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Abstract: In this discussion, the influence of carbon nanotubes on fluid flow is explored with the aim of optimizing,
facilitating and improving heat transfer and stabilizing the flowing base fluid in modern technology. The current fluid
model called Reiner—Philippoff is characterized as pseudo-plastic, dilatant and Newtonian fluid subject to the viscosity
variation, making it easy to navigate between fluid rheologies. As a result, the importance of lacing the Reiner—Philippoff
fluid flow enhanced by magnetohydrodynamics with single-wall carbon nanotube (SWCNT) and multi-wall carbon nan-
otube (MWCNT) over a stretching sheet has been investigated. The governing mathematical model of the multi-variable
differential equation has been transformed into a one-variable differential equation using a workable similarity transfor-
mation. The spectral local linearization method (SLLM) is employed to gain insight into the governing flow parameters,
and the results are presented using tables and graphs. Prior to presenting the results of this study, the convergence and
accuracy of the SLLM used for gaining insight into the governing flow parameters were established. Among the findings of
this study is that the modified magnetic parameter supports the growth of the momentum boundary layer thickness for both
SWCNT and MWCNT. The effective Prandtl number decreases the flow resistance more in the SWCNT compared to
MWCNT.
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Pr Prandtl number
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0 Density

v Kinematic viscosity

u Dynamic viscosity

T Constant

o Stefan—Boltzmann constant

T Shearing stress

¢ Concentration profile

¢1,¢, Nanoparticle volume fraction

Q Linearization coefficient

n Transformed independent variable
Vi Stream function

A Nanofluid expression
Subscripts

00 Condition at infinity in the y-axis
f Fluid

o Reference condition

X Local

w Wall

nf Nanofluid

eff Effective

MWCNT  Multi-wall carbon nanotubes
SWCNT  Single-wall carbon nanotubes

1. Introduction

The term nanofluid describes a suspension of nanoparticles
in a regular (base) fluid [1]. Several applications in heat
transfer benefit from the use of nanofluids, including
nuclear reactors, hybrid-powered engines, pharmaceutical
processes and fuel cells. Nanofluids possess necessary
fortune that make it essentially useful for a wide variety of
applications, such as acoustic properties. Their thermal
conductivity and convective heat transfer coefficient are
greatly enhanced in comparison with the base fluid [2].
Consequently, it is not surprising that nanofluids have been
the subject of considerable research efforts. Jeffrey fluid
conveying nanoparticle over a three-dimensional surface
subject to convective boundary condition is discussed by
Shehzad et al. [3]. Kumar et al. [4] studied the rotational
effects of ferro-nanofluids convection past a bi-directional
moving sheet via Joule and dissipation heat. Lawal et al.
[5] examined the unsteady Eyring—Powell nanofluid flow
by determining the effects of variable viscosity and thermal
conductivity. The response of variable properties, viscous
dissipation, dissipative heat, heat generation and chemical
reaction were explored. Akolade and Tijani [6] studied the
Casson and Williamson nanofluid along a penetrable
stretched Riga plate and enumerated the features of ther-
mophysical properties of the magnetohydrodynamics flow.

The effects of double stratification, self-heating and elec-
trical MHD were presented by Daniel et al. [7]. Hatami
et al. [8] modeled a Cu—water nanofluid flow around a
rotating cylinder turbulator in an oscillating non-conver-
gent medium. The study identified that Reynolds number
rise contributes efficiently heat transfer mechanism. Other
related studies include: Ramzan et al. [9], Ramzan and
Bilal [10], Hayat et al. [11], Lin et al. [12], Ogunseye et al.
[13], Alotaibi and Rafique [14] on fluid flow with various
nanofluid models over linear/nonlinear stretching surface.

