represents the
validation plots of this analysis with the existing literature [49]. More-
over, it is seen that the performance of the numerical results from the
current methodology is in excellent agreement.

Figs. 3(a) and 3(b) report the effects of Reynolds number (Re) and
magnetic field parameters (M) on the velocity distribution of the hybrid
nanofluids in the boundary layer. Fig. 3(a) demonstrates that the fluid’s
velocity raises with the increase in the Re. Re is the ratio of a inertial
and viscous forces of the fluid. Therefore, the higher Re means the iner-
tial forces become more dominant over viscous forces in the nanofluid
flow, and inertial forces occur due to the momentum of fluid particles
in the boundary layer. Thus, increasing the momentum of fluid parti-
cles for escalating the Re enhances the fluid velocity. Fig. 3(b) displays
that the fluid velocity decelerates by augmenting the effect of the mag-
netic field. The magnetic field produces the Lorentz force in the hybrid
nanofluid flow, and the Lorentz force decreases the drag coefficient in
the hybrid nanofluid flow, which diminishes the velocity profiles of the
hybrid nanofluid flow for the escalation of M.

Figs. 4(a)-5(d) depict the temperature distribution results affected
by the numerous pertinent parameters of the hybrid nanofluid flow in-
volved in the physical assumptions of this analysis. Fig. 4(a) illustrates
the physical influence of Reynolds numbers (Re) on the nanofluid flow’s
thermal profiles. This Figure indicates that the thermal profile is en-
hanced with a higher Reynolds number because the more significant
Reynolds number means the more considerable momentum of the fluid
particles. Then, the viscous forces become less dominant in the boundary
layer; therefore, the higher momentum of the fluid thickens the ther-
mal boundary layer, enhancing thermal profiles with an increment in
Reynolds number. Fig. 4(b) presents the temperature profiles affected
by varying the magnetic field parameter (M), which declares that the
thermal profiles show dual behavior in the thermal boundary layer for
escalating values of the M. Because the applied magnetic field gener-
ates the Lorentz force, affecting the drag coefficient. It enhances the
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Fig. 4. Thermal profiles due to the diverse values of Re, M, Pr, and Ec.

contact between the tube surface and the heat transfer fluid. Therefore,
the temperature profile escalates near the surface of external tube, and
this effect becomes weak as we move away from the receiver tube sur-
face. Fig. 4(c) presents the response of the Prandtl number (Pr) in the
fluid’s thermal profile, and it illustrates that the fluid temperature profile
grows with the rise in the Prandtl number. The higher Prandtl number
indicates that the momentum diffusivity is more dominant, and the more
considerable momentum of fluid particles results in higher heat trans-
fer. Fig. 4(d) depicts the thermal profile influenced by the Eckert number
(Ec). As per this Figure, the growing Eckert number escalates the ther-
mal profiles. Eckert’s number is proportional to the kinetic energy of
a hybrid nanofluid. Therefore, increasing kinetic energy enhances the
thermal profiles. Fig. 5(a) represents the thermal profiles influenced

by the thermophoretic diffusion parameter (Nt), which reports that
the thermal profiles are higher for increasing thermophoretic diffusion
parameters. Thermophoretic diffusion is the diffusion of nanoparticles
owing to the thermal gradient, which enhances the thermal profile.
Brownian motion (Nb) effects on the thermal profiles are shown in
Fig. 5(a), which declares that the Brownian motion enhances the ther-
mal profile. Because the increasing Brownian motion undergoes more
collisions of the nanoparticles, these collisions dissipate more heat to
the working fluid. Fig. 5(c) demonstrates the varied thermal profile of
hybrid nanofluid by the Lewis number, and the thermal profiles reduce
with the rise in Lewis number. Fig. 5(d) picturizes the influence of radia-
tion parameter (Rd) on the thermal profiles, demonstrating that thermal
profiles worsen for enhancing the Rd. The trends and behavior of this
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Fig. 5. Temperature profiles for diverse values of Nt, Nb, Le, Rd, ¢, and ¢,.

result are similar to that of the existing literature [49]. Figs. 5(e) and
5(f) present the variations in thermal profiles due to the variation in
nanoparticle volume fractions of the Cu nanoparticles and MW CNT.
This Figure reports that the thermal profiles increases with escalates in
the volume fractions of the Cu nanoparticles and MW CNT. This hap-
pens due to the suspension of nanoparticles in the heat transfer fluid
having enhanced physical properties.

5. Quantity of engineering interest

Drag coefficient, heat transfer rate, and mass flow rate are the phys-
ical quantities of interest in the fluid flow phenomenon. Moreover, our
primary goal here is to improve the performance of solar thermal collec-

tors by enhancing the heat transfer rate at the surface of absorber with
heat transfer fluid. Different terminologies are introduced to store ther-
mal energy from incoming solar radiation in more significant amounts
to reach sustainable energy requirements. For this purpose, the physi-
cal quantity heat transfer rate, i.e., the Nusselt number, is preferable for
optimizing heat transfer and absorbing the possibly maximum radiant
energy. Mathematically, the Nusselt number is formulated as follows:

Nu:_S4<1+4Rd>60

38, ) or lr=n
In Figs. 6(a)-6(d), Nusselt number (Nu) results are plotted to show

the influence of numerous parameters to understand the characteristics
of heat transfer in hybrid nanofluid flows with the effect of the rotat-
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Fig. 6. Numerical results of the Nusselt number corresponding to the diverse effective physical parameters.

ing tube inside the absorber with thermophoresis and Brownian motion
of the nanoparticles in under the impact of the magnetic field. Fig. 6(a)
portrays the influence of the Re on the Nu for the different defaults of
M, and this shows that the Nu drops with improvement in M and Re.
The influence of the Nt and the Pr on the Nu is picturized in Fig. 6(b).
This Figure illustrates that a decrement in the Nusselt number is ob-
tained by increasing the thermophoretic diffusion parameter and the
Pr. Plot 6(c) picturizes the behavior of the Nu under varying values of
the Rd for the different defaults of the Ec. This Plot shows that the Nu
increases by escalating the Rd and decreases with an increase in the Ec.
Fig. 6(d) illustrates the findings of the Nu against the Lewis number for
diverse values of the N b. The findings of this picture report that the Nu

enhances by augmenting the Lewis number and reduces against the im-
provement in the Nb. Fig. 6(e) illustrates the effect of volume fractions
of the Cu nanoparticles and MW CNT on the Nu. This figure shows
an enhancement in the Nu for the escalation in volume fractions of the
Cu nanoparticles and MW CNT.

6. Entropy optimization

Entropy generation is heat loss during an irreversible process in a
thermodynamic system. Therefore, it is essential to examine the heat
loss during the irreversible process to evaluate the performance of the
thermodynamic system. This model generates entropy due to conduc-
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Fig. 7. Entropy formation due to the various influential physical parameter.

tive heat transfer, viscous dissipation, diffusion of nanoparticles, and
magnetic field. Mathematical expression for the entropy generation is
given by [50]:

166*T; \ (VT;)? o
2 f F hnf 5
E,=\kp,r+ +Upr— + (uB)
¢ < mt 3K*<pc,,>;mf> R P a2
(VC,)? vVC,VT
+RD—I +Rp—L 1,
&) T,

1 166°T \ (o1 \*  Hms (0U U\’
Ee= 2\t 3500, )\or) "1, \or " &
T k(0 s 2

o RD 2 RD
+ 2w =2 () L 2 (L) (L),
(T, C, \9R 7, \oR J\oR

(13)

Non-dimensionalized form of the expression for the entropy generation
after introducing dimensionless variables:

2

4Rd\ ( 96 S M? 2 S5y

N =S,1+— — + — PrE + —=FEcPr..
g 4( 3S4)<0r> 5 (g O Eebr

2 2 2
(54 232 ()
or r 6 \ or or 1) or

Figs. 7(a)-7(d) illustrate the entropy generation (V) due to some
influential physical parameters for the three different default values of
the parameter. Fig. 7(a) shows the behavior of N, versus the M, which
shows that the N has dual behavior with the effect of varying the mag-
netic field strength. The entropy first increases towards the surface of

14
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the inner tube and then changes its behavior at the mid and then de-
creases towards the surface of the outer tube. The influence of increasing
Ec for the variation in N is displayed in Fig. 7(b). This Figure shows
that the entropy improves by magnifying the Ec. Fig. 7(c) highlights
the entropy produced due to the Re, and from this Figure, it is noted
that entropy shows dual behavior by varying the Re. N first escalates
with a growing Re and then decelerates nearly from the middle point of
the similarity variable with an increment in the Re. Fig. 7(d) displays
the results of N, affected by the Rd. This Figure reports that entropy
increases by enhancing the Rd. Figs. 7(e) and 7(f) represent the influ-
ence of nanoparticle volume fractions on the entropy generation. These
Figures demonstrate that the escalation of volume fraction for both the
nanoparticle Cu and MW CNT enhances the entropy generation.

7. Conclusions

This article investigated the heat transfer and entropy formation in
solar collectors due to a rotating tube with thermophoresis and Brow-
nian motion under the effect of the magnetic field. From this study,
It is concluded that the fluid velocity is enhanced with the escalation
of Re and decelerates with an enhancement in M. The fluid tempera-
ture profile increases for the augmented Re, and the temperature pro-
file shows dual behavior for the escalated M; the temperature profile
accelerates near the surface of the absorbing tube, and it decelerates
away from the surface of the receiver for the increase of the M. En-
hancement in Pr, Ec, Nt, and Nb escalates the thermal profiles in the
hybrid nanofluid flow. Also, the enhancing nanoparticle concentration
increases the thermal profiles. Escalation of the Le and Rd diminishes
the thermal profiles. Higher Re, Nt, Pr, M, Nb, and Ec decelerates
the Nusselt number. Augmenting the Le, Rd, and nanoparticle concen-
tration enhances the Nusselt number. The contribution of the M in the
entropy generation shows dual behavior. Entropy generation first in-
creases with an enhancement in magnetic field parameters and then
increases with the increasing effect of the magnetic field. Entropy gen-
eration is higher for escalated Ec and Rd values. Augmenting the Re
shows dual behavior in the entropy generation, which first escalates
with an increment in the Re and then decelerates nearly toward the mid-
dle point of the similarity variable with the rise in the Re. The entropy
generation is enhanced due to the increase in nanoparticle concentra-
tions of both nanofluids.
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