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Abstract: Parabolic trough solar collectors (PTSCs) are generally utilized to reach high temperatures
in solar-thermal applications. The current work investigates entropy production analysis and the
influence of nano solid particles on a parabolic trough surface collector (PTSC) installed within a
solar powered ship (SPS). For the current investigation, the non-Newtonian Maxwell type, as well as
a porous medium and Darcy-Forchheimer effects, were used. The flow in PTSC was produced by a
nonlinear stretching surface, and the Cattaneo—Christov approach was used to assess the thermal
boundary layer’s heat flux. Similarity transformation approach has been employed to convert partial
differential equations into solvable ordinary differential equations allied to boundary conditions.
Partial differential and the boundary conditions have been reduced into a group of non-linear
ordinary differential equations. A Keller-box scheme applied to solve approximate solutions of
the ordinary differential equations. Single-walled carbon nanotubes -engine oil (SWCNT-EO) and
Multiwalled carbon nanotubes/engine oil (MWCNT-EO) nanofluids have been utilized as working
fluid. According to the findings, the magnetic parameter led to a reduction in the Nusselt number, as
well as an increment in skin friction coefficient. Moreover, total entropy variance over the domain
enhanced for flow rates through Reynolds number and viscosity fluctuations were monitored by
using Brinkman number. Utilizing SWCNT-EO nanofluid increased the thermal efficiency between
1.6-14.9% in comparison to MWCNT-EO.

Keywords: parabolic trough solar collector; maxwell nanofluid; Cattaneo—Christov model;
Keller-box method

1. Introduction

Rapid growth of population and industrialization are constantly increasing the de-
mand for energy [1]. Therefore, it is of utmost necessity to utilize sustainable and cost-
effective energy sources to fulfill the demands of energy. Solar energy is one of the clean
and inexhaustible energy sources that can be utilized in both electrical and thermal energy
generation [2]. Parabolic trough solar collectors (PTSCs) are one of the effective methods
of thermal utilization from solar energy [3]. PTSC applications are generally preferred
to reach higher temperatures in comparison to flat-plate solar collector systems [4]. The
thermal efficacy of a PTSC is affected by the thermophysical characteristics of the absorbing
fluid, fluid velocity, and length of the collector [5-7]. Thermophysical characteristics of
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the working fluid in thermal systems can be enhanced by adding nano-sized particles
suspended homogeneously [8,9]. These nano-sized particles have much larger surface
areas and thus have great potential for heat transfer improvement [10]. Nanoparticles
contain almost 20% of their electrons at the surface which makes them ready to transfer
heat. Another benefit of utilizing nanofluids is particle agitation which causes micro-eddies
to expand the hydrodynamic boundary layer and decrease the thickness of the thermal
boundary layer to increase micro-convection between layers of fluid and heat transfer [11].

Photovoltaic thermal collectors, or PV collectors, are power production technologies
that convert solar radiation into useable thermal and electrical energy. They are also known
as hybrid solar collectors, photovoltaic thermal solar collectors, PV collectors, or solar
cogeneration systems. One of the kinds of concentrated solar power (CSP) is PTSC. PV
collectors combine photovoltaic solar cells, which convert sunlight into electricity, with a
solar thermal collector, which transports the PV module’s otherwise wasted waste heat
to a heat transfer fluid. These technologies can achieve better overall efficiency than solar
PV or solar thermal alone because they combine electricity and heat generation inside the
same component. PV systems have the advantage of being dependable. Although both PV
and CSP require sunshine to operate, CSP requires direct sunlight. During cloud cover, PV
solar panels will still work, although to a lower level. This makes them more appealing
in locations where cloud cover is widespread, like Spain in the winter. Another benefit
of PV over CSP is the ease with which individual power-producing sites may be set up.
Solar panels, an open area, and a transfer connection to the grid network are all that is
required for PV systems. The photovoltaic effect generates power without the need for any
moving parts. Mirrors, steam tanks, a turbine generating system, steam condensers, and
perhaps thermal storage tanks are required for CSP systems. This complicates the building
and operation of CSP plants compared to PV plants. PV’s ease of usage makes it ideal for
use in households and small businesses to reduce power costs. Personal usage of CSP is
impractical due to its complexity and necessary space. It has been discovered that the use
of solar energy in the maritime power system is widely regarded as a highly promising
option for many countries, as it provides the way for the development of green ships.
The integration of photovoltaic (PV) energy into the ship’s power system necessitates an
understanding of the electrical power system as well as many other aspects of shipping.
The solar-powered ship has been invented by Raphaél Domjan, who started and finished
the first-round trip around the world by utilizing solar energy among September 2010
and May 2012 and aboard the MS catamaran Planet Solar. In 2015, the first polar solar
navigation in the Arctic Ocean has been carried out. He is the founder as well as the pilot
of the project named Solar Stratos, the first solar plane which flew in the stratosphere.
In August 2020, he jumped off of an electric plane and it is considered to be the first
solar free fall. Sun et al. [12] probed the designing as well as the implementation of PV
systems on ships. The characteristics based on the transient have been elaborated under
two operative constraints: at ocean and seaport. A massive number of harmonics are
created as soon as PV is incorporated into the ship’s grid. The economic viability of putting
PV systems aboard commerce ships has been investigated [13]. Sulaiman [14] investigated
the viability of utilizing PV as backup power for Auxiliary Engines (AEs). Lee et al. [15]
assessed the calculation of stability and investigated a mixture PV (diesel) ship style. In
their paper [16], Babu and Jain investigated the use of PV systems on tiny distant-aquatic
fishing boats in India. Cristea [17] demonstrated the testing results of the ship’s PV panel.
Kirkpatrick [18] examined the efficacy of PV systems on ships widely utilized in the Navy.
Kobougias et al. [19] studied the requirements of a PV-based ship system. Utama et al. [20]
investigated the solar-powered catamaran fishing craft. Yufang et al. [21] investigated the
design of a fuel-free spacecraft powered by solar and wind energy. Alfonsin et al. [22]
offered a first model based on a theory on the scheme of hybrid hydrogen as well as
renewable energy to an electrical propulsive in the case of sailboats. Cristea et al. [23]
researched the corresponding among computed and actual PV systems on the practice ship.
They found that the level nominated PV panels to happen to be more efficient as compared
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to the vertical type. It has been observed that the capacitance of utilizing PV scheme on the
ship is as a supplementary power to cut out the use of fossil fuel and it has been studied
in [24]. Peng et al. [25] established a simulation model for a standard ship power-system
and a computation scheme for PV model in PSCAD program. Lan et al. [26] proposed a
procedure to decide the optimal volume of the PV-diesel-battery mixture scheme for the
ship power processes for reducing the cost of capital, cost of fuel, and discharges from the
exhaust. The author also studied the optimizing of slope-angle found in the PV-panels on a
large oil hauler-ship. As the slope-angle increases, the production of the power of PV-panel
decreases under the outcome of the investigation [27]. Tang et al. [28] have announced
a system of power-management of the “CoscoTengfei” ship, it is united into PV system.
The significance of low incidence quivering of a ship in the productivity appearances of
PV-cells underneath varying solar-radiative is deliberated in [29]. Wen et al. [30] studied the
PV-ESS-Diesel mixture-ship power-system when the ship is in motion. A charging station
of an electrical ship along with a grid connection of natural resource energy is analyzed
in [31]. The use of LabVIEW, as well as MATLAB for simulating ship power systems, has
been shown in [32]. Tang et al. [33] performed PV matrix design with sophisticated MPPT
control. Yuan et al. [34] showed a large-measurement PV system developed for “COSCO
Tengfei” with a peak power of 143 kW. Figure 1 represents a solar-powered ship. Figure 1
represents a solar-powered ship [35].

Figure 1. Solar powered ship.

Numerical solution techniques are commonly used to evaluate thermal systems. They
allow simulation and determine the thermal and flow structure of the analyzed case
without conducting any experiment. Numerical approaches are also widely utilized for
analyzing solar-thermal systems [36-38]. There is some research about the employment of
nanoliquids in solar-systems. Ghasemi and Ahangar performed a numerical investigation
of a PTSC with Cu/water nanofluid. According to their results, outlet temperature has been
increased approximately 28% by utilizing nanofluid [39]. Subramani et al. [40] investigated
a PTSC working with Al,O3/water nanofluid. Moreover, the effect of CNT coating on the
performance of PTSC has been examined. Hachicha et al. [41] simulated PTSC utilizing
MWCNT /water nanofluid at different seasonal conditions. According to their simulation
results, the Nusselt number was improved by a maximum of 21% with the use of nanofluid.
Bellos et al. [42] analyzed nanofluid-based PTSCs with EES software to upgrade the thermal
performance. The simulation findings indicated that the maximum thermal enhancement
was obtained approximately 4%—17% with the use of nanofluids and different modifications.
In an investigation done by Abed et al. [43], the thermal performance of PTSC with non-
uniform heating was investigated. They used six different non-metallic nanoparticles and
three different base fluids in the study. Results showed that using nanofluids significantly
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improved thermal efficiency. Subhedar et al. [44] integrated a PTSC using nanofluid with
single slope solar still. According to the results, utilized modifications improved the
thermal efficiency by 70%. Bezaatpour et al. [45] developed a PTSC with rotary absorber
tested the system by using nanofluids. The exergy efficacy of the PTSC was improved
by 24% with the use of the modifications. Rejeb et al. [46] investigated PTSC-driven
absorption refrigerators using nanofluids. COP value was increased between 12.5-15.5%
with nano-additives. Peng et al. [47] empirically analyzed metal-based nanofluids in PTSCs
system. Adding nanofluid to the system increased heat transfer by almost 45%. Minea and
El-Maghlany [48] analyzed the effects of utilization of hybrid-nanofluid on the yield of
PTSCs. In another study, O’Keeffe et al. [49] performed a transient simulation PTSC using
nanofluid. Literature in connection with new developments in fluid flow in the light of
different fluid model is enumerated in Refs. [50-64].

