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MATLAB. Two base fluids, water and kerosene and both single-wall (SWCNTs) and
multi-wall (MWCNTSs) carbon nanotubes, each with distinct densities. The effects of
several parameters were examined through graphical representations of velocity,
temperature, skin friction coefficients and heat transfer rate. These parameters

Keywords: include the magnetic field M, curvature parameter y, stretching/shrinking parameter
Carbon nanotubes; A and CNT volume fraction ¢. The findings illustrated that dual solutions exist for
magnetohydrodynamic; heat transfer; shrinking case and unique solution present in stretching case. The heat transfer rates
stretching or shrinking cylinder; dual are higher in kerosene-based fluid with single-walled carbon nanotubes compard to
solutions water-based fluid with multi-walled carbon nanotubes.

1. Introduction

The field of research involving cylindrical surfaces has been extensively explored in previous
studies. For instance, Norkin [1] investigated how cavities form when a circular cylinder first moves
through a fluid with constant acceleration. Kostikov and Makarenko [2] considered the unsteady free
surface flow above a moving circular cylinder. The role of rotating cylinders has also attracted
considerable attention, as highlighted by Selimefendigil and Chamkha [3], who examined a 3D
magnetohydrodynamic vented cavity featuring surface corrugation and an inner rotating cylinder.
Additional studies on rotating cylindrical surfaces include in other studies [4-7].

Research on stretching or shrinking cylinders is relatively new and still being explored. However,
these cylinders are widely used in various engineering fields, such as biomedical engineering and
chemical processing. They are utilized in biomechanics and tissue engineering studies, including
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research on blood vessels and muscles. Additionally, stretching or shrinking cylinder are employed in
chemical reactors for vessel deformation and flow channel analysis. The study of stretching or
shrinking cylinder can be founded by few authors, such as Wang [8] studied the the fluid flow outside
of a stretching cylinder. Ashorynejad et al., [9] found that adding copper, silver, alumina, or titanium
oxide nanoparticles to water flowing around an expanding cylinder under a magnetic field improved
cooling. Mukhopadhyay [10] analyzes the flow and thermal characteristics of boundary layer
axisymmetric flow along a stretching cylinder under the combined influence of slip and a uniform
magnetic field. The findings of the study, it is found that the velocity decreases with increasing
velocity slip parameter and magnetic parameter. The skin friction as well as the heat transfer rate at
the surface is larger for a cylinder compared to a flat plate. Then, Najib et al., [11] investigated the
stagnation point flow and mass transfer with chemical reaction past a stretching/shrinking cylinder.
Next, axisymmetric flow of a viscous incompressible fluid over a shrinking vertical cylinder with heat
transfer is investigated by Mishra and Singh [12]. Mat et al., [13] examined the boundary layer
stagnation-point slip flow and heat transfer along a shrinking/stretching cylinder over a permeable
surface found that velocity and temperature profiles increase as the curvature parameter increases.
Khashi’ie et al., [14] hybrid nanofluid flow past a shrinking cylinder with prescribed surface heat flux
and stated that flat plate surface abates the separation of boundary layer while it enhances the heat
transfer process. Awaludin et al., [15] also shows an interest in study the steady stagnation point flow
and heat transfer passes a horizontal shrinking permeable cylinder. It stated that given the existence
of dual solutions in the present study for a certain range of the curvature parameter. Kardri et al.,
[16] investigated the magnetohydrodynamic (MHD) stagnation point flow and heat transfer around
a nonlinear stretching or shrinking cylinder in nanofluids, incorporating the effects of viscous
dissipation and internal heat generation by applying the Tiwari-Das model.

