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Abstract: There is no denying fact that nanoparticles of carbon nanotubes are employed to improve
the performance of thermal stability in comparison with traditional nanoparticles, this is because
nanoparticles of carbon nanotubes possess outstanding material properties. In this manuscript, a
mathematical model of mixed convective flow based on carbon nanotubes suspended in ethylene
glycol has been developed and derived by means of Fourier Sine transform. In order to analyze the
thermophysical properties of nanofluid, the temperature and velocity profiles have been investigated
through fractional derivative and integral transforms. The comparative analysis of single and multi-
walled carbon nanotubes has been presented for the sake of enhancement of heat transfer. It is worth
mentioning that embedded rheological parameters have shown the sensitivity for the enhancement
of heat transfer with and without fractional techniques through graphical illustration.

Keywords: nanoparticles of carbon nanotubes; integral transforms; rate of heat transfer; high sensi-
tivity of rheological parameters

1. Introduction

The carbon nanotubes have become high-strength and lightweight materials due to
their consideration as the structural material, the strongest material and stiffest material in a
broad range of research fields. In fact, carbon nanotubes can come in a variety of impressive
electrical as well as thermal properties, sizes, hollow cylinders of graphene, and shapes
through which one can control the temperature of the deposition processes [1-5]. In this
connection, Halelfadl et al. [6] investigated the experimental rheology of carbon nanotubes
in water-based nanofluids stabilized by a surfactant for a large aspect-ratio. Here, the
viscosity of both nanofluid and base-fluid (deionized-water) were affected by temperature
distribution. Additionally, the relative viscosity perceived to be dependent on temperature
at high shear rate by Maron-Pierce equation. The thermal and physical properties of carbon
nanotubes’ nanofluids with water as a base fluid stabilized by Halelfadi et al. [7]. It was
observed that temperature failed to be function of density as well as relative density while
increase in particle volume fraction resulted affective thermal conductivity and relative
viscosity. Kandasamy et al. [8] studied the impact of chemical reaction on convective flow of
single wall carbon-nanotubes (SWCNTs) water-based nanofluid with alumina and copper
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over a horizontal plate under slip condition. They solved the coupled nonlinear governing
equations numerically. The results represented that the thickness of diffusion boundary
layer for Cu-water is stronger than Alumina-water single wall carbon-nanotubes nanofluid
with increasing chemical reaction. Mustafa and Junaid [9] solved the magnetohydrody-
namics (MHD) Casson nanofluid flow embedded by non-linear stretching sheet by using
RK-fourth and fifth order numerical method with shooting technique. They analyzed that
temperature as well as volume fraction of nanoparticle decrease thermal efficiencies. The
single and multi-walled carbon nanotubes have been inspected by Kashif and Ilyas [10]
for thermal performance by invoking non-singular and non-local kernels from modern
fractional derivatives. This study emphasized the magnetized and non-magnetized be-
havior of single and multi-walled carbon nanotubes. Kandasamy et al. [11] investigated
the heat transfer flow of magnetized single wall CNTs-water and Cu-water nanofluids
under the influence of solar radiation past a porous wedge-sheet. Here, the influence of
magnetic parameter, radiation parameter and thermal stratification is inspected on velocity
and temperature distributions. The thermal effects of SWCNTs-water with Cu-water have
been compared graphically and referred new aspects. Khan et al. [12] explored the critical
study for convection flow of water-based carbon-nanotube nanofluid in vertical channel
via modern non-singular and non-local fractional derivative based on kernel. The fraction-
alized governing equation have been solved by new type of mathematical techniques so
called Zakian’s algorithm for Laplace inversion. The final solution is compared with two
existing numerical methods via Laplace inversion for the sake of good agreement with
existing numerical techniques.

In this continuity, the recent studies for the thermal performance can be traced out
here with thermal study with fractional derivatives [13-17], thermal study with Laplace
and Fourier sine transforms [18-20], thermal study with classical approaches [21-23] and
thermal study with analytical and numerical techniques [24-36]. Motivated by the above
discussion on the thermal assumptions, a mathematical model of mixed convective flow
based on carbon nanotubes suspended in ethylene glycol has been developed and derived
by means of Fourier Sine transform. In order to analyze the thermophysical properties of
nanofluid, the temperature and velocity profiles have been investigated through fractional
derivative and integral transforms. The comparative analysis of single and multi-walled
carbon nanotubes has been presented for the sake of enhancement of heat transfer. It is
worth mentioning that embedded rheological parameters have shown the higher sensitivity
for the enhancement of heat transfer with and without fractional techniques through
graphical illustration. This manuscript is organized as follows as: in Section 2, setting
of the problem via fractional modeling based on carbon nanotubes of single and multi-
wall is discussed; In Section 3, the non-singular kernel-based technique is utilized to
solve the dynamic equations of mixed convection flow of nanofluid functionalized by
carbon nanotubes; In Section 4, the results with parametric discussion and conclusion
are presented.