A carbon tube with a diameter commonly measured in
nanometers is known as a carbon nanotube (CNT). The
CNT can be modified or adjusted to increase the heat
transfer of a fluid. An important change that may be made
is to control the number of walls in each nanotube, series of
it classifications were discussed (see Agelet al. [15]). The
nanostructure of these materials and the strength of their
connections between carbon atoms make them to have an
outstanding tensile strength, high electrical and thermal
conductivity. They can also be chemically modified [15]. A
wide range of technological applications benefit from these
CNT features, including electronic devices, optics, com-
posite materials and nanotechnology. The scientific/indus-
trial importance of SWCNT and MWCNT has generated
some research attention in fluid dynamics [16]. Ahmad
et al. [16] probed the effect of a radiative SWCNT and
MWCNT nanofluid flow along a rigid wedge with presence
of magnetohydrodynamics (MHD). Hayat et al. [17] ana-
lyzed the importance of SWCNT and MWCNT in a mixed
convective flow. They reported that the momentum
boundary layer thickness increases with increasing mag-
netic field strength. Aladdin and Bachok [18] investigated
the dual solutions of a hybrid nanofluid wrapped in
SWCNT and MWCNT sheets using water as a base fluid.
In their study, they found that while the first solution is
preferable to the second, the hybrid nanofluid undergoes a
reduction in heat transfer as the magnetic parameter
increases. The MHD study of stagnation point flow of
SWCNT and MWCNT over a stretching sheet with dif-
ferent shape effects was done by Shafiq et al. [19]. The
behavior of the dual solution on flow and heat transfer
using two different base (water and kerosene) fluids in a
carbon nanotube was investigated by Norzawary et al. [20].
They found that the critical value for existence of a dual
solution for f'(0) = ¢ is when & = —0.5482. Rezaee et al.
[21] investigated the argon flow through elliptical carbon
nanotube. The following research work will be of great
interest to the reader for more study in this direction, see
Xue [22] and Hayat [23].

Riga plate is an actuator constructed by arranging
electrodes and magnets of equal sizes side by side. Putting
the theory of the Riga surface into practice, Rafique et al.
[24] analyzed the heat and mass transfer flow of a stratified
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micropolar nanofluid over a Riga plate. The study reported
that the heat transfer on the surface decreases for the
temperature stratification factor as mass transfer increases.
Alotaibi and Rafique [25] probed the impact of micro-ro-
tation on a nanofluid over a Riga plate. Their findings are
that concentration distribution shows direct relation with
thermophoretic impact. Additionally, increasing modified
Hartmann numbers also increases energy and mass flux
rates.

Reiner—Philippoff fluid investigation has been on
researchers spotlight in recent time due to its highly non-
linear stress relation and its ability to behave both as a
Newtonian and Non-Newtonian fluids in different regimes.
Recently, the stability analysis of Reiner—Philippoff fluid
flow subjected to radiation effect over a shrinking plate was
presented by Waini et al. [26]. Tijani et al. [27] investi-
gated the behavior of Reiner—Philippoff fluid flow using a
stream function velocity that is not admissible to the sim-
ilarity transformation technique. Their study reported that
enhancing the radiation term, mass and thermal conduc-
tivity will lead to an increment in heat and mass transfer
coefficient. Notable information in this direction can be
found in the study of Yam et al. [28], Khan et al. [29],
Ahmad et al. [30], Na [31] and Sajid et al. [32].

The spectral local linearization method pioneered by
Motsa [39] is a numerical technique used to approximate
solutions to nonlinear ordinary differential equations
(ODEs) or systems of ODEs. This method combines ele-
ments of spectral methods and local linearization to
achieve accurate and efficient solutions for linear/nonlinear
dynamical systems. The spectral local linearization method
offers several advantages. The method allows for the effi-
cient representation of the solution using a small number of
basis functions, resulting in reduced computational costs
compared to some other numerical methods. SLLM can
handle highly nonlinear systems with accuracy and stabil-
ity, even when the nonlinearities are strong or the
dynamical systems exhibiting chaotic behavior [5, 6, 13].
The spectral local linearization method has been shown to
have a quadratic convergence [33].

The novelty of this research is that no other study has
examined the Reiner—Philippoff hybrid nanofluid using
SWCNT and MWCNT, at least not to the author’s
knowledge. This current study aims at understanding the
impacts of SWCNTs and MWCNTs nanoparticles on dis-
sipative Reiner—Philippoff fluid with MHD effect and
Darcy phenomenon through a two-dimensional stretched
Riga plate subjected to the modified temperature gradient.
The objectives of the study include: (i) the model of the 2D
Reiner—Philippoff nanofluid over a Riga surface, (ii)
transformation of the governing PDEs to systems of ODEs
via an appropriate similarity variables, (iii) implementation
of spectral local linearization method (SLLM) on the

formulated problem, (iv) investigation of the behavior of
the pertinent flow parameters via graphs and tables and
(v) comparative analysis on the impact of SWCNT and
MWCNT on the governing model.

2. Organization of the paper

The paper setup is given in the following (see Fig. 1).
Section 3 contains the model formulation analysis resulting
in the dimensional governing flow equations, the thermo-
physical relation of the nanofluid and the similarity tech-
nique. The engineering quantities are presented in Sect. 4.
In Sect. 5, we present the convergence analysis, numerical
validation, and numerical solution via the spectral local
linearization method (SLLM) implemented on a MATLAB
R2015a. The importance of each emerging flow parameter
is discussed in Sect. 6. Finally, the results and significance
of the present study are elaborated in Sect. 7.

3. Model formulation analysis
3.1. Model governing assumptions
The two-dimensional flow with carbon nanotube over a

magnetized sheet is the concern of this model. The flow
equation in its generalized form is given as:

V-§=0. (1)
I q
p(G-V§) =V -1—p. (2)
K
- 2 2
pCy(G-VT) = kV°T — Vg, + u(Vq)”. (3)
- 2 2
(G-VC) =DyV?*C —Vq, + DcrV°T. (4)
Equation of Motion + Energy Balance +
Concentration Equation (PDEs)
MODEL
FORMULATION
Non-similarity Transformation
Spectral Method
(Local Linearization)
NUMERICAL METHOD — I
Computational Analysis and Validation

RESLI?S -“P The importance of each nanotube and flow

DISCUSSION parameter in the boundary layer flow problem

CONCLUSION — The findings and significance of the present

study.

Fig. 1 Paper setup flowchart
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where ¢ is the fluid velocity vector.

Consider Reiner—Philippoff fluid exemplified by a non-
linear shear-stress deformation, which consists of shear-
stress deformation of three-parameter model, namely
pseudo-plastic, dilatant and Newtonian characteristic, well
defined in Na [31] and expressed as

aui T
oy, Mo Ry (5)
Hoo + "3
L+ (2)

where 7 is the shear stress, p. is the limiting viscosity, T,
stands for reference shear stress and u, is the zero shear
viscosity. An incompressible, steady and 2D nanofluid of a
dissipative Reiner—Philippoff fluid conveying SWCNT and
MWCNT over a stretching surface is examined (see
Fig. 2). Usual truncation of the higher-order terms is
assumed to be arrived at the linear thermal radiative heat
flux. The flow governing equations in regard to continuity,
momentum, energy and concentration equations have a
similar form as given in Na [31] and Sajid et al. [34],

o ov
—il 0. 6
or | oy (6)

oM T Ung U Ou _Ou
+ exp| ——y | ——=t—=+v—=. (7
8pnf P ( ro y) Pt I(P ax ay ( )

s OT
Pnf 6)7

Hnf <a_u> 2_ 1 Oq, Knf if - lia—f—l— ﬁa_f
(pcp)nf 637 (pcp)nf 6)7 (pcp)nf 6}72 ox 6)7

(3)
o°C T  _aC , aC
D;— —=u—+Vv—. 9
day2+ T 52 ”af+vay 9)
The appropriate boundary conditions are,

W(xy) =y, V(%) =0, Txy) =T, Cxy)=Cv as y=0,

u(x,y) — 0, ’f(fv)T) — Too, é(_,f) — Cy, as y — oo.
(10)

The radiative heat flux resulting from the Rosseland
approximation given that 7% ~ 47> T — 3T% is defined as
[35] and [36],

40" 3Tt 160* [ 5 OT
=T ey T Bk | <oy

(11)

Following the study of Magyari and Pantokratoras

[37], Eq. (8) becomes

2 25 = -
Mot (@u) Knty (T)O°T 0T N T (12)

- Ao U ZT V-
(pcp)nf ay (pcp)nf @yz ox ay
166°T° . .
where Ky (T) = T + Kqt | is the effective thermal
1

conductivity of the hybrid nanofluid.

3
Boundary layer e
\ - s
\ l -
u—0, §
T>ST,. \ g
C—C, \\ SWONT MWONT
i v=0
nud i §:
. ~ L &
\ e B®
\ E‘-'
\ =
\ o
e Q
\ i
\ v
\
. o \ Tw
Reiner-Philippoff "
Fluid \\ Cw
H \
<l Dilatant, .
Yoe—
Ay=1 Newtonian

>1, Pseudo-plastic
Fig. 2 Physical representation of the flow
3.2. Thermophysical properties of the nanofluid

The mathematical expression of the nanofluid and the base
fluid properties (i.e., viscosity, volumetric heat capacity,
density and thermal conductivity) is given as follows (see
Saeed et al. [38]):

Fluid viscosity:
Hng 1
T (T )

Specific heat capacity:

(pCP)nf: _ (PCp)swent
WGl 2T G,
_ _ _(pCP)MWCNT
ro-e|- (1 -en)e

Fluid density:
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(P)ut —As = ¢y (P)swent

()¢
+(1 —¢>2)[1 - (1

(15)

)]

Thermal conductivity:

Knf KSWCNT KSWCNT 1 Kbf
oA, (1= ) 42 ( )m( )
Kbf += (1= 92) +2¢5 KSWCNT — Kbf 2Kpf

Kpf KMWCNT KMWCNT + Kf
— = *¢1)+2¢1( )ln( )
Kt KMWCNT — Kf 2K

(16)

where ¢; and ¢, represent the nanoparticles of MWCNT
and SWCNT, respectively. We have to mention that when
¢, =0 and ¢, = 0, water is realized as the working fluid.
The case of multi-wall carbon nanotube (MWCNT) nano-
fluid can be obtained by setting ¢, =0 and ¢, # 0 and
single-wall carbon nanotube (SWCNT) nanofluid when
¢, =0 and ¢, # 0. Table 1 shows the numerical value of
the thermophysical properties of the base fluid (H,O),
MWCNT and SWCNT.

3.3. Similarity transformation

Introduce  the  following  appropriate  similarity
transformation:
a )7 2
n= \[— Y = Vavef(n), t=pVaivg(n),
VX3 (17)
T-T. c-C
0(n) = ———= =
(n) T o(n) c .

Implementing Eq. (17) on the governing Eqs. (6), (7), (9),
(12) and the boundary conditions of Eq. (10), we obtain the
following ordinary differential equations, given by

g g+ (18)
£ G2 20
oty
zZ As (1 2
/_K* / = —J ) ez = :O
g pf+A1 exp(—Jn) A1{3f Sﬁ‘} ,
(19)
Ay A 2 A
0" +E, — f?+2= 0 =0 2
P, ke A4 +3A4 ’ (20)
2
"+ 3 Sf¢' +S.0" =0. (21)
Ay . .
Note that P, = P,( ———— ] is the effective Prandtl
¢ 1 +RA4

number, see [37]. In addition, the dimensionless boundary
conditions become:

Table 1 Thermophysical features of SWCNT, MWCNT nanoparti-
cles and -H,O, see [16]

plkg-m3]  AW-m 'Kl C, [J-kg' K]
H,O 997.1 0.6130 4179
MWCNT 1600 3000 796
SWCNT 2600 6600 425
fm=1, fn=0, 0 =1 ¢mu =1 a n=0,
fn)—0, 0(n)—0, ¢(n)—0, a n— oo
(22)
With the resulting parameters
TjoMuy Y 160'*T(3>O
= 9 J = —Uyw,
8a3pf Tpa y a 3k1be
Cold y u
P, = L7 S¢ =— =
Ko Dy KP paK (23)
E — u%v DCT (Tf — Toc)
¢ (T —Tw)’ ' Dy(Cr—Cs)

4. Engineering physical quantity

The engineering physical significance of this study relates
to the skin friction coefficient, Nusselt number and Sher-
wood number. The mathematical representation of these
physical quantities is given as
Tw XQw

= 727 NuX = = T qu
O'SPfuw be(Tw - Too)

" Dy(Cy — Co)’
(24)

Cr Shy

where the shear stress, surface heat flux and mass flux are
Tw, Gw> 9m » respectively, and are defined as
oC

+4, qn= _DdF
=0 y

oT
qw = —Knf 2=

Ty = purVaivg(n), %

y=0

(25)
In dimensionless form, Eq. 24 using the definition defined
in Eq. 25 becomes

%Reicf = Asg(0), Rex™Nu, = —(Aq +R)0'(0),

Re*Shy = —¢/(0),
(26)

Uy X
where Rey = ——.
\J
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Table 2 Convergence analysis of the spectral local linearization method (SLLM) with 50 collocation points using the following parameter
values of Z=0.5, ] = 0.5, R=02P, =72, S; =2.0, K; =0.5, Ec = 0.01, S, =0.2 and ¢; = ¢, = 0.0

Iterations SLLM

r —£"(0) —0'(0) —¢'(0)

3.0 0.620881455891535 0.492509156620421 0.733716698613145
5.0 0.620881456215500 0.492509156633233 0.733716698638323
10.0 0.620881456662623 0.492509156632634 0.733716698632782

Table 3 Temperature gradient —@'(0) at the wall for the spectral local linearization method (SLLM) and results in [43-45] using the following
parameter value of Z=J =Sc=K; =Ec=S; = ¢, = ¢, =0.0 and Pr =2.0

R Cortell [43] Waini et al. [44] Ferdows et al. [45] Present result
0.0 0.7643554 0.764374 0.764357 0.7643335
il 0.4430879 0.443323 0.443323 0.443673
3
20

Table 4 Comparative values of Re;l/ZCf given the parameter value Z =J =Sc =Kj =Ec=Sr= ¢, = ¢, =0.0, Pr=10.0 and R = 5

(equivalence to R = 5.0 chosen in [26])

Waini et al. [26]

Present result

y A=0.5 A=1.0 A=15 2=05 A=1.0 A=1.5
0.5 — 0.571308 — 0.677648 — 0.748420 — 0.571343 — 0.677695 — 0.748691
1.0 — 0.511112 — 0.677648 — 0.790766 — 0.511116 — 0.677695 — 0.791041
1.5 — 0.494171 — 0.677648 — 0.808429 — 0.494172 — 0.677695 — 0.808710
1 T T T T T T T T T 1 T T T T T T T T T
0.9 ——6,=0.05| - 0.9 fh —¢, =001
\ =
08| SWCNT ¢,=01] | 08 Hp SWCNT 0,=003) |
— % =02 ! —¢,=0.05
0.7 1 1 0.7 WM™ 1
- - -¢,=005 ' - --¢,=001
06 2 . osf (" ‘ 1
— ‘ MWCNT ¢, =0.03
MWCNT 9, =01 = |\ 2
;\ --=0,= 0.2 > \ \ 2
0.4 8 0.4 ‘\ \ 1
\
03 1 031 ‘\ \ 1
\ \
02 B 0.2 \ \ 1
0.1 1 011 AR 1
N ~ -
0 1 1 1 1 1 0 1 =3 - . Il L
0 1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10
n n

Fig. 3 Influence of ¢, and ¢, on the velocity profile (f'(17)) and temperature profile (6(n))

5. Numerical method

Equations (18)-(21) with their suitable conditions in
Eq. (22) will be solved using the spectral approach. The

spectral approach of interest here is the spectral local lin-
earization method (SLLM), which is based on the work of
Motsa [39]. The method works by locally linearizing our
variables of interest before iteratively computing them. The
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local linearization technique is credited to Bellman and 2+ 2 ﬁf—k 5 g7 =)
Kalaba [40], which can be seen as an extension of the b g g PR T3 8 (& +72)?2
Newton—Raphson approach. We refer the reader to the . 2As,,
following work for more study of this method (Ogunseye Xo=-K, - §/T1f ' (32)
et al. [41]). We start with the local linearization which 0, — 2A; , 0. — Ay o 2A,
takes the form: YETIAY TP T T 3,
2
8y T 47, Qoa =1, Q10 =3S.
8ar)) =2 i) (27)
(at1) and residuals
Qi af(gi1) + Laflar1) T Daflasr) + QLaflarn) = Ry &y + 7
28 R, = &) — /1w — Lo
, , 2% S Glarty + 7
QSVa (a+1) + Qﬁ,ae(a+1) = sz- (29) Rfl = Ql’af(/;/> + Q2,af<,¢/1) =+ Q3"dc(/a) + Q4,af(a) — L
// /
Q7Va¢l(/a+l) + Qs,a¢/<a+1) = Ry,. (30) Ry, = Qiae(/@ +Qoaliy) — L2
_ Vi I

as well as appropriate boundary conditions Ry =Q1.0b(q) + Wadia) — Ls

(33)

f(/u+1) = laf(aJrl) =0, 6(a+1) =1,

f(/a+1> =0, 0a1) =0, ¢(a+1) =0 asn — oo.

and the variable (coefficient) given as

Plar1y =1 forn =0,

where Ly, L, L, and L3 represent Egs. (18), (19), (20) and
(21), respectively. We kick start our iterative scheme by
choosing a suitable guess function defined as:

fiw=1—€" Oyyy=e"and ¢, = ".

(31)
(34)

For brevity, the other numerical procedure can be found in
references [5, 6, 41]. We provide the algorithm for the

Start

Define grid points

Obtain the differentiation matrix and discretization points

using the cheb function

Truncate the semi—finite domain using a finite value

Transform the semi—finite domain into a finite domain [—1,1]

Scale the differentiation matrix
Define parameters

Define initial guess/solution
For r in iterations

create matrices by replicating the initial

guesses

define
define
impose
define

impose

the functions and derivatives
matrices

boundary conditions

the known vector (RHS)

conditions on the known vector

solve to obtain the unknown vector

update
repeat

End

the solution

the steps above for the subsequent equations
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1 T T T T T T T T T T
il -SWCNT _—J=0'5 ] _—J=0'5 |
08t J=08] | J=0.8]

—J=15 —J=15
07h ---J=05|1 |
---J=05
ok MWCNT| |- - -J=0.8] - - -J=081
= ---Jd=15 --=-J=15
— o5 1 —= 1
S
041 B B
03 B i
02 - i
04+ T i
o T .
0 1 2 3 4 5 6 8 9 10 8 9 10
n
1 T T T T T T T T T
09 ——J=05|]
08 SWCNT | |~ J=0.8]1
ol —J=15|
o8y MWCNT | |---J=08]|
Eost ---J=15|1
=
04 T
03 T
02 T
0.1 T
o C . e
0 1 2 3 4 5 6 7 8 9 10

Fig. 5 Influence of J on the velocity profile (f'()) and temperature profile (0())
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1 T T T T T T T T T
b 09 n _— Kp =0.2] |
1  K'=05
| 0 SWCNT o
' — K'=10
. 07 P .
' - - -K =02
4 L o ]
P MWCNT| |- - -K =05
1 Eosp oK' =1.0] 1
o | P
E 04r .
n
| sl " |
w
b 02r w b
4 0.1 F W 4
R\ Y
\\\
o . P
10 0 1 2 3 4 5 6 7 8 9 10
n
(a) (b)
1 T T T T T T T T T
09 —K =02 |
o8r SWONT| [——K; =05/ ]
0.7 — K" =1.0] 1
P
06 - ‘\ - o= - K:; = 0-2 -
—~~ *
Eost MWCNT| | - - ~K =05/ |
< \ - -K'=10
04r \ P 4
\}
03 \ J
A\
02F N\ .
0.1 J
N -~
o L
0 1 2 3 4 5 6 7 8 9 10
n
(©)

Fig. 6 Influence of K;; on the velocity profile (f(17)), temperature profile (6(17)) and concentration profile(¢ (1))

1 T T T T T T T T T SLLM under the assumption that the well-known “cheb”
09 E =001 function given by Trefethen [42] is utilized.
1
0.8 [ ——E_=0.08|1
1 SWCNT ¢ 5.1. Numerical validation
o.7-l‘ —EC= 0.2 |1
0.6 “ -—- Ec =0.01] In this section, the validation and accuracy of the numerical
Eosl MWCNT] | - - -E_=0.08| method using different metrics are reported. Convergence
> sl ‘. EC 02 |1 of the spectral method is displayed in Table 2 for Egs.
B T T e (19), (20) and (21). The method shows rapid convergence
osr i I by the fifth iteration. Validation of the spectral method is
02F w 1 carried out in Tables 3 and 4. It is important to mention that
ok “ | due to the choice of effective Prandtl number P, that we
S« 4. .
0 e . employed, the value of R = is equivalent to R = 1 cho-
0 1 2 3 4 5 6 7 8 9 10 3
n sen in references [43—45]. The numerical values of the

temperature gradient and skin friction coefficient using the
SLLM and for other previous results in literature are listed
in Tables 3 and 4. The comparative results show good

Fig. 7 Influence of E. on the temperature profile (6(n))
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Table 5 Numerical values of Nusselt and Sherwood numbers for SWCNT/H,O and MWCNT/H,O given the parameter value
K;=05,Z=10,J=0.5, Ec =0.01, Sc =2.0,Sr=0.2, =7y = 1.0 and Preyy = (i.e. Pr=7.2, R=10.8)

_1
Re, *Nuy

Rey *Sh,
b1/, SWCNT/H,0 MWCNT/H,0 Inc 1 (%) SWCNT/H,0 MWCNT/H,0 Dec | (%)
0.01 2.12355 2.19397 331 0.71030 0.68878 3.02
0.02 2.05412 2.18241 6.24 0.72620 0.68817 523
0.03 1.99311 2.17084 8.91 0.73857 0.68757 6.90
0.04 1.93799 2.15924 11.4 0.74833 0.68698 8.19
0.05 1.88714 2.14762 13.8 075613 0.68641 9.22
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Table 6 Numerical values of skin friction coefficient %Re,lin and Nusselt number Re;%NuX for different values of Z, K}*)7 E. when
P,, = (i.e.P, =7.2,R=10.8), Sc = 2.0, S; = 0.2 and J = 1.0 for different nanomaterials

Values Water SWCNT MWCNT
¢, = 0.0 and ¢, = 0.0 ¢, = 0.0 and ¢, = 0.05 ¢, = 0.05 and ¢, = 0.0

z K Ee IReCy Re, *Nu, IReLCy Re; *Nu, IRy Re; *Nu,
02 —~ 0.87282 1.96855 — 0.94320 159117 — 0.88823 192968
0.4 ~ 077119 2.00782 — 0.84597 163638 ~ 079508 1.963504
1.0 — 047097 2.11104 — 055821 175408 —~ 051931 2.05909
1.0 0.1 — 0.19467 220562 — 025940 1.88053 — 022946 215804
03 — 034092 2.15625 — 041798 1.81412 ~ 038358 210616
05 — 047097 211104 — 055821 1.75408 — 051931 205909
05 0.005 — 047097 2.11806 — 055821 1.76001 —~ 051931 206734
0.008 — 047097 2.11385 — 055821 175645 —~ 051931 2.06239
0.01 — 047097 2.11104 — 055821 175408 —~ 051931 2.05909

agreement with previously established results in the limit-
ing cases.

6. Results and discussion

This section graphically illustrates the response pertaining
to parameter variations on the distribution profiles. Based
on the assumption, this study utilizes a nanofluid contain-
ing either SWCNT or MWCNT, with MWCNT at ¢, =
0.05 and SWCNT at volume fraction value ¢, = 0.05.

If the presence of the nanoparticles is in excess of 5% in
the nanofluid, it is important to note that the nanoparticles
behaves like a non-Newtonian fluid. Consequently, we
have taken nanoparticles volume fraction value of less than
or equal to 5%. In the numerical simulation, the non-di-
mensionalized parameters must be chosen properly and in
agreement with the physics of the problem so that the
required boundary conditions are satisfy correctly. Since
the base fluid of this study is water, Prandtl number is fixed
as 7.2 and the remaining physical parameters are taken as
follows: K; =0.5,2=1.0,1=0.8, Ec =0.01, Sc =
2.0,Sr=0.2, A=1.0, y = 1.0, Pregs = (i.e.Pr=
7.2, R =0.8) unless stated otherwise. Figures 3 and 4
show the influence of nanoparticle volume fraction on each
nanofluid.

The study shows that these volume fractions ¢; and ¢,
had great effects on the temperature profile of SWCNT and
MWCNT nanofluids, but less impact on the velocity pro-
file. Figure 3b further establishes that the energy dissipa-
tion of the MWCNT-induced nanofluid is greatly
influenced compared to the SWCNT-induced nanofluid.

The effective Prandt]l parameter Pr.s has a diametrically
opposed behavior on the temperature and velocity profiles.

The parameter Preg € [3.0,6.0] greatly abates the heat
dissipation of the MWCNT. Figure 5 shows that the
material constant parameter J indicates a negative motion
of the momentum profile but supports the temperature
profile. The concentration profile of the MWCNT has more
influence compared to the SWCNT. Mathematically, the
porosity parameter is directly proportional to the viscosity
(resistance to movement at a given rate) of the hybrid
nanofluid. This explains why an increase in the porosity
parameter leads to a reduction in the velocity distribution,
as shown in Fig. 6.

The decrease in the velocity profile as we increase the
porosity parameter results in more drag on the Riga plate,
thereby increasing the temperature and concentration dis-
tributions. This is because molecules of the nanofluids
collide more with the sheet, as shown in Fig. 6b and c. The
SWCNT exhibits significantly more heat generation com-
pared to the MWCNT, as shown in Fig. 6¢. Figure 7 elu-
cidates the importance of the Eckert dimensionless
parameter on the temperature profile of the SWCNT and
MWCNT Reiner—Philippoff nanofluid.

Figure 7 illustrates how the Eckert parameter enhances
heat transfer in the fluid. The Eckert parameter increases
the advective transport of heat transfer dissipation rate.
Moreover, the study shows a much larger percentage
increase in MWCNT compared to SWCNT as we increase
the Eckert parameter. Figure 8 depicts the influence of
Schmidt and modified Soret numbers on the concentration
profile. It is found that the concentration profile and its
corresponding concentration boundary layer thickness are
reduced for both SWCNT and MWCNT when the Schmidt
number is increased. This is explained by the fact that
increasing the Schmidt number impedes the molecular
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mass diffusion rate thereby reducing the concentration
profile.

The modified Soret number Sr supports the growth of
the concentration boundary layer thickness with increments
in the dimensionless parameter while keeping other
parameters constant (see Fig. 8b). Figure 9 shows that with
an increase in the modified magnetic parameter Z values,
both SWCNT and MWCNT exhibit an increasing velocity
profile. However, an opposing behavior, characterized by a
reduction in heat dissipation, can be observed as the
modified magnetic parameter is enhanced, as shown in
Fig. 9b. The findings noted here for the modified magnetic
parameter Z is similar to the result of Ahmad et al. [16].

Table 5 shows the percentage increase from the SWCNT
to the MWCNT nanofluids using the Nusselt number. The
results indicate that as the nanoparticle volume fraction is
enhanced, the Nusselt number for both SWCNT and
MWCNT nanofluid decreases. The Sherwood number is an
increasing function as the nanoparticle volume fraction
increases for SWCNT but a decreasing function for
MWCNT as nanoparticle volume fraction increases. The
results of this study indicate that MWCNT exhibits a sig-
nificantly more efficient convective process than SWCNT.
Table 6 shows the comparative values of skin friction and
Nusselt numbers for the base fluid, SWCNT and MWCNT.
We found that increasing the porosity and Eckert param-
eters decreases the Nusselt number. Additionally, the
modified magnetic parameter Z is found to enhance both
the skin friction coefficient and Nusselt number.

7. Conclusions

The study focuses on the comparative analysis between the
Reiner—Philippoff nanofluid of SWCNT and MWCNT with
water as working the fluid. The features of heat and mass
transfer are carried out over a stretching sheet with the
inclusion of magnetic effects, viscous dissipation and
thermal radiation effects. The spectral-based numerical
technique, specifically the spectral local linearization
method (SLLM) implemented in MATLAB, was used to
solve the coupled ordinary differential equations. The fol-
lowing are some of the key findings of this investigation:

e The SWCNT can be used to increase the heat transfer
dissipation of the base fluid the most.

e The material constant J decreased the velocity profile of
both SWCNT and MWCNT nanofluid induced.

e The concentration boundary layer thickness boosts for
boosting the value of non-dimensional modified Soret
number.

e All dimensionless parameters except the modified
magnetic term retard the velocity profile.

In our future study, the impact of Coriolis and centrifugal
forces as well as the variations of the thermophysical
properties will be explored.
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