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Abstract Heat flux enhancement resulting from utilization
of variant graphene-based nanoparticles; graphenes, gra-
phