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INTRODUCTION

The study of point of stagnation has been attract-

ABSTRACT

The magnetohydrodynamic (MHD) nanofluid flow at non-orthogonal stagnation point, with
suspended carbon nanotubes in water on a stretched sheet in a permeable media with non-lin-
ear thermal radiation is studied. This work aims to explore the inclined magnetic field impacts
on normal velocity, tangential velocity and temperature for both types of carbon nanotubes
(CNTs). The governing flow equations which are continuity equation, momentum equation
and energy equation are reformed into ordinary differential form with the proper boundary
conditions using appropriate transformations. The computational solution of the nonlinear
ODE:s is obtained using the Bvp4c method. The graphs are presented to show the influence of
certain physical factors which ranged as magnetic parameter (0.5 < M < 2.5), inclination angle
of the magnetic field (11/2 < { < 11/4), permeability parameter (0 < Q < 2), volume fraction of
nanoparticle (0.03 < @ < 0.07), stretching ration parameter (0.3 <y, < 0.7), Radiation param-
eter (0.5 < Nr <0.9), the heating parameter (0.5 < 0,, < 1.5) and Prandtl number (5 < Pr < 10).
The normal and tangential velocity drops with the augmentation of (M), ({) and (Q), while the
temperature rise with enhance of (Nr) and (6,,). This study’s findings may be used to manage
the heat transmission and fluid velocity rate to achieve the required final product quality in
numerous manufacturing processes such as electronic cooling, solar heating, biomedical and
nuclear system cooling. Validation against previous research available in the literature in spe-
cific situations shows excellent agreement.
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nuclear reactor cooling during an unexpected power failure

and cooling electronic equipment. When a fluid flow inter-

ing numerous researchers throughout the history Of ﬂuld acts Wlth a Sohd Wall, the ﬂuld VelOCitY at SuCh pOint is rela'

dynamics by reason of its practical applications for example,  tively zero, which is known as point of stagnation. Less focus
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has been given to oblique point of stagnation compared to
orthogonal stagnation point flows which have been stud-
ied by many authors. Wang [1] investigated numerically the
unsteady flow of three-dimensional non-orthogonal point
of stagnation using the fifth-order RK Fehlberg algorithm.
The oblique Axially symmetric point of stagnation flow of
a fluid supposed viscous on a circular cylinder by means
of coupled ordinary differential equations has been studied
by Weidman et al. [2]. The 2D oblique steady flow at the
point of stagnation of a viscous incompressible fluid over a
stretching surface has been discussed by Reza et al. [3], By
varying the stretching parameter of the surface, they found
that the ratio of heat exchange at the stretched surface may
be enhanced or decreased. Labropulu et al. [4] numerically
investigated the oblique flow at the point of stagnation of a
fluid considered to be non-Newtonian on a stretched sheet
with heat exchange using a quasi-linearization technique,
they conclude that the an upsurge in the fluid elasticity lead
to enhance the velocity and reduce the temperature. Sarkar
et al. [5] studied the slip impacts on the oblique point of
flow stagnation over a rough surface of viscous fluid. Awan
et al. [6] investigated the unsteady non-orthogonal point
of flow stagnation of second-grade fluid across a stretched
sheet taking into account the slip effects.

The magnetohydrodynamics (MHD) is the discipline
of the dynamics of magnetic fields in an electrically con-
ductive fluid, has been conducted by many scientists and
engineers [7-12]. Singh et al. [13] examined the steady
two-dimensional, incompressible and viscous fluid flow
at oblique point of stagnation hitting over a stretching
sheet in the presence of magnetic field and radiative heat.
Borrelli et al. [14] examined the 2-D steady flow of a elec-
trically conducting Newtonian fluid at an oblique stagna-
tion point with effect of a uniform external electromagnetic
field. In the presence of a uniformly applied magnetic field,
an unsteady oblique point of flow stagnation of a viscous
fluid over an oscillating flat plate has been investigated by
Javed et al. [15], the equations are solved using Keller-box
method and they found that because of the oscillating plate
and magnetic field, the velocity profile of the Newtonian
fluid raised in the non-orthogonal region of the stagnation
point only. Awan et al. [16] studied numerically the mag-
netohydrodynamic impacts of an incompressible two-di-
mensional unsteady Jeffrey fluid model at an oblique point
of flow stagnation driven by an oscillating stretching sheet.
Mohamed et al. [17] numerically examined the magnetohy-
drodynamic (MHD) point of flow stagnation over a stretch-
ing sheet of blood based Casson ferrofluid with Newtonian
heating and using the model of Tiwari and Das nanofluid.
The Fe;O, cobalt ferrite CoFe,O, ferroparticles and fer-
rite was used for the study. As a result, they found that the
stretching parameter play an important role to reduce the
difference in surface temperature between cobalt, ferrite
blood based Casson ferrofluid and blood based fluid.