Exergy destruction and entropy generation comparatively grow stronger because of
fluid friction and vibration, electrical resistance, mixing, and reactions. Irreversibility’s
bring about decrement in useful work and consequently, the energy gain rate from so-
lar systems is ideally low. Correspondingly, exergy investigation is a crucial method
for investigating the energy harvesting behavior of solar systems [65-67]. Ebrahimi-
Moghadam et al. [68] analyzed a PTSC using alumina/ethylene glycol nanofluid for mini-
mizing entropy growth. They utilized machine learning approaches in the investigations.
According to the results, utilizing nanofluids led to decrease thermal entropy generation.
Mwesigye et al. [69] numerically analyzed PTSC using nanofluid. As a result, the entropy
growth rate decreased at low flow rate values. There are also some recent advancements in
the field of entropy analysis of solar collectors available in the literature [70-72].

This source of power is very important in developing countries as solar energy is
plentiful compared to other sources of energy. Advantages of solar-powered ships/boats
are that they are environmentally friendly, cost-effective, eliminate sound pollution, are
capable of charging continuously, can restore a boat’s dying battery, can charge our devices,
have less environmental impacts, and above all, they are highly reliable. Studies in the
literature show the importance of detailed entropy and thermal investigation on solar-
thermal systems. Moreover, the utilization of nanofluids in PTSCs is important to upgrade
the performance of the system. In this study, a viscous Maxwell nanofluid passed over an
infinite heat flux induced horizontal surface has been analyzed with Cattaneo—Christov
model. Two different Maxwell nanofluids (SWCNT-EO and MWCNT-EO) were employed
to upgrade the thermal performance of PTSC. In addition, this study focuses on the
influences of dimensionless numbers on entropy generation. The schematic view of the
analyzed PTSC in this research is demonstrated in Figure 2.
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Solar Plates

Momentum boundary layer
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Sheet in PTSC

Q \
Receiver
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»
Nanofluid Flowing \
inside a Parabolic Trough Central Heat Pipe

Figure 2. Schematic view of PTSC.
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The major goal of constructing Figure 2 is to show the step-by-step approach for
constructing the current theoretical model. Solar energy falls on the PTSC, passing through
a fluid that is accompanied by thermal radiation and stores the maximum amount of energy
on the PTSC through thermal conductivity. This energy is stored as heat energy, which is
then turned into electrical energy with the use of photovoltaic cells in a batter. Inside the
solar-powered spacecraft, this electrical energy is employed for a variety of reasons.

L The sun’s solar energy falls on the PTSC’s cylindrical surface, and this energy
is available in the form of heat energy. Because of the nanoparticles floating in
the base fluid pass across PTSC, this energy has the greatest power. The incor-
poration of physical phenomena like thermal radiation and thermal conductiv-
ity increases the PTSC’s heat storage capacity, which is the heart of the present
theoretical experiment.

II. At the surface of PTSC, the greatest solar energy is stored in the form of thermal
energy. The next step is to convert this energy into electrical energy, which will
be utilized for navigation and electronic lighting. The solar cells battery, which
is located within the fuel area box of the powered spacecraft, converts this heat
energy into electrical energy. The battery stores energy throughout the day and
uses it to power during the night.

I The contribution of electrical energy to activities like as avionics, electric navi-
gational lamps, and military communication is entirely reliant on the number of
energies held or stored by the battery in terms of electrical energy.

2. Mathematical Formulation

The model with the non-uniform stretching velocity describes the moving flat solid surface:
Uy (x,0) = bx 1)

Here, b is the primary stretched ratio. The temperature of the insulated sheet is
¥u(x,t) = ¥ + b*x and for ease of performance, it is measured to be firmed at x = 0, b*,
¥y and ¥ stands for thermal difference rate, the wall temperature, and it’s nearby. The
surface is presumed to possess a slip effect and the surface is subjected to a temperature
difference. The internal geometry of the PTSC is illustrated in Figure 3.

Microscopic View

of Nanoparticles
SUN L, X

Figure 3. Schematic illustration of the flow model.
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The modeling equations for conserved mass, flow, and thermal equations were consid-
ered as in Mukhtar et al. [73] modified with boundary layer claims adopted for 2D, steady
flow conditions of Maxwell nanofluid along with porous medium, radiation heat flux, and
Cattaneo—Christov heat flux are:

avl 8"02 -
oy O @
a Ly dv1 _ Paf [9%0 o 5, 0%, o ,0%0 1o, 0%, Hnf 3)
Vox Zay Pnf | Oy? U2 7% oy o 28x8y Pnrk o
0¥ _ kg [o2y pof o0 -1 [
wgererly = o )+ ey, O el et (%] ey 5]
0v1 9¥ 90y 9¥ 002 0¥ 001 ¥ 2%y
_Y[U S o T2 avyzayJFU T oyt tu’e @)
+Uz W +20102m}
The relevant boundary conditions are:
Jv 0¥
01(x,0) = Uy +Nw( ! 1),v2<x,o> Vi, ko( ) (Yo%) )
y %y
v =0, ¥ 2> ¥oasy = © (6)

Flow velocity holds in the form as v = [v1(x,y),v2(x,y),0]. ¥ is fluid temperature.
The fluid relaxation and thermal relaxation factors are expressed as A and Y, respectively.
Other potential parameters are, slip length (N, ), sheet penetrability (V;,), heat source
(Q), heat transport factor (if), penetrability (k), and thermal conductance (ko). Table 1
summarizes the material specifications for the Maxwell nanofluid [74-79].

Table 1. Thermo-physical attributes for Maxwell nanofluid [74-79].

Properties Expression

Density Puf = (1= @)pns + Pps

Dynamic viscidness P =pnp(l— )

Heat capacity (0Cp),r = (1 —9) (Pcp)nf +¢(0Cp),

Thermal conductivity Kup | [Cepot (=1 ) —p(m—1) (ks —ks )]
ky — [kt (m—1)kf]+¢ (kp—k )

In Table 1, (¢) is nanoparticle fractional volume, p; and ps are fluid and particle
density values, s is dynamic viscosity, (Cp) sand (Cp), are heat capacitance values of fluid
and particle, k¢ and & are thermal conductivities of fluid and particles. As the thickness of
the non-Newtonian Maxwell nanofluid restrict the radiation to pass through after some
extend, the Rosseland approximation [80] is adopted to model the radiation correctly as
given below:

40" o¥!
qr = — 3kt W (7)

In Equation (7), k* stands for the absorption coefficient, c* describes Stefan Boltzmann
number. The engine oil characteristics, SWCNT, and MWCNT nanoparticles are shown in
Table 2 [81,82].

Table 2. Material specifications at 20 °C [81,82].

Material p (kgim®) Cp (J/kgK) k (W/mK)
Engine oil (EO) 884 1910 0.14
SWCNT 2600 425 6000

MWCNT 1600 796 3000




Coatings 2021, 11, 1552

7 of 20

3. The Solution for the Problem

The crucial step of solving this BVP (Equations (2)—(4)) is that to handle the PDEs. By
engaging the similarity variables, it has been done smoothly and converted to simplified
ODEs. Stream functions can be given as [83,84]

W, =2 ®

01:@/ 2 ox

and similarity variables as:

1(vy) = \/Z  p(oy) = \/@xf(v), 0(7) = % )

into Equations (2)—(4) we get

£ fp = L au (P —2ff 1) + oK f =0 (10)

9"(1+(;4P,NM>+P, {fe’ f9+9QM+f~2—ﬁM(f’ze—fffe—fze)Z—ff’e)")}:o (11)

¢ P14
with

f(0) =5, f/(0) =1+ Apf"(0), 6'(0) = —B:(1—6(0)) } W)
(&) —0,0(¢) —0,as& — o0

¢'; expressionis 1 < i < 4 in Equations (10) and (11) constitute the thermophysical
aspects of the Maxwell nanofluid.

— 5/2 o s _ (pc7)s
1= (1-¢)"" ¢ = (1—4>+4>§7), ¢3 = <1_¢+¢(pc:)f>

. ((kswkf)—w(kf—ks)) 4%

(ks+2k ) +¢p (kr—ks)

As the Equation (2) satisfied identical, the notation (') used for representing the
derivatives concerning 7. Here, )1 = bA (Non-Newtonian Maxwell), ¢); = b9y (relax-
ation time parameter) and Kp; = % (porous medium) parameters defined along with

Opm = bAy (relaxation time), Pr = V—f (Prandtl number), ay = (éif (thermal diffusiv-

. *3z3
ity), S = Vw,/ 5 (mass transfer) Qm = (EAp (heat source), Np; = %ﬁ

(thermal radlatlon), Ay =/ WNw (velocity shp), Em = (CP)(L;%T) (Eckert number)
f w [eo)

h . .
and B, = %\/ %f (Biot number) parameters, respectively.

Other two physically vital parameters like skin level friction (C f> and the reduced
Nusselt number (Nu,) can be stated as [73]:
1 " 1 k
CfRez = 1O NugRey 2 = ——L

f /
(1 _ ¢)2A5/ kf (1 + NM)G (0) (14)

Upx

where Re, = o is the local Reynolds number.

The non-dimensional entropy formation in nanofluids is expressed as [85]:

NG = Re|¢s(1+ Np)#'> + o 6(f“2+1< 7 )} (15)

Here, Re is the Reynolds number, (2 is the thermal gradient and B, is the Brinkman number.
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4. Numerical Technique

This chapter is intended to the numerical solution of the law of momentum and heat
Equations (10) and (11), subject to Equation (12), utilizing the Keller-box technique [85].
The authors chose this technique due to the scheme is second-order convergent and
unconditionally stable.

The Keller-box technique is made up of the following stages:

The controlling equations must first be formulated as a set of first-order equations.
The domain is discretized once the order of equations is reduced, allowing us to
calculate the estimated solution across each subdomain rather than the full domain.
This produces more accurate findings.

e Central difference derivatives and the average of function mid-points are utilized to
create finite-difference equations.

e  The outcoming formulas are then linearized utilizing Newton’s technique and written
in tridiagonal matrix form, as Keller explained.

e  Finally, the outcome is obtained by LU analysis.

The flow chart of KBM is shown in Figure 4.

Conversion
of Higher Order
to 1st Order ODES

Domain
Discretization

Start —>

Linearized

<4 by Mcans of

Newlon's method

LU
Decomposition
Scheme

Formation
of Block
Tri-diagonal

Updation
of Solution .
Vector Finish

Criteria

Figure 4. Flow chart of Keller-box method.

5. Code Validation

The validity of the computational technique was determined by comparing the heat
transmission rate from the current approach to the verified results of earlier studies [86,87].
A comparison of the results of the current study with the results of the previous study is
shown in Table 3. The current study is comparable and presented highly accurate results.

Table 3. Comparing —6'(0) with alteration in Prandtl number, and taking ¢ = 0, 9y = 0, Apy = 0,
Ny =0, B = 00,Qu =0,Epy =0and S = 0.

Pr Wang [86] Gorla & Sidawi [87] This Study
0.20 0.1691 0.1691 0.1691
0.70 0.4539 0.4539 0.4537
2.00 0.9114 0.9114 0.9114
7.00 1.8954 1.8954 1.8958

6. Results and Discussion

Set of differential Equations (9) and (10) with connected boundary conditions is solved
numerically via Keller-box technique. Since the problem under investigation depends on
dimensionless key parameters, their physical significance on flow characteristics, entropy
generation, and substantial quantities are illustrated via plots and deliberated in detail
with physical significance.
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6.1. Effect of Maxwell Parameter (§pr)

The complete significance of the Deborah number () against the flow, thermal
and entropy distributions of Maxwell nanofluid are portrayed in Figure 5a—c. Initially,
Figure 5a is portrayed to see the impact of the Deborah number (&) for flow distribution,
which manifests the descending (downward) behavior for flow curves of viscoelastic liquid.
Mathematically, Deborah number (&) depends on elasticity and viscosity. Physically,
the elastic property boosts up with an escalation in (¢ys) and as a result, more resistance
produces in a fluid motion and therefore velocity profile of fluid deteriorates. Additionally,
an intensification in the magnitude of s corresponds to increases more kinetic energy
because of this friction between nanoparticles increases and hence, thermal profile rate of
Maxwell fluid boosts up as shown in Figure 5b, i.e., diminution inflow profiles of Maxwell
fluid is detected with intensification in whereas opposite behavior is being noticed for tem-
perature profiles. The physical behavior of entropy generation number for dimensionless
Deborah number () is seen graphically in Figure 5c. It indicates a decrement in Ng
close to the surface while a small increment is noticed at a distance from its as values of ¢y
elevates, later curves behave differently. The reason is the occurrence of a large temperature
gradient at the surface which results in more entropy generation causes fluctuations in the
motion of the particles.

....... SWCNT-Engine Oif unnnas SWCNT-Engine Oil

i3

....... MWCNT-Engine 01l — N

Downward o

-
Sumk
R

mf

Varfation in Deborah Number Variation in Deborah Number |

N £,5001,0305  (3)

] 1 2 3 1 5 6

5,=00,03,05 (b}

....... SWCNT-Engine Oif

....... MWCNT-Engine Oil

EEA

T =
WP
~

-

Variation in Deborah Number

5E 0.01,03,05 (C)

Figure 5. (a) Velocity change with ¢s; (b) Temperature change with {s; (c) Entropy change with .

6.2. Impact of Porous Media Parameter (Kpy)

Figure 6a—c shows the effects of inverse permeability parameter (Kp;) on Maxwell
nanofluid suspended in SWCNT and MWCNT with Engine oil s base fluid boundary layer
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regime on the stretching sheet. The flow velocity reduces as the modified permeability
parameter is enhanced. According to this Figure 6a, it is understood that proliferation in
permeability of porous medium reduces the flow rate through the porous medium and
it consequently drags the velocity while providing resistance near the wall surface. It is
because of reality that a rise in the porous term decreases nanoparticle collision due to a
significant boost in the flow pore that in turn discourages heat generation. The viscous force
controls the buoyancy force, thereby damping the flow magnitude. An opposite response
is observed in Figure 6b, a rise in porosity term enhances the flow temperature. The
viscosity of the carbon nanofluids is repressed as a free flow of the conducting nanoliquid
is assisted, as SWCNT /Engine oil dominates the flow temperature when compared to
MWCNT/Engine oil, but the opposite trend is observed for the velocity distribution. This
is probably associated with both the density and viscosity of the respective carbon tube
nanofluids and the re-distribution in the momentum component. The variation in entropy
generation number Ng aginst K is depicted in Figure 6c, which indicates an increment in
Ng close to the surface while a small decrease is noticed at a distance from its as values of
Ky elevates. The reason is the occurrence of a large temperature gradient at the surface
which results in more entropy generation. Judicious selection of the porous medium
permeability may therefore provide an excellent mechanism for regulating the coating flow
characteristics in industrial applications. It is also likely that greater permeability associated
with larger pore spaces, permits better percolation of the suspended carbon nanoparticles
and this enhanced mobility contributes to a reduction in friction at the stretching surface.
We observe smooth and asymptotically smooth profiles with the free stream, validating the
Keller-box numerical solution’s prescription of a large infinity boundary condition.

i SWCNT-Engine Oil | SWCNT-Engine Qi
_______ MWCNT-Engine Ol wmnunna MWCNT-Engine Oil 7
UE*l ‘ q
il
DE-\‘\\
W Downward
'\
S \‘\‘\\‘\\\\ |
- \\\\Q\‘\ II
W
03 “\\\\\1[
A
‘).(\\\
LA N J e )
vr /\\‘S\\\ Variation in Porous Media Variation in Porous Media
4 Whe, Parameter Parameter
01k \:\\:\\\ 1
NN - -
~§3§§$‘\:¢“ KM 061626 {a) S KM-0.6,1.6,2.6 (b)
S N e . ‘ i
0 ’ Z 3 4 5 3

....... SWCNT-Engine Oif _

....... MWCNT-Engine Qi -
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Figure 6. (a) Velocity change with kj;; (b) Temperature change with kj;; (c) Entropy change with k.



Coatings 2021, 11, 1552

11 of 20

6.3. Effect of Velocity Slip Parameter (Apy)

Sensitivity of the stretching velocity slip parameter Ay obtained from boundary
conditions is investigated and established on the flow fluid momentum and temperature
distributions as revealed in Figure 7a—c. The progressive values of the velocity slip parame-
ter Aps increased fluid viscosity and hence the velocity of fluid gets declined (Figure 7a).
The results aligned well with the existing literature, as seen, the moving boundary sheet
stimulates the single and multi walls of considered base fluids’ thermal conductivity (En-
gine oil). The CNTs nanoliquid heat conduction strength is boosted by the stretching
velocity term that enhances the fluid particle heat transfer. In the consideration of Maxwell

nanofluid, heat transfer in the system increases as the stretching velocity parameter rises
due to the high propagation of heat by the carbon nanofluid inspire temperature field.
SWCNT/Engine oil dominates the flow temperature when compared to MWCNT/Engine
oil as observed in (Figure 7b). The variation in entropy generation number N; against
velocity slip parameter Ay, is depicted in Figure 7c. The graphical behavior of N aginst
progressive values of velocity slip parameter Ay explores that it is insensitive (effective
decrease) to vary at the surface as compared to away from it. Generally, no-slip conditions
produce large velocity and temperature gradients due to which entropy generation shows
high values close to the sheet. In our current study, slip condition at velocity implemented

due to which entropy generation shows a gradual reduction close to the stretching walls
(see Figure 7c).
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Figure 7. (a) Velocity change with Ay; (b) Temperature change with Ayy; (¢) Entropy change
with Apy.
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6.4. Impact of Nanoparticle Fractional Volume Parameter (¢)

In the occurrence of carbon suspended nanofluid, the impact of nanomaterial term (¢)
on the flow characteristics (velocity, temperature, and entropy) is established in Figure 8a—c.
As observed, rising volume fraction discourages the flow velocity profile and encourages
the temperature field. The dimensional features of velocity magnitudes decrease all over
the region due to low thermal boundary viscosity film that allows quick dissipation of heat
out of the system to diminish the heat within the flow structure as observed from Figure 8a.
The heat transfer of solid suspension nanoparticles of the working fluid is enhanced in
the system, as such, the liquid bonding force is dampened. The flow distributions indeed
present nanofluid material as a strong heat transfer convection and conduction coefficient.
Hence, nanofluids are heat transfer forces in propelling the main industrial and technologi-
cal advancement in this period. Therefore, as reported for Figure 8b nanomaterial term
increases the energy distribution. Physically, in an ideal solution, volume concentration
coincides with the volume fraction of the nanoliquid, hence the solution volume is equal
to total carbon nanotube constituent volume. In the considered base fluid, the multiple
and single carbon nanotube walls velocity is damped the molecular diffusion and less
collision of nanoparticles in the moving boundless medium. The respective influence of
variation in the nanomaterial term on the entropy generation is described in Figure 8c. In a
process where irreversibility is in existence, entropy generation is defined. This measures
the amount of energy loss that causes degradation of technology system performance. As
seen, the parameters encourage system irreversibility due to high energy dissipation near
the stretching plate as the values of the parameters are raised. However, the irreversibility
due to chemical diffusivity, friction, and conducting heat regularly decrease a few distances
from the moving surface because the fluid thermodynamic equilibrium is rising gradually
and continuously toward the free field. The decrease in the entropy generation continues
until a balance thermodynamic equilibrium is attained and energy dissipation tends to
zero. This parameter enables the doping of the nanoparticle to be simulated in the circu-
lating fluid in the enclosure. With increasing volume fraction, the entropy generation is
intensified at the stretching walls. Conforming that increasing nanoparticle presence in the
nanofluid achieves the desired thermal enhancement.
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Figure 8. (a) Velocity change with ¢; (b) Temperature change with ¢; (c) Entropy change with ¢.
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6.5. Impact of Radiative Heat Flux Parameter, Relaxation Time Parameter, Eckert Number, and
Heat Source Parameter

Figure 9a shows the results of changes in temperature distributions under different
values of heat flux parameter (Nj,). It was remarked that the mean flow temperature out-
line upsurges for an increment in N, increases. Physically, although the thermal radiation
parameter is increased, the radiative flux stimulates the nano-polymeric wave, which adds
thermal energy to the process. In addition, when compared to the heat transmission of con-
ductivity, the heat transmission of radiation declines less the buoyancy force and thermal
boundary-layer thickener. As a result of this temperature, the boundary layer strengthens.
Entropy generation impact on the nanofluid motion of radiation parameter Nj; pictured in
Figure 9b for both types of SWCNT/Engine oil and SWCNT-MWCNT/Engine oil nanopar-
ticles. It is examined that increasing values of radiation parameter (Ny;) gradual increase
in entropy distribution. At different significance, the radiation parameter vigorously in-
fluenced the entropy rate in the stretching porous device as observed in Figure 9b. The
results presented in Figure 10a demonstrated the strength of the rising relaxation parameter
(9m) on the flow of temperature to a monotonically increased stream term . It displays
that the intensified thermal relaxation parameter declines the thermal distribution and
the temperature boundary layer of Maxwell nanofluid. It happens because more time
is needed to transfer heat waves in nanoliquid for a higher extent of thermal relaxation
time scale and therefore, the heat in a material transforms sluggishly. Hence the thermal
distribution of the Maxwell nanoliquid lessens. Figure 10b show the variation in Entropy
with relaxation parameter (¢ys). Intensified relaxation parameter significantly accelerates
the entropy distribution, at different significance, the relaxation parameter vigorously
influenced the entropy rate in the stretching porous device, overall rising in the magnitude
of the thermal relaxation parameter is because of the increasing rate in the heat transfer
in the non-Newtonian viscoelastic fluid regime. Physical behavior of heat distribution
and entropy generation number for dimensionless parameter Eckert number (Ej;) is seen
graphically in Figure 11a, b. The variation in temperature distribution against E; is de-
picted in Figure 11a. When the kinetic energy of the nanofluid is greater than its internal
energy, the convective motion becomes more important, consequently, we w an increase
in the nanofluid temperature. This is well presented in Figure 11a, where the growth in
the Eckert number leads to strong growth in temperature. Even small values of the Eckert
number exert a significant influence on the thermal field. Dissipation effects correspond to
substantial heat generation in the regime and this manifests in temperature elevations to
a monotonically increased stream term. Furthermore, Figure 11b depict the variation in
Ng against values of Eckert number (Ej;). This indicates an increase in N by enhancing
Eckert number (Ey;) initially. Physically, the increment in the molecular motion and kinetic
energy is due to the increment has been the crucial factor in the ascent in the profile of
entropy generation. In addition, it is worth mentioning that the amount of entropy in
the SWCNT/EO phase has been more than that of the MWCNT/EO. At different signif-
icance far from the stream, the Eckert number vigorously behaves in opposite behavior
and influenced the entropy rate in the stretching porous device as observed in Figure 11b.
This is appropriate for a screw extruder, where the energy provided to the polymer melt
originates from the viscous heat created by shear forces between components of the liquid
moving at various velocities. The response of heat distribution and entropy generation to
heat generation is established in Figure 12a,b. An increase in heat generation enhances
the temperature field in a stretchable boundless device. The observation reveals that the
heat generation term stimulates the energy equation terms of the Maxwell nanofluid. It
is because little-or-no heat diffused out of the non-Newtonian viscoelastic system to the
surrounding. This is because the temperature boundary layer is stimulated that in turn
discourages the diffusion in the stretching device. In the energy equation, the heat pro-
duction parameters are propelled to inspire heat generation within the Maxwell nanofluid
which leads to a general rise in the heat profiles. Therefore, the heat generation parameters
omit radiations and create more quantity of heat in the fluid, and finally, the temperature
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curves of the nanoliquid escalate. Figure 12b represents the effect of heat generation effects

far from the stretching sheet which escalates the amount of entropy which is due to a rise
in temperature.
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6.6. Influence of Reynolds and Brinkman Numbers on Entropy Generation

Figure 13a, b are plotted to enlighten the influence of Reynolds and Brinkman numbers
(R, and By). Towards entropy generation distribution in the stretching boundary layer
regime. It is seen that the greater the values of Reynolds Number (R.) boosts the entropy
effect. The retrogression of frictional forces tends to gasify the entropy profiles due to
greater values of Reynolds Number (R.). Figure 13b depicts the variation in entropy
generation number N against the values of Brinkman Number (By) which indicates an
increase in entropy generation by enhancing Brinkman Number (Bys). Such behavior,
Brinkman Number (By) explores the viscous effect of the fluid. Hence, high values
of Brinkman Number (Bjs) show a dominant effects of fluid friction which is a strong
source of entropy generation. The graphical behavior of N against pertinent parameters

(Figure 13a,b) shows that the variation sensitivity at the surface as compared to away
from it.
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Figure 13. (a) Entropy changes with R,; (b) Entropy change with B,.

6.7. Relative Heat Transfer Rate in SWCNT-EO and MWCNT-EO Nanofluids

For stable values of nanoparticle concentration of SWCNT and MWCNT, it is observed
that the SWCNT-EO nanofluid is a more effective transfer source in comparison to the
MWCNT-EO nanofluid. SWCNT possessed an upper hand in thermal conductivity over
that of MWCNT. This also reflects in the heat transfer rates in Table 4, that SWCNT-EO
nanofluid has a better heat transmission rate in a comparing to MWCNT-EO nanofluid
through the Nusselt number variations for physical parameters of this work.
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Table 4. Skin friction (C fRe,l/ 2) and Nusselt Number (N, Rey /2 ) values for Pr = 6450.

CiRel? N,Re;? Relative
ov  Ku  Qu o ¢ Aw Be Nu  Ev gueoNTEO  MWONT-EO  SWONT-EO  MWCNT-EO RHSWeND PUMWCNT)  100%
001 06 03 02 018 01 01 03 01 2586 2.3208 0.1726 0.1638 5.0%
03 26762 24239 0.1569 0.1409 10.1%
05 27442 24631 0.1488 0.1279 14.0%

0.6 25826 2.3208 0.1726 0.1638 5.0%
16 2.7734 2.5285 0.1623 0.1401 13.6%
26 2.9345 2.7110 0.1484 0.1262 14.9%
0.1 25826 2.3208 0.1935 0.1899 1.8%

02 2.5826 2.3208 0.1851 0.1788 3.4%

0.3 2.5826 2.3208 0.1726 0.1638 5.0%
0.01 2.5826 2.3208 0.1632 0.1563 4.2%

0.2 2.5826 2.3208 0.1726 0.1638 5.0%

0.4 2.5826 2.3208 0.1843 0.1739 5.6%

0.1 2.1446 19783 0.1927 0.1895 1.6%

0.15 22437 22127 0.189% 0.1806 4.7%

0.18 25826 2.3208 0.1726 0.1638 5.0%

0.1 2.5826 2.3208 0.1726 0.1638 5.0%

02 2.3663 22235 0.1510 0.1409 6.6%

03 1.9829 1.8412 0.1382 0.1223 11.5%

0.1 25826 2.3208 0.1726 0.1638 5.0%

02 2.5826 2.3208 0.1623 0.1522 6.2%

03 2.5826 2.3208 0.1491 0.1331 10.7%

0.1 25859 2.3025 0.1923 0.1830 4.8%

0.3 25859 2.3025 0.1726 0.1638 5.0%

05 25859 2.3025 0.1652 0.1511 8.5%

01 25859 2.3025 0.1726 0.1638 5.0%

02 25859 2.3025 0.1581 0.1439 8.9%

03 25859 2.3025 0.1343 0.1208 10.0%

7. Conclusions

The resented work aims to observe entropy production outline and Maxwell nanomolec-
ulars” influence on thermal distribution in parabolic trough solar collector placed into a
solar-powered ship by a stretched sheet. Catteneo—Chirstov effects have been utilized to
investigate the mechanism of heat transfer and discussed on employing non-Newtonian
Maxwell fluid model. In addition, our theoretical study depends on thermal physical prop-
erties, entropy, and solar radiation over a stretching surface. There are many applications
for the structure, including photo-voltaic cells, solar-energy plates, solar streetlights, and
solar-water pumps. The analysis begins with a mathematical formulation of the base flow
from modified Navier—-Stokes heat equations. The obtained ordinary differential equa-
tions are then solved by using a well-established Keller-box method in a computational
tool MATLAB. The findings of this study quantitatively satisfied the existing ones in the
literature, the summary of the novelty outcomes of this investigation is given as follows:

s SWCNT/EO nanofluid phase is observed to achieve superior thermal radiative en-
hancement relative to MWCNT/EO nanofluid phase.

s Increasing Deborah number (), porous media parameter (Kj;), velocity slip pa-
rameter A, nanomaterial term (¢), and relaxation time (&) produces a significant
diminution in the velocity field.

s Velocity slip parameter has a negative effect on velocity and entropy but opposite in
temperature distribution.

. In the presence of nanomaterials, radiative, viscidness dissipative flow, and heat
generation, the thickener of the thermal boundary-layer increases with time, which
results in a diminished heat exchange rate.

s Plots for entropy generation number against radiative flux, relaxation time, Eckert
number, and heat generation explore dual behavior.

= Porosity, heat generation, enthalpy, and solar radiation have an important role in the
improvement of heat phenomena.

= Relative heat transfer rate is strongly elevated with greater porous medium perme-
ability (1.6% to 14.9%).

Regardless of any physical parameters, SWCNT gives a preferable heat transfer
compared to MWCNT. The current study has also demonstrated that Keller-box numerical
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method is a powerful computational approach for solving nonlinear rheological multi-
physical nanofluid flow problems. The present simulations have been confined to steady-
state conditions and carbon nanotubes. Future investigations will consider ferromagnetic
nanoparticles and homogenous reaction effects and will be elaborated imminently.
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