2. Setting of the Problem via Fractional Modeling Based on Carbon Nanotubes

Although different types of carbon nanotubes (CNTs) for instance zigzag carbon
nanotubes, armchair carbon nanotubes, and chiral carbon nanotubes are employed for
various applications yet single and multi-walled carbon nanotubes have been used for
decades in battery, fuel cells and electrochemical applications. Under the assumption
of isothermal temperature and porosity, mixed convection flow of nanofluid based on
ethylene glycol over an inclined vertical plate is subjected to carbon nanotubes of single
and multi-wall. Due to very small Reynolds number, electrically conducting nanofluid can
induce magnetic field due to polarization. At the initial stage, the system is in the static
position, because t < 0. If t = 07, the inclined plate produces oscillations on the basis of
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UpH(t) cos(wt). Due to this fact, the ambient temperature of the plate T, rises to To as
sketched in Figure 1. The Casson fluid model is developed for enhanced heat transfer as [28]:

(Pnf% + Hniq) (1 + %) +anfB(2) sin'y)u(y,t) = Jinf (1 + %) azu(g,t)

P : aZ : ()
+(PB1)y 808 3(T(y, 1) = Tes), (0Cp), TG = ko4

» Momentum Boundary Layer

Thermal Boundary Layer

Porous Medium

y
Figure 1. Schematic view of the physical setup.

Equation (1) is momentum and energy equations respectively, such equations have
been derived by invoking Fourier law of heat conduction, Darcy’s law and Boussinesq ap-
proximation. The Equation (1) is subjected to the following initial and boundary conditions
with bounded domain ¥ > 0 and ¢ > 0 as written in Equation (2):

u(y,0) = 0,u(0,t) = Uy cos wt, u(y,0) — oo @
T(y,0) = Teo, T(0,t) = Ty, T(y,0) — o0

The functional parameters and thermophysical properties of nanofluid are described in
Appendix A (Equations (A1)-(A6)). Employing Appendix A Equation (A7) in Equations (1) and (2),
the governing equations of Casson fluid without fractional derivative is developed for
enhanced heat transfer as:

0  ByMsiny Bj B, o2 %,
ot T B A2 t) = —2Gro(y,t) cosd
(af * B BoK  Bop o2 u(y,t) By Gro(y,t) cosd, ©)
J B 02 B
<8t_131f%53y2)6(]/'t) =0 (4)

While, imposed conditions are:
u(y,0) = 0,u(0,t) = coswt, u(y,o0) =0 5)
T(y,0) =0,T(0,t) =1,T(y,00) =0

Equations (3) and (4) are the non-fractional governing equation. In order to transform
non-fractional governing equation into fractionalized governing equation, the Atangana-
Baleanu time-fractional differential operator [29,30] is invoked on Equations (3) and (4), we
arrive at:

. 2
(Atangana-BaleanuD? + %2]\;811’1’)/ + §3K _ %%1‘3883/2)1/1(]/, t) = %Gre(% t) cosd, (6)
0 0 0 0
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2
Atangana—Baleaan‘l B B i 0(y.t) = 0. 7

Here, Atangana'Baleanui)? is known as Atangana-Baleanu time-fractional differential
operator, that is defined as [31-33]:

r a(z—t)
Atangana-Baleanugtqu _ /ELL ( 1(2_ - ) )Pl(t)(l . ‘l)ildt. )
0
Additionally, Equations (6) and (7) are the fractional governing equation in terms of
the Atangana-Baleanu time-fractional differential operator as defined in Equation (8), such
equations can be solved by the following system flow chart of the problem as shown in
Figure 2:

[ Fractionalized Mathematical Model

[ Fourier Sine Transform

1

Integral
Transform

Laplace Transform ]

[ Inverse Fourier Sine Transform ]—[ Final Solution with Special Functions —[ Inverse Laplace Transform ]

Figure 2. Flow chart for solution of the problem.