Countless applications have been provided to the field of
nanofluids ranging from biomedical to chip cooling [18-20].

They are known to significantly increase heat conductiv-
ity [21]. The heat exchange efficiency of carbon nanotubes
(CNTs) has been proven to be extremely high, in addition to
conventional nanofluids that comprise 1-100 nm nanoparti-
cles for heat transfer enhancement reasons. These tubes with
diameter measured in nanometer are made from rolled-up
graphene sheets. Due to their high thermal conductivities,
carbon nanotubes (CNTs) represent a great opportunity for
usage as nanofluid additives. SWCNTs are carbon nanotubes
with a single surface, whereas MWCNTs have many surfaces.
SWCNTs are known to be more effective than MWCNTs
because they tend to lose some of their electronic charac-
teristics, whereas SWCNTs are utilized specifically for elec-
tronic applications. Although, the benefit of MWCNTSs over
SWCNTs since they are more rigid, simple and affordable to
create on a wide scale. A considerable amount of studies on the
nanofluid with magnetohydrodynamics for instance [22-26].
The inclined hydromagnetic flow of nanofluid under thermal
radiation close to the point of stagnation through a stretched
sheet, and varying viscosity of the nanofluid has been studied
by Khan et al. [27]. Mehmood et al. [28] analyzed the oblique
point of flow stagnation of an Ethylene- Glycol and water
based nanofluid with heat exchange across a stretched sheet,
it was found that, in comparison to Ethylene-based nanoflu-
ids, water-based nanofluids exhibit local heat flux. Khan et
al. [29] studied the oscillatory non-orthogonal point of flow
stagnation of MHD nanofluid over a flat plate considering
the slip effect, examining three distinct nanoparticles Titania,
Copper and Alumina while utilizing water as the working
fluid, they observed that Cu nanoparticles, when compared
to other nanoparticles examined, can increase the magnetic
susceptibility of nanofluids. Nadeem et al. [30] examined
the unsteady MHD oblique point of flow stagnation over
an oscillatory stretching/shrinking surface of a nanofluid
with suction effect. Rizwana et al. [31] numerically studied
the MHD oblique point of flow stagnation through a Riga
plat of copper-water nanofluid, they conclude that the Riga
parameter and Casson parameter increase the velocity field.
Ghasemi et al. [32] studied the effects of solar radiation on
two-dimensional flow at point of stagnation of MHD nano-
fluid on a stretched sheet under thermal radiation, Ohmic
heating and viscous dissipation. The governing equation was
solved using the differential quadrature method (DQM),
it was found that the temperature profiles enhanced by
decreasing the Prandtl number and enhancing the solar radi-
ation parameter. Zainal et al. [33] used the Bvp4c approach
to solve the two-dimensional unsteady flow of MHD hybrid
nanofluid (AL,05-Cu/H,0) at point of stagnation across an
exponentially permeable stretching/shrinking sheet. They
concluded that raising the suction parameter and the MHD
parameter increases the skin friction coefficient and ratio
of heat exchange of the hybrid nanofluid. Nandi et al. [34]
explored a computational and statistical study of the MHD
flow at the point of stagnation of Fe;O,/Cu/Ag-CH,;OH
nanofluid on a heated permeable stretched sheet. With the
impact of viscous dissipation, activation energy, velocity
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slip, concentration slip, thermophoresis and chemical reac-
tion. The method of Runge-Kutta-Fehlberg was used for the
numerical approach. They concluded that the fluid velocity is
always lower for Fe,O,-CH;OH and Cu-CH;OH nanofluids
as compared to Ag-CH,OH nanofluid.

The analytical or numerical solutions in the above stud-
ies are examined using the approximation of Rosseland
for the thermal radiation, which is the emission of electro-
magnetic radiations in all directions by a heated substance,
since the flow temperature difference is very small, they
described T as a linear function of T. Ghaffari et al. [35]
explored the nonlinear radiation impact of viscoelastic fluid
on 2-D non-orthogonal point of flow stagnation in a imper-
meable media; the results of the study are obtained using
Iterative Scheme of Chebyshev Spectral Newton they found
that small value of surface heating and radiation parameter
can control the width of thermal limit layer. Khan et al. [36]
investigated the impact of nonlinear thermal radiation on
the MHD point of flow stagnation of two Burgers’ nano-
fluids driven by cylinder stretching the solution have been
obtained using HAM. The nonlinear radiative heat effects
on a point of flow stagnation of MHD Casson nanofluid
with boundary conditions of Thompson and Troian slip
have been studied by Akaje et al. [37]. Abbasi et al. [38]
consider the axisymmetric rotational point of flow stagna-
tion of hybrid nanofluid with effects of activation energy
and nonlinear thermal radiation and considering both type
of CNTs nanoparticle and water as base fluid, they found
that increasing activation energy and nanoparticle volume
fraction reduce the concentration of nanoparticles.

Motivated by the above studies, the effects of inclined
magnetic field on oblique point of flow stagnation of car-
bon nanotubes over a stretching surface through permeable
medium with nonlinear thermal radiation is examined. The
differential partial equations (PDEs) are changed, by apply-
ing suitable transformation to the dimensionless ordinary
differential equations (ODEs). The bvp4c approach has
been used to solve numerically the resulting equations. In
an attempt to observe the effect of diverse physical factors
on the normal velocity, tangential velocity and temperature,
the results were examined graphically. To our best knowl-
edge, no such works have been published which discuss the
present problem.

MATHEMATICAL FORMULATION

The 2-D stationary flow of nanofluid at non-
orthogo-nal point of stagnation over a stretched sheet
with thermal radiation considered nonlinear. The flow is
subjected to a tilted magnetic field B, with constant
intensity and makes
an angle { with the y-axis. The induced magnetic field is
ignored since it is assumed to be significantly small com-
pared to the external magnetic field. Two identical and
opposed forces are employed along the x-axis with
velocity u = ex so that the surface is stretched while
maintaining the
center fixed. W takeT,, the surface temperature andl’,,
denote the ambient temperature, as appear in Figure 1.
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Figure 1. Physical configuration of square duct flow.

Under the above assumptions and considering the
fluid in a permeable media, the fluid flow equations can be
expressed as [39-41]:
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where g, is the thermal radiation and is stated as
[40,42,43]:

4¢* OT* 160* _, 0T
o= TP (5)
3k* dy 3k ay

qr =

The appropriate boundary conditions are,

{ﬁ=ef ; for y=0 ©)
u=ax+by ; for y -

where % and ¥ are normal and tangential velocity in x
and y-axis respectively.

Simplification of Mathematical Formulation
Introducing these quantities,
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Introducing the stream function [35],
P oy
U=—; v=——
dy ox (12)

Substitution of equation (12) into equations (9), (10)
apgp (11p?glifferentiate partially equations and making

dxdy  0ydx to eliminate the pressure term,
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We quest for solution of equations (13) and (14) as [40]:

Y=xf)+g9@»), T=00y) (16)

where f(y) and g(y) refers to the component normal and
tangential of the flow respectively. Using equation (16) in
equation (13) and (14), after integration, we find the corre-
sponding differential ordinary equations:
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with C1, C2 are constant depend on integration. The
converted boundary conditions are:

6 =1, g =0, gO©=0, fO=0, f(©O)=1
b
@ =n=5 f@=r=2 6)=0

The integration constants C, and C, obtained using the
boundary conditions (20) at infinity, f'(ce) = ,. An exam-
ination of the layer boundary equation (17) divulges that
f(y) behaves as f(y) = y, y + A as y > o where A is a constant
depending on the displacement of boundary layer. Setting
the limit as y > o and using the condition g'(e) = y, we get,

(20)
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The systems of equation take the form:
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ity parameter, obliqueness of the flow, parameter of stretch-
ing ratio, Prandtl number, parameter of thermal radiation
and the heating parameter.

Introducing,

Nr =

,6,, = — are, the magnetic parameter, permeabil-
T

9' ) =rh(®) (24)

Equation (22) becomes:
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va " I frh 2& i 2 VLf —_ — =
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With the corresponding boundary condition:
h'(0)=0;  h(x)=1 (26)

The thermo-physical properties for nanofluid are given
as [44]:
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Physical Quantities

A mathematical expression for the shear stress T, local
heat flux q,,, the local Nusselt number Nu, and the skin fric-
tion coefficient C; can be expressed as [40,42]:
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In non-dimensional form, they are given by,
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2
the local Reynolds number is experessed as Re = evi
f

Numerical Method

The corresponding differential partial equations (PDE’s)
are changed to system of ordinary equations (ODEs) (21),
(23) and (25) along with the relevant boundary conditions
(20) using suitable transformation, then solved using the
Bvp4c approach, It’s a code of finite difference that employ
formula of the three-stage Lobatto IIla, which is a colloca-
tion that offers a C'-continuous solution fourth-order accu-
rate in the interval of integration uniformly. The residual of
the continuous solution is used for mesh selection and error
control. However, this approach is an expanded form of the
Runge-Kutta method. This solver has been widely used by
other researchers to solve the boundary value problem. In
this case, the value y = y_ = 4 and 5 was used. Because no
significant difference in the results for y > 5. In other words,

we use [0,5] as the range of this work instead of [0,e<[. The
procedure is explained as follows. Let:

f=y), f'=y@), f"=y3), f"=yy., h=y4)
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f
With the corresponding boundary conditions
transformed,
{yO(l)' yO(Z)_lﬁ }’0(4): y0(6)_1
Yo(2) = V2, Yo(5) =1, Yeo(6)

The procedure of the numerical method used is depicted
in Figure 2.

Comparisons of Numerical Results

Table 1 shows the comparison of our work with Mandal
et al. [40] and Ramzan et al. [42] for f"(0), h'(0) in the
absence of M, ¢ and Q. It is observed that the accuracy of
the method used for our model is quite excellent in agree-
ment with the previous data published in the literature.
Table 2 present the validation of our work with Labropulu
et al. [4] for 6'(0) in the absence of M, ¢, Q and Nr, with Pr
= 1. A perfect correlation between the values is found.

Variables Declaration

!

[nitialization

!

Domain Discretization

]

BVP4C

i ] ¥

Boundary conditions | | First order ODE’s

|

Calculations for solution

|

Numerical Results

Initial guess

Figure 2. Flow chart of the numerical solution.
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Table 1. Comparison of outcome for f"(0) and #'(0) when M=Q=¢ =0

Present results

Mandal et al. [40]

Ramzan et al. [42]

I J1(0) h'(0) f"(0) h'(0) J"(0) h'(0)
0.1 -0.969387 0.263430 -0.969385 0.263417 -0.96930 0.26339
0.3 -0.849420 0.606337 -0.849419 0.606316 -0.84938 0.60629
0.8 -0.299388 0.934738 -0.299388 0.934728 -0.29935 0.93471
1.0 0.0 1.0 0.0 1.0 0.0 1.0

2.0 2.017502 1.165212 2017501 1.165218 - -

3.0 4729282 1.234655 4729280 1.234657 - -

Table 2. Comparison of results for —0'(0) when M = Q =¢
=Nr=0andPr=1

Present results Labropulu et al. [4]

Y2 -6/0) ~6/0)
0.1 0.603491 0.60281
0.3 0.647438 0.64732
0.8 0.757098 0.75709
1.0 0.797884 0.79788
2.0 0.978726 0.97872
3.0 1.132091 1.13209

RESULTS AND DISCUSSION

In order to understand the quantitative effects of the
differents flow parameters such as magnetic parameter M,
angle of inclination {, stretching ratio parameter y,, perme-
ability parameter (), volume fraction ¢, on normal veloc-
ity, tangential velocity and temperature, we have illustrated
Figs. 3-20 for both SWCNTs and MWCNTs. The values of
the fixed parameters for the graphical results and the values
of Nusselt number and skin friction, are chosen as M = 0.5,
{=7/2,Q=05,y,=1,y,=03,A=05,¢=0.03,Pr=67,
0,, = Nr = 0.5. Further, the Thermophysical properties con-
sist of density, heat capacitance and thermal conductivity
of considered base fluid water, SWCNTs and MWCNTTs are
mentioned in Tables 3.

Effect of Magnetic Parameter (M)

From Figure 3 we observed a decrease in the normal
velocity profiles with increasing the values of magnetic
parameter M. This can be explained by the formation of the
force of Lorentz which was liable for slowing down the fluid
motion and causing the reduction of normal velocity profiles.

The influence of magnetic parameter is discussed
through Figure 4. An increase in tangential velocity pro-
files was observed with increasing values of M near the
sheet, while opposite behavior is observed away from the
sheet. This can be explained by the formation of the force of
Lorentz which was liable for slowing down the fluid motion
and causing the reduction of tangential velocity profiles
when moving away from the sheet, whereas it increases
near the sheet.

Tables 5 and 6 presents the opposite nature of the prop-
agation of the values of skin friction coefficient for normal
(Cty) and tangential (Cf;) components respectively of both
SWCNT and MWCNT, it is noticed that the normal com-
ponent of skin friction is a decreasing functions of mag-
netic parameter, whereas the contrary is observed for the
tangential component of skin friction. One may realize
from these tables that MWCNT gives maximum results
for tangentiel skin friction (Cf;) comparing with SWCNT
causing a higher drag effect on the surface. In addition, the
tangentiel friction factor increase rate of SWCNT is higher
than that MWCNT, which is estimated to be 11.62% and
11.34% for SWCNT and MWCNT, respectively. While
an opposite behavior is seen for the normal friction fac-
tor decrease rate which evaluated as 35.6% and 36.6% for
SWCNT and MWCNT, respectively.

Table 3. Physical properties of base fluid and nanoparticles [40]

Physical properties Fluid phase (f) Solid nanoparticle phase (s)

Water SWCNT MWCNT
p(Kg/m®) 997.1 2600 1600
C,(J/Kg.K) 4179 425 796
k(W/m.K) 0.613 6600 3000
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Figure 5 reveals the effects of magnetic parameter M on
temperature profiles. It is clearly shown that the tempera-
ture of the fluid increase with an increase in the magnetic
parameter. In addition, the increase of the temperature field
is due to the improvement of the Lorentz force, which dis-
sipates more thermal energy in the flowing fluid. That is,
thicker thermal boundary layer.

Table 4 shows the effect of magnetic parameter on local
Nusselt number. It is evident from Table 4 that the local
Nusselt number decreases with an increase in the magnetic
field. It can be seen from this Table that SWCNT give the
best results compared to MWCNT. This means that the
increase in heat transfer is more significant for SWCNT.
The Nusselt number reduction rate for SWCNT is 3.98%,
while it is 4.01% for MWCNT. The cooling improvement
found will be effective for MWCNT.

0.9 Solid-line (SWCNT / Water) 1
Dashed-line (MWCNT / Water)
0.8 1
048R _
07r 0.42 e ]
= 4 :
= o6} 0 1
=~ M=0.5, 1.5, 2.5 038 \\
o5l 0.36 |
034 \
0.4 0.32 1
1 1.1 1.2
03}
0.2 . . . .
() 1 2 3 4 5

1.05 T T T T

0.9}
. M=0.5, 1.5, 2.5
2085 |
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065 . . . .
1 2 3 4 5
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Figure 4. Influence of M on tangential velocity profiles.
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Figure 5. Temperature distribution for variation in M.

Effect of Inclination Angle of Magnetic Field ({)

From Figure 6 we observed a decrease in the normal
velocity profiles with increasing the values of angle of incli-
nation (. This can be explained by the formation of the
force of Lorentz which was liable for slowing down the fluid
motion and causing the reduction of normal velocity pro-
files, further, Since sin({) is an increasing function when 0
< { <90, the strength of magnetic field also increases, and
reduces the boundary layer thickness. The same effect is
observed by Ref. [41].

Tables 5 and 6 show the contrary nature of the distri-
bution of skin friction coefficient values for the normal
(Cfy) and tangential (Cf;) components of both SWCNT
and MWCNT. It is noted that the normal component of
skin friction is a decreasing function of angle of inclination
of magnetic field. These Tables show that MWCNT pro-
duces the best results for the tangentiel skin friction (Cfy)
as compared to SWCNT, resulting in a larger drag impact
on the surface. Furthermore, the tangentiel friction factor
reduction rate of SWCNT is greater than that of MWCNT,
which is predicted to be 0.54% for SWCNT and 0.52% for
MWCNT, respectively. The normal friction factor reduc-
tion rate, which was 1.35% and 1.40% for SWCNT and
MWCNT, respectively, exhibited the opposite tendency.

Figure 7 describes the impact of angle of inclination { on
tangential velocity profiles. The plots show that an increase
of Cincreases the strength of magnetic field, and reduces the
boundary layer thickness, which decreases the tangential
velocity. One may realize from these Figs. that MWCNTs
gives maximum results comparing with SWCNTs this is
due to the low density of MWCNT.

The temperature distribution for different values of
angle of inclination of external magnetic field  is given in
Figure 8. It is observed that the temperature distribution
increases with an increase in the values of angle of inclina-
tion that strengthens the applied magnetic.
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Figure 8. Temperature distribution for variation in (.

Effect of Stretching Ratio Parameter (y2)

The behavior of the stretching ratio parameter can be
described in Figure 9. It is perceived that the normal veloc-
ity profiles increases with an increase in the stretching ratio
parameter. The stretching rate of the sheet has the poten-
tial to increase fluid velocity. As the stretching parameter
value increases, the fluid velocity becomes greater than the
free stream and the momentum boundary layer becomes
thicker.

The tangential velocity for different values of stretching
ratio parameter is plotted in Figure 10. We observe that the
tangential velocity increase by increasing the value of y,.

Table 5 and 6 reveal the variation of the normal and tan-
gentiel friction factor (Cfy), (Cf;) with the stretching ration
parameter y,. From these tables, we observe the increas-
ing nature of (Cfy) and (Cf;) as a function of y,. The same
results are verified for both types SWCNT and MWCNT,
although the amplification rate value of (Cfy) found to be
larger than (Cf;) , which is 36.53% for SWCNT, 36.51%
for MWCNT and 5.18% for SWCNT, 5.14% for MWCNT,
respectively.

Figure 11 elaborates the effect of the parameter of
stretching ratio y, on temperature. It is seen that tempera-
ture distribution decreases with an increase in the stretch-
ing ratio parameter. The stretching ratio parameter has the
potential to reduce fluid temperature. As the stretching
parameter value increases, the thermal boundary layer gets
thinner, which reduce the temperature of the fluid. The
local Nusselt number for diverse valeus of stretching ratio
parameter for both SWCNT and MWCNT is computed
on Table 4. It is perceived that an upsurge in the stretch-
ing ratio parameter lead to increase Nu. Similarly, it can be
noticed that the heat transport is lower for MWCNT nano-
fluid. Therefore, the cooling procedure obviously remains
high for SWCNT. The percentage of reduction of the local
Nusselt number for MWCNT is 4.08%, whereas it is 4.19%
for SWCNT.

Solid-line (SWCNT / Water) 1
Dashed-line (MWCNT / Water)

03t 7,=0.3,0.5,0.7

Figure 9. Normal velocity field for variation of y,.



J Ther Eng, Vol. 10, No. 1, pp. 115-129, January, 2024

123

1.05
1+
0.95
0.9
~— 0.85
= 72=0.3, 0.5,0.7
< 08 L i
0.8
0.75 _
04 05 0.6
0.7 T T
Solid-line (SWCNT / Water)
0.65 Dashed-line (MWCNT / Water) | |
0 1 2 3 4 5

Figure 10. Influence of y, on tangential velocity profiles.

Thus, in order to achieve optimal velocity of the system, we
need to keep Q) within a certain range, otherwise the drag
will be too higher for the fluid movement. Morever, the
tangentiel friction factor increase rate of SWCNT is higher
than that MWCNT, which is estimated to be 9.60% and
8.61% for SWCNT and MWCNT, respectively. For the nor-
mal friction factor decrease rate was evaluated as 28.75%
and 27.91% for SWCNT and MWCNT, respectively.

Figure 14 describes the infleunce of Q) on temperature
distribution. It is readily apparent that temperature increase
with an increase in the values of the permeability parame-
ter which make the thermal boundary layer thicker, this is
evident from the fact that the porous medium opposes fluid
movement and offers resistance to flow.

Table 4 express the changes in local Nusselt number
under the positive change in permeability parameter Q.
It depicts a decrese in Nu with the increase in Q for both
SWCNT and MWCNT. The values of Nu for MWCNT

0.9 Solid-line (SWCNT / Water) |
0.8l Dashed-line (MWCNT / Water) | |
071 0.4 1
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S o5l
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Figure 11. Temperature distribution for variation in y,.

Effect of Permeability Parameter (Q2)

Figure 12 depicts the variation of permeability param-
eter with the normal velocity. We remark that the increase
of Q) follow by the decrease of normal velocity, that’s return
to the fact that the permeability parameter is inversely pro-
portional to the permeability of the medium, causes a high
fluid flow restriction, which results in the retardation of the
fluid, and leads to decelerate the fluid in the boundary layer.

Figure 13 gives account of variation of permeability
parameter Q) over the tangential velocity. We notice that the
tangential velocity decreases with increasing the values of
permeability parameter.

In addition, it is also noted that the normal component
of skin friction (Cfy) is a decreasing functions of perme-
abilty parameter, while opposite behavior is seen for the
tangential component of skin friction (Cf;). MWCNTSs per-
form the highest tangential skin friction (Cf};) compared to
SWCNTs, resulting in a higher drag effect on the surface.
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Figure 12. Normal velocity field for variation of Q).
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Figure 13. Influence of Q) on tangential velocity profiles.
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Figure 14. Temperature distribution for variation in Q.

are slightly lower than that of SWCNT. The reduction rate
of Nu in MWCNT is 2.84%, while it is 2.97% in SWCNT
composition.

Effect of Volume Fraction of Nanoparticle (¢)

The variation of nanoparticle volume fraction is dis-
cussed in Figure 15. It is observed that nanoparticles with
high concentration possess higher values of normal velocity.

Figure 16 graphically illustrates the influence of vol-
ume fraction ¢ on tangential velocity. We analyzed that
when increasing the value of volume fraction the tangential
velocity increase.

Table 4 shows that with positive inputs of , the normal
component of skin friction (Cfy) decreases, while the tan-
gentiel component of skin friction (Cf}) tend to increase.
Although similar results are observed for both SWCNT and
MWCNT. The rate of decrease in (Cfy) evaluated for the
SWCNT is 5.24%, while it is 4.11% for the MWCNT.
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Figure 15. Normal velocity field for variation of ¢.
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Figure 17. Temperature distribution for variation in ¢.

The (Cf;) increase rate estimated for the SWCNT is
6.47%, while it is 7.12% for the MWCNT.

The influence of volume fraction on temperature is
explored in Figure 17. We analyzed that the temperature
distribution increase with an increase volume fraction
of nanoparticle. Physically the thermal conductivity of
nanofluids is enhanced due to a rise in the volume frac-
tion of nanoparticles, which make the temperature pro-
file rises.

Table 4 shows that local Nusselt number increases
due to the positive changes in ¢. It is also vital to men-
tion that Nu is better for SWCNT compared to MWCNT.
This means that the procedures of cooling our system
will happen quickly considering SWCNT. The increase
percentage of Nu for SWCNT is 6.59%, while it is 6.45%
for MWCNT.



J Ther Eng, Vol. 10, No. 1, pp. 115-129, January, 2024

Effect of Radiation Parameter (Nr)

The temperature distribution for diverse values of
radiation parameter Nr is given in Figure 18. It is observed
that temperature increase with an increase of Nr. In fact,
The radiation parameter is the ratio of conductive heat
exchange to radiative heat exchange, the increase of the
conduction effect inside the thermal limit layer due to
the increase of Nr which leads to enhance the tempera-
ture. The results qualitatively agree with the report from
the literature [45].As a result, utilizing the thermal radia-
tion mechanism, one may simply regulate the rate of heat
transfer characteristics.

The local Nusselt number for variation in radiation
parameter Nr is presented in table 4. The Nusselt num-
ber increase due to Nr improvment for both SWCNT and
MWCNT. Here, the maximum values is achieved by the
SWCNT compared to MWCNT. The increasing rate of
local Nusselt number for SWCNT is about 2.04%, while for
the MWCNT is 2.10%.

Effect of Heating Parameter (Ow)

Figure 19 describes the impact of the heating parame-
ter 0, on temperature distribution. It is revealed that the
temperature increase with an increase of Ow. This is due to
the increase of thermal boundary layer, that is improves the
internal heat production which inspires the heat transfer
and reinforces the increase of the temperature field. This
observation and result are in good agreement with other
published article Ref. [46].

Table 4 shows the local Nusselt number for a variety
of 0, inputs. In both SWCNT and MWCNT, Nu is ampli-
fied due to the increase in 6, although a lower impact
is seen for the MWCNT. Therefore, For SWCNT, the
increasing rate of Nu is 16.43%, while it is 16.81% for
the MWCNT.
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Figure 18. Temperature distribution for variation in Nr.
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Figure 19. Temperature distribution for variation in 0.
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Figure 20. Temperature distribution for variation in Pr.

Effect of Prandtl Parameter (Pr)

The temperature distribution for changing values of
Prandtl number is ploted in Figure 20. As noticed. The
Prandt] number is, in fact, is the ratio of momentum dif-
fusivity to thermal diffusivity. [47]; for larger Prandtl num-
ber, the thermal diffusivity becomes smaller and causing a
decrease in the boundary layer thickness, which reduces the
temperature. From this results, it can be seen that SWCNTs
have a higher temperature than MWCNTSs due to their high
thermal condictivity.

Table 4 is showing a clear elevation in local Nusselt
number with increasing Prandtl number for both SWCNT
and MWCNT. It is also evident from the table that Nu is
more advanced for the SWCNT compared with MWCNT.
The amplification rate of Nu for SWCNT and MWCNT is
47.71% and 47.58%, respectively.
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Table 4. Calculation table of local Nusselt number

M Q Y2 [0} Nr 0, Pr Nu /SWCNT Nu/MWCNT
0.5 0.5 0.3 0.03 0.5 0.5 6.7 2.354870 2.332430
1.5 2.261203 2.238803
2.5 2.149407 2.127545
0.5 0.0 0.3 0.03 0.5 0.5 6.7 2.393539 2.368890
1.0 2.322379 2.301585
2.0 2.269692 2.251234
0.5 0.5 0.5 0.03 0.5 0.5 6.7 2.461129 2.434133
0.7 2.564429 2.533455
0.5 0.5 0.3 0.05 0.5 0.5 6.7 2.539444 2.508073
0.07 2.706834 2.669850
0.5 0.5 0.3 0.03 0.7 0.5 6.7 2.405625 2.384289
0.9 2.454691 2.434386
0.5 0.5 0.3 0.03 0.5 1.0 6.7 2.597675 2.580121
1.5 3.024404 3.013861
0.5 0.5 0.3 0.03 0.5 0.5 5.0 1.994664 1.976427
10 2.946430 2.916766

Table 5. Calculation table of normal component of skin friction coefficient.

M { Q Y ¢ -1/2R Cpy -1/2R Cpy
SWCNT MWCNT
0.5 /2 0.5 0.3 0.03 1.121224 1.102791
1.5 1.520184 1.506649
25 2.103342 2.093596
0.5 /3 0.5 0.3 0.03 1.106491 1.087810
/4 1.091565 1.072625
0.5 /2 0 0.3 0.03 0.972877 0.960768
1.252587 1.228948
2 1.481252 1.449148
0.5 /2 0.5 0.5 0.03 0.853396 0.839571
0.7 0.541638 0.532964
0.5 /2 0.5 0.3 0.05 1.178873 1.146913
0.07 1.240665 1.194036

Table 6. Calculation table of tangential component of skin friction coefficient

M ¢ Q Y ¢ 1/2R,Cyy 1/2R,Cy;
SWCNT MWCNT
0.5 /2 0.5 0.3 0.03 0.744245 0.753748
15 0.830751 0.839229
2.5 0.899136 0.905980
0.5 /3 0.5 0.3 0.03 0.740278 0.749853
/4 0.736260 0.745925
0.5 /2 0 0.3 0.03 0.709603 0.722949
0.777753 0.785244
2 0.824207 0.829697
0.5 /2 0.5 0.5 0.03 0.694663 0.704149
0.7 0.658674 0.667933
0.5 /2 0.5 0.3 0.05 0.790965 0.806775

0.07 0.842145 0.864240
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CONCLUSION

The aim of this paper was to investigate the impact of
an inclined magnetic field on oblique stagnation point flow
of carbon nanotubes in water as base fluid with nonlinear
thermal radiation through a stretching surface in a per-
meable medium. The objectives were to study the normal
velocity, tangential velocity, temperature profiles for both
SWCNTs and MWCNTSs, for the evaluation of the effect of
various physical factors such as the magnetic parameter,
angle of inclination of external magnetic field, permeability
parameter, volume fraction of nanoparticle and stretching
ration parameter. In this regard, we proposed the govern-
ing equations, which are, the momentum equation, and the
energy equation. With the help of a suitable transformation
the dimensionless differential partial equations (PDE’)
have been transformed into differential ordinary equations
(ODEs). Then, the equations have been solved numerically
using bvp4c approach. The numerical outcomes are pro-
vided in graphical and tabular forms and the conclusions
are as follows:

o The increasing of permeability parameter, magnetic
parameter and angle of inclination reduces the nor-
mal and tangential velocity while it enhances the
temperature.

o The addition of nanoparticles upsurge the normal
velocity and temperature while decreasing the tangen-
tial velocity.

o The temperature distribution is enhanced when radia-
tion parameter and heating parameter are increased.

o The normal and tangential velocities are higher for
MWCNT compared to SWCNT, the contrary of this
trend is found for temperature distribution.

o The normal component of skin friction coefficient val-
ues is larger for MWCNT compared to SWCNT as a
function of decreasing M, {, Q and ¢.

o The tangential component of skin friction coefficient
values is larger for MWCNT compared to SWCNT as a
function of increasing M, {, Q and ¢.

o Nusselt number rises with rise in radiation parameter,
heating parameter and Prandtl number, but decrease
with magnetic parameter, permeability parameter, and
becomes higher for SWCNT than for MWCNT.

NOMENCLATURE

G Specific heat, J/K

T, Temperature of the ambient, K
k* Mean absorption coefficient, m™
T, Temperature of the surface, K

k Thermal conductivity, W / m.K
K Permeability of porous medium
Nr Radiation parameter

M Magnetic parameter

q, Radiative heat flux, W / m?

Pr Prandtl number

G Skin friction coefficient

Re Reynolds number

a,be Constants

A Displacement coefficient

) Dimensionless normal velocity
h'(y) Dimensionless tangential velocity
Greek symbols

u Dynamic viscosity

a Thermal diffusivity, m*/ s

0 Dimensionless temperature

p Density, kg/m?

0, Heating parameter

Y1 Obliqueness of the flow

Y2 Stretching parameter

D Particle volume fraction

Ty Wall shear stress

Q Permeability parameter

o Stefan-Boltzmann constant, W / m*K*
14 Stream function

v Kinematic viscosity, m*/ s
Subscripts

nf Indicate nanofluid

f Indicate fluid

s Indicate nanoparticle
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