Choi and Eastman [17] initially use the term "nanofluid," referring to a fluid containing nanoscale
particles with dimensions less than 100 nanometers. Nanofluids have a significant impact on research
applications owing to their enhanced thermal conductivity, which improves heat transfer rates and
efficiency in heat exchange systems. Arifin et al., [18] expressed interest in investigating viscous flow
induced by a permeable stretching/shrinking sheet in a nanofluid, an extension initially proposed by
Wang [19] from the original work of Tiwari and Das [20]. Copper and silver are examined as
nanoparticles to explore the impact of nanoparticle volume fraction on the flow and the
characteristics of heat transfer. The explore of research in using nanofluid can be seen in the papers
by Bachok et al., [21], Makinde and Aziz [22], Bachok et al., [23] and Bachok et al., [24]. Carbon
nanotubes (CNTs) have exceptionally high thermal conductivity as stated by lijima [25], several times
greater than copper or silver nanoparticles. This property makes them highly effective in enhancing
heat transfer rates in nanofluids, leading to improved thermal management in various systems. It
was stated by Halelfadl et al., [26] that nanofluids could offer advantages in energy systems and heat
exchangers where fluid flow aligns with the setup's temperature, the volume fraction of
nanoparticles and flow regimes. In a study by Norzawary et al., [27], the effects of suction and
injection on flow over stretching/shrinking surfaces were examined using single-walled carbon
nanotubes (SWCNTs), multi-walled carbon nanotubes (MWCNTSs), and water-based fluids. The results
indicated that increasing suction and nanoparticle volume fraction enhances the heat transfer rate
at the surface. Additionally, SWCNTs demonstrated superior performance in terms of skin friction
coefficient and heat transfer compared to MWCNTs. Meanwhile, Mahabaleshwar et al.,, [28]
discovered that SWCNTs outperform MWCNTs in SWCNT-MWCNT/water flow over
stretching/shrinking surfaces influenced by hydromagnetic effects. Samat et al., [29] concluded in
their study on CNT flow over a stretching/shrinking porous surface under the influence of MHD
effects that an increase in the magnetic field leads to higher skin friction and enhanced heat transfer.
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Many researchers have shown an interest in studying carbon nanotubes in various flow scenarios,
including rotational flow [30-33] and exponential stretching/shrinking [34].

Few studies have considered the effects of magnetohydrodynamics. Mahapatra and Gupta [35]
explored the steady two-dimensional stagnation-point flow of an incompressible viscous electrically
conducting fluid toward a stretching surface, with the flow permeated by a uniform transverse
magnetic field. Subsequently, Aman et al, [36] examined stagnation point flow past a
stretching/shrinking sheet with the availability of magnetohydrodynamic effect and slip effect. They
obtained results indicating that the presence of slip effects causes the skin friction coefficients to
decrease and the heat transfer rate to increase. The main objective was to observe the non-unique
solution, which was found to exist for a shrinking sheet, while a unique solution was observed for a
stretching sheet. Moreover, Anuar et al., [37] investigated the influence of MHD and a nonlinear
parameter on nonlinear stretching or shrinking in single-walled carbon nanotubes (SWCNTs) and
multi-walled carbon nanotubes (MWCNTSs), incorporating kerosene and water as base fluids. The
findings of this study illustrated that SWCNTs perform better than MWCNTSs in terms of skin friction
and surface heat transfer rate. A similar trend was observed with increasing magnetic field strength,
which led to increased skin friction and heat transfer. Other researchers have shown interest in
considering magnetic field effects on stagnation point flow in their research, as evidenced by the
works of Ishak et al., [38] and Uddin et al., [39]. In addition, the effects of hydromagnetic are also
implemented on stretching/shrinking surfaces as evaluated in Yasin et al., [40] . These authors found
that the availability of magnetic field in the study of MHD and radiation past a permeable
stretching/shrinking sheet cause the skin friction coefficient to increase. Furthermore, Patel et al.,
[41] studied a micropolar ferrofluid in the presence of a magnetic field over a stretching/shrinking
sheet. Yashkun et al., [42] conducted research on a stretching/shrinking surface in a hybrid nanofluid,
focusing on the effects of suction and radiation. For further studies on MHD over a
stretching/shrinking sheet, also refer to the works of Zhang et al., [43] and Vishalakshi et al., [44].

This study focuses on analyzing stagnation point flow over a stretching or shrinking cylinder in
carbon nanotube-based fluids, incorporating the effects of a magnetic field. This is a combination of
ideas from Kardri et al., [16], Samat et al., [29] and Anuar et al., [37] explores a research that has not
yet been investigated. The governing equations are converted into ordinary differential equations
using a similarity transformation and are solved numerically. The influence of various key parameters
on the heat transfer rate is analyzed and illustrated through graphical results.

2. Formulation of the Problem

Consider the two-dimensional magnetohydrodynamic flow past a linearly
stretching/shrinking cylinder at a stagnation point. This study incorporates both single-walled carbon
nanotubes (SWCNTs) and multi-walled carbon nanotubes (MWCNTSs) as nanoparticles, with water
and kerosene as the base fluids. The free stream velocity is defined as U,, = bx, where b is a constant
and the cylinder of radius R isimmersed in an incompressible nanofluid of constant temperature, T,,.
The stretching/shrinking velocity is expressed as U,, = ax, where a is a constant.

The thermophysical properties of SWCNT and MWCNT are compared between water and
kerosene. These fluids were selected for comparison with previous studies.
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Table 1
Thermophysical properties of based fluids and CNTs [45]

Physical Base Fluids Nanoparticle
Properties Water (Pr = 6.2) Kerosene (Pr = 21) SWCNT MWCNT
p(kg/m3) 997 783 2600 1600
¢,(J/kgK) 4179 2090 425 796
k(W /mK) 0.613 0.145 6600 3000

The governing equations consist of continuity, momentum and energy equations are expressed
based on the formulation by Kardri et al., [16] as follows:

da(ru) N a(rv) 0
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subject to the boundary conditions of the following problem

u=U,, v=0 T=T, atr =R, 4)
u—->Uy,, T —>Tyas r— o,

where u and v are the velocity components in the x and r directions, respectively and T denoted
for fluid temperature. the subscripts nf, f and CNT denote nanofluids, fluids and carbon nanotubes,
respectively. Additionally, a represents the thermal diffusivity, 4 stands for dynamic viscosity, p for
the density, C, signifies specific heat at constant pressure, k denotes thermal conductivity and ¢
indicates nanoparticle volume fraction, as illustrated below Oztop et al., [46]:

u
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Additionally, the Eq. (6) presented the similarity variables that are use to solve the governing
equations, Eq. (1) — (3) along with the boundary conditions, Eq. (4).
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The governing equations of the momentum and energy equations from Egs. (2) and (3) are
reduced to a set of ordinary differential equations (ODEs) through the implementation of Eq. (5)
along with similarity transformations, Eq. (6), resulting ODEs and their corresponding boundary
conditions are provided in Eq. (7):

1
1 2 " 2 " n __ £12 M 1_ ! 1
R [ R R A R ©)
=0,
1 s /s
— [(1+2yn)8" +2y0'] + f6' =0,
Pr( =) + 0(0G,) y/(0C0) | ®)
f(0)=0, f'(0)=¢ 6(0)=1, )

ffm -1, 6(m) -0, asn — oo,

where the external magnetic field is M = aBoz/pnfb, where B, is a constant, Pr represents the
Prandtl number and y denotes the curvature parameter. The parameter for the shrinking or
stretching surface is designated as A, where A > 0 corresponds to the stretching case while 1 < 0
corresponds to the shrinking case.

1

(1-n)\ 2
_Vf _ fo 10
g = (N "

The local skin friction coefficients, Cf and local Nusselt number, Nu, are demonstrated as follow:

Tw

Cfx = pf—Uozo' (11)
_ xqy
N, = ke (T — Too) (12)

Given the shear stress of the surface 7,, and heat flux g,, as:

du oT (13)
Tw = Hns <§)r=R' qQw = —kny <§)T=R-

The physcial quantities below obtained by applying Egs. (11) — (13).

1 1 rn
Rectlr = =gy /" O o
1 k
Re_?Nu, = —ki]fe’(o), (15)

where Re, = Uyx /v refers to the local Reynolds number.
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3. Analysis of Results