3. Solutions via Non-Singular Kernel

In the current research, the non-singular kernel-based technique is utilized to solve
the dynamic equations of mixed convection flow of nanofluid functionalized by carbon
nanotubes. This technique transforms the integer order of differentials to non-integer
order of differentials. By considering this non-singular kernel-based technique, two vital
investigations are sought out for the sake of thermal estimations namely energy equation
and momentum equation. Whilst, integral transforms namely Laplace and Fourier sine
transforms have been invoked on the governing Equations (6) and (7) of Casson fluid with
fractional derivative as the mathematical application defined as:

LLF()Y = ./:oe_kt F(t)dt = F(k), Folf(1)} = \/Z/Ow sin(kt) f(£)dt = Fo(k). ©)
tangana—Baleanu _ Sq) ’ " _ 2
citmem i b} = O B0y = —EREY cof2re0.

3.1. Use of Non-Singular Kernel for Energy Equations

The description of linear time invariant system of differential equations of nanoflu-
ids/fluids usually depend upon the utilization of integral transforms. In this context,
governing equation of energy for Casson fluid with fractional derivative is tackled via
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Integral transform. Applying Laplace and Fourier Sine transforms on Equation (9) and (10)
and Equation (7), and we have:

05(Zs) ; b (S% ! %)g (11)
s(G,S) = . .
{s%\ P, B + Bec2s? + %652%} s

Solving Equation (11) by the letting variables defined as By = 4A,Bg = A P, B5 +
B2 and By = B¢&2By, we arrive at:

9—(6 5) = % 2 S%(%s + 62%6) + Bg + E2B By (12)
S 7 - . .
s s (sP%g + Bo )
By taking functional parameters B9 = % and B = %z, Equation (12) is
invoked via inverse Fourier sine transform, the resultant expression is
_ 1 2 B+ 2Bo\ [ . s? 1+ By
0(y,s) =-— T waE /sm(y@) NETHPRY ac, (13)
s T 8¢ 0 s (S + %11)

inverting Equation (13) by Laplace transform with special functions from Appendix A
(Equations (A8)-(A10)), the optimal solution of governing equation of energy for Casson
fluid with fractional derivative based on non-singular kernel is investigated as:

[eS) t
0(y,t)=1- (2'%8+§2%9> /sin(yf:)/{ (1= Ea(=Bnt")) —I—‘BloEa,tx(—%nT“)}deC. (14)
0 0

T B By (t— 1) (—a)

Equation (14) is an optimal and fractionalized solution of temperature analysis. The
verification can also be obtained by y = 0 and ¢ = 0 in Equation (14) to have the imposed
conditions as defined in Equation (5).

3.2. Use of Non-Singular Kernel for Momentum Equations
Applying Laplace and Fourier Sine transforms on Equation (9) on Equation (7), we get

9
_ s{s"+B7 | BoK
%Gres(é,t)fosﬁré‘\/zgg((s%g)

(Sg%lz + %13)

775(5/5) = ’ (15)

Equation (15) is solved by letting variables defined as B1, = BoKBA + By MKsiny +
B3p + 2B, B1z = BaM sin yB7KB + B3 By + §2B1KBy, B1y = Bz +E2B1B7K/Bp +
&2%B,K and B15 = B3/ B1o. Equation (15) is invoked via inverse Fourier sine transform,
the resultant expression is

2

oo % B
— _ s 2 ( B4 BKBG, . s 7 2 (BptPBK
u<y’s> T 240? + 7'[( BBy ) OfSll‘l(y(:f) cos 5s<sq'+%11) (s‘l+%15) a8 n( B1og ) (16)

® 9
X 52— [ sin S Bu_ gz
21 ? Of (vg) (s(s‘l+‘315) ¢
Inverting Equation (16) by Laplace transform with special functions; see Appendix A

(Equations (A8)—(A10)), the optimal solution of governing equation of momentum for
Casson fluid with fractional derivative based on non-singular kernel is investigated as:
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(] t oo oo k+m k+m_ Gk
G, . _ B
0 = ot 3 (SE4) Tumion o £ B UGS - Pt
I oo oo k+m k+m_Gb P
2 [ BBKBG, 1) (B11)" "t  \Dm-1
2 (PRe) ot eos o[ £ F S - 0™ lawae
t oo oo k+m kt+m_2G+ P
B4 BcKBG, 1) B Dm—1
+2(Bpgts )fsm vE)cos o[ B X gt (¢t~ 0™ dvdg (17)

(%) fsm yé) Oftcosw (t—1) E@( %151&) dtd¢ — %%(%)

X Ojosin(y(f) {cosw —7) (1 — E@( %15t‘l’))drd(f.

Equation (17) is an optimal and fractionalized solution of velocity profile. The verifica-
tion can also be obtained by putting y = 0 and ¢ = 0 in Equation (17) to have the imposed
conditions as defined in Equation (5).

4. Results with Parametric Discussion and Conclusions

Due to high conductivity and high aspect ratio of nanotubes, fractionalized Casson
fluid is developed for enhanced heat transfer based on suspension of ethylene glycol. The
thermophysical properties of nanofluid for the temperature and velocity profiles have
been investigated for giving the comparative analysis of single and multi-walled carbon
nanotubes. The rheological parameters have been measured for the higher sensitivity,
crystallinity, and functionalization of single and multi-walled carbon nanotubes to enhance
heat transfer rate. In this regard, temperature distribution with ripple visualization verses
non-ripple visualization for 2-D graphs subject to varying Pr have been observed in Figure 3.
It is perceived from the simulation code for testing the different Prandtl numbers Pr in which
the momentum diffusivity dominates the behavior in both cases. Here, Pr > 1, so the typical
response from ethylene glycol indicates that the heat conduction is more significant in
comparison with convection, so thermal diffusivity is dominant. Temperature distribution
with ripple visualizations for 3-D graphs showing spatial and time domain is sketched in
Figure 4. A ripple visualization of Figure 4 is presented for the dependency of temperature
distribution with respect to spatial and time domain. The influence of single and multi-
walled carbon nanotubes on the temperature distribution is studied through comparison of
single and multi-walled carbon nanotubes in Figure 5 for fractional differential parameter.
It is observed that the functionalization of single and multi-walled carbon nanotubes
is quite similar and identical when increase in fractional differential parameter occur.
While, the dispersion and wettability of carbon nanotubes are noticed at smaller fractional
differential parameter. The role of single and multi-walled carbon nanotubes for volume
fraction on temperature distribution is sketched in Figure 6. The finding of the single and
multi-walled carbon nanotubes for volume fraction has happened for physical aspect of
nanofluid and the investigation of this innovative physical aspect has uninterruptedly
been utilized for heat transfer of mechanical application. In short, enhancing trends for
temperature is perceived with the increase in volume fraction. Physically, enhancing trends
of temperature is due to increase of the addition of solid carbon nanotubes. To further
corroborate the formation of single and multi-walled carbon nanotubes, the comparative
analysis for temperature and velocity profiles for single and multi-walled carbon nanotubes
is presented in Figure 7. Here, the single walled carbon nanotubes verse multi-walled
carbon nanotubes in temperature distribution and velocity field have been inspected for
checking the better performance. It is observed from Figure 7 that defectiveness of the
multi-walled carbon nanotubes results the lowering profiles of temperature distribution and
velocity field. The possible fractional and non-fractional mathematical models for velocity
field are proposed to explain the formation of single and multi-walled carbon nanotubes
through their comparison. Here four types of fractional and non-fractional mathematical
models for velocity field have been discussed in Figure 8, namely (i) fractional velocity



Energies 2022, 15, 1200 7 of 12

field with single walled carbon nanotubes, (ii) non-fractional velocity field with single
walled carbon nanotubes, (iii) fractional velocity field with multi walled carbon nanotubes,
and (iv) non-fractional velocity field with multi walled carbon nanotubes. It is observed
from Figure 8 that fractional velocity field with single walled carbon nanotubes has larger
velocity in comparison with other fractional and non-fractional mathematical models for
velocity field. In light of above discussion, current study has investigated that fractional
velocity field with single walled carbon nanotubes demonstrates the robustness of this new
analysis. Additionally, this analysis can also be identical for temperature distribution.

3 .
1 T T T iy
£}
see Pr = 2.0 2 %
wis Pr=2.2
vss PT = 2.4 ; S
0.71 B
e Pr=26
+
a v a
“i
0.3 % .
~
+\-|.
“ | 1 1
0 0.9 1.8 2.6 3.5 : : :
y _3 1 1 1 1 1 1 1 1
-2 -1.8 -1 0.8 ] 0.5 1 14 2

Figure 3. Temperature distribution with ripple visualization verses non-ripple visualization for 2-D
graphs subject to varying Pr.

Atangana.-.].Sﬂeanu Approach Classical Approach

Figure 4. Temperature distribution with ripple visualizations for 3-D graphs showing spatial and

time domain.
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izations for 2-D graphs subject to varying fractional parameter.
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Figure 6. Temperature distribution of single and multi-wall carbon nanotubes without ripple visual-

izations for 2-D graphs subject to varying volume fraction.
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Figure 7. Temperature distribution and velocity profile of single and multi-wall carbon nanotubes
without ripple visualizations for 2-D graphs.

Atangana-Baleanu Approach Classical Approach

Figure 8. Velocity profile of single and multi-wall carbon nanotubes with and without ripple visual-
izations for 2-D and 3-D graphs based on fractional and non-fractional approaches.

5. Conclusions
An application of Fourier Sine transforms to carbon nanotubes suspended in ethylene

glycol for the enhancement of heat transfer has been introduced in this work. We empha-
sized the generalized Mittage-Leffler kernel function is able to depict effective behaviors
that has defined the complex nature of carbon nanotubes suspended in ethylene glycol
for the enhancement of heat transfer. For the sake of simplicity, we encompassed the
following outputs:

e  The simulation for testing the different Prandtl numbers Pr dominates the behavior in
both cases for the momentum diffusivity.

e  Arripple visualization of temperature distribution presented the dependency of tem-
perature distribution with respect to spatial and time domain.

e  The comparison of single and multi-walled carbon nanotubes via fractional differential
parameter observed the quite similar and identical dispersion and wettability of
carbon nanotubes.

e  The volume fraction on temperature distribution has enhancing trends for temperature.
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e  The comparative analysis for temperature and velocity profiles for single and multi-
walled carbon nanotubes in which defectiveness of the multi-walled carbon nanotubes
results the lowering profiles of temperature distribution and velocity field.

e  Fractional velocity field with single walled carbon nanotubes has larger velocity in
comparison with other fractional and non-fractional velocity field models.
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Nomenclature

nf Nanofluid Pnf Density

Hnf Dynamic viscosity Tnf Electrical conductivity

knf Thermal conductivity Br Thermal expansion

(0Br),s  Thermal expansion (0Cp),, s Heat capacitance

By Applied magnetic field %} Porosity

k Permeability Too Ambient temperature of the plate
Tw Wall temperature 0% Inclined angle

g Gravitational acceleration B1 —Bs Letting parameters

@? Atangana-Baleanu time-fractional

differential operator

Appendix A
Density : p,r = (1 - @)ps + Dps, (A1)
Dynamic viscosity : p, s = _H (A2)
- Fnf (1- ®)2.5'
3(% - 1)@
Electric conductivity : o, = ¢ 1+ - ! - oy, (A3)
(5+2)-(5-1)°
Thermal expansion : (0Br),; = (1 —@)(0pr) s+ D(0PT)s/ (A4)
Heat Capacitance : (pCp)nf =(1-292) (pCp)f + @ (0Cp) s
ks - kf
_ ks
(1 @)+2®ks—kf In Zkf (A5)

Thermal Conductivity : ¢ = " BTk kg,
S — In

ks—kg 2kf

(1-2)+22
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g _Po _opoBg KU (;tcp)
1+ By’ prls " vpe kJf
Gr:g(v‘BT)(LIT;U TOO) ’ %0: <1_®nf)+%%/
Letting Parameters: 0 P (A6)
B, — L B, — hnf B = (1 — m
1= » By = B3 =(1-2)+2 ,
1-2 oy (0Br)y
SB4=(1—@)+@(‘OC”)S P
(0Cp) f kf
2
Dimensionless variables : u* = i, = U , = %t , 0= ﬂ, (A7)
U v f l/f T;-[ — Too
1 o0 (_ .X')k
{(era)} k;) ak+1 "’ (A8)
9
o > - Eq,(—%wt%), (A9)
S (Sq’ + %15)
B |- (1 - E¢(—%15t"’)). (A10)
S (S% + %15)
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