The nonlinear ordinary differential equations (ODEs) Egs. (7) and (8), along with boundary
conditions Eq. (9), were obtained using the boundary value problem solver (bvp4c) in MATLAB.
Based on Table 2, the values of the f”/(0) can be compared between the study by Anuar et al., [37]
and current study, considering y = ¢ = M = 0 for water-SWCNT. The consistent results obtained
for y = 0 in both studies indicate validation, with both results being compatible. Dual solutions can
be found within the range of parameter influences suchas 0.1 < ¢ <0.2,0<y <0.02and 0 <
M < 0.05 as stated in Kardri et al., [16] and Anuar et al., [37]. This study also considers stretching or
shrinking cases with the parameter A. As can be seen in Table 1, it provides a comprehensive overview
of the thermophysical characteristics of both types of carbon nanotube with two base fluids: water
and kerosene. This includes their respective values for density, specific heat at constant temperature
and thermal conductivity. In addition, this study contributes to the determination of the Prandtl
number, which exhibits variability based on the chosen base fluids. Specifically, Pr is defined as Pr =
6.2 for water and Pr = 21 for kerosene. Thus, further explanations and results can be explored by
illustrating the graphical results of the velocity profile, temperature profile, skin friction coefficients
and local Nusselt in Figures 1 — 14.

Table 2
Comparison values of f”'(0) for different 1 and y when ¢ = M = 0 for water-SWCNT
1 Anuar et al., [37] Present Results
y=0 y=0 y = 0.01 y = 0.02
2 —1.887307 —1.887307 —1.891910 —1.896505
1 0 0 0 0
0.5 0.713295 0.713295 0.715845 0.718387
0 1.232588 1.232588 1.238042 1.243475
—-0.5 1.495670 1.495670 1.504878 1.514029
-1.0 1.328817 1.328817 1.345669 1.362272
-1.15 1.082231 1.082231 1.107213 1.131379
[0.116702] [0.116702] [0.105222] [0.094413]
—-1.2 0.932473 0.932473 0.965974 0.997447
[0.233650] [0.233650] [0.213369] [0.195019]
—1.2465 0.584282 0.584281 0.721074 0.786771
[0.554296] [0.554296] [0.430615] [0.377963]

[]: Second solution
3.1 Reduced Skin Friction Coefficients and Heat Transfer

Figures 1 and 2 show the graphical results of the reduced skin friction coefficients f''(0) and
reduced heat transfer —8'(0) for variation value of M and stretching/shrinking parameter A,
considering water-SWCNT. The magnetic parameter M = 0, 0.02 and 0.5, with corresponding critical
values of A, achieved at —1.30628,—1.27978 and —1.26215, respectively. The value of M =
0 indicates flow without magnetic field effects in the fluid flow. The dual solutions are more widen in
M = 0 compared to M = 0.02 and 0.05. These dual solutions exist within the range of A, < A <
—1.0, while no solution can be obtained when A < A.. The reduced skin friction coefficients and
reduced heat transfer increase as the value of M increase and decelerating the thermal boundary
layer separation process.
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Fig. 2. Reduced heat transfer —0'(0) for
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Figures 3 and 4 exhibit the reduced skin friction coefficients and reduced heat transfer for
different values of the curvature parameter y along the stretching/shrinking parameter A for water-
MWCNT, for several values of y when M = 0.02 and ¢ = 0.1. The reduced skin friction coefficients
increase while the reduced heat transfer decreases as y increases in value. Additionally, the critical
values A. also decrease. The dual solutions exist for A, < A < —1.0 and unique solution only exist
when A > —1.0. Since, 1 > 0 represents a stretching case, while 1 < 0 represents a shrinking case,
it can be concluded that dual solutions exist in the shrinking case, while uniqueness exists in the
stretching case.
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3.2 Local Skin Friction Coefficients and Local Nusselt Number
1 1

The variations of local skin friction coefficients ReZCr and local Nusselt number Re;ZNux with
nanoparticle volume fraction are provided in Figures 5 — 10 with the different values of M, y and
different types of based fluid and carbon nanotubes. The figures consider two distinct base fluids,
water and kerosene and two varieties of carbon nanotubes (single-walled CNTs and multi-walled
CNTs), within a shrinking case (1 = —1.2). The graphical results in Figures 5 and 6 illustrate the
outcomes of the local skin friction coefficients and local Nusselt number for different values of M
when y = 0.02 for single-walled CNTs. The local skin friction coefficients and local Nusselt number
increase in both water- and kerosene-based fluid as M increases. In Figure 5, it is observed that
kerosene produced higher local skin friction coefficients compared to water-based fluid. However,
an opposite trend is shown for both base fluids in Figure 6 as water produced a higher heat transfer
rate.

1.9
Kerosene-SWCNT (Pr = 21) Kerosene-SWCNT (Pr = 21)
Y Water-SWONT  (Pr = 6.2) U Water-SWCNT (P =6.2)
: 0.35
A= 12 A=-12
17r 5 =0.02 y = 0.02 ’
03[ L
y
161 S
Py
/7 7z
025 S
151 S0
< 4 //
< = S
So14r 202r R
5 T S
N & P
13k M =0,0.02,0.05 et
0.15
121
01
M =0,0.02,0.05
1.1
1 0.05 |-
0.9 : olmm=z522777 . .
0 002 004 006 008 01 012 014 016 018 02 0 002 004 006 008 01 012 014 016 018 02
o :
1 1
. R 2 . . . Lo -3 .
Fig. 5. Variation of Re;Cr with ¢ for various Fig. 6. Variation of Re,. 2Nu, with ¢ for
values of M various values of M

Next, based on Figures 7 and 8, it shows the effects of varying curvature parameter y values on
local skin friction coefficients and local Nusselt number when M = 0.02. Thevaluey = 0.01 and 0.02
are taken to represent existence of the curvature parameter, while y = 0 represents a flat surface.
Figure 7 it is revealed that kerosene-based fluid exhibites a higher local skin friction coefficients than
water-based fluid. Conversely, water-base fluid single-wall CNTs demonstrate a greater heat transfer
rate compared to kerosene-based fluid single-wall CNTs as illustrated in Figure 8.
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Figures 9 and 10 further compare the performance of different base fluids and CNT types. This
comparison indicates that water-based fluid yielded much lower local skin friction coefficients and
higher heat transfer, whereas single-walled CNTs exhibited higher local skin friction coefficients and
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Fig. 10. Variation of Re, ?Nu,, with ¢ for
various nanoparticles
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3.3 Local Skin Friction Coefficients and Local Nusselt Number

The velocity f'(n) and temperature profiles 8(n) for various values of nanoparticle volume
fraction ¢ and magnetic field parameter M illustrated in Figures 11 and 12. The values of M = 0 and
0.02 are compared with different values of ¢ = 0.1,0.15,0.2. From the obtained graphs, it is
revealed that with an increase in the value of ¢, the velocity profiles decrease, while there is an
opposite trend for temperature profiles, which increase. It is observed from the figures that the
presence M decreases and increases both profiles, respectively, compared to M = 0.

0.9

0.8 [

071
Water-SWCNT
06

0(n)

0.5

f(m

0.4

0.3

0.2

0.1

Fig. 11. Velocity profiles for various values of Fig. 12. Temprature profiles for various values
@ and M of ¢ and M

Figures 13 and 14 display the impact of nanoparticle volume fraction ¢ and curvature parameter
y on velocity and temperature profiles. The curvature parameter is varied, with y = 0 representing
a flat surface and y = 0.01 representing the presence of curvature. The influence of curvature
parameter y affects the velocity to be higher and the temperature profiles to be lower than those on
the flat surface (y = 0). It is observed from the figures that an increase in volume fraction of
nanoparticles leads to a decrease in velocity profiles and an increase in the temperature profiles of
the flow. This occurs because the increase in nanoparticle volume is associated with a decrease in
the thickness of the velocity boundary layer adjacent to the walls, due to higher friction. Additionally,
it enhances the thermal conductivity of the flow, resulting in an increase in temperatures.

10
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4. Conclusions

The behavior of SWCNT-MWCNT nanoparticles across linearly stretching/shrinking cylinder with

the effects of hydromagnetic is studied in this research. The graphical results are obtained with
reference to several parameters and include plots of reduced skin friction coefficients, reduced heat
transfer, local skin friction coefficients, local Nusselt number, as well as velocity and temperature
profiles. The findings can be summarized as follows:

i.  Non-unique solutions exist for shrinking case A < 0, while unique solutions are obtained
for stretching case 4 > 0.

ii. Increasing the values of M and y results in higher skin friction coefficients and heat
transfer rates.

iii.  Kerosene-based fluid contribute to higher skin friction coefficients and heat transfer

compared to water-based fluid.

iv. ~ SWCNTSs provide better skin friction coefficients and heat transfer compared to MWCNTs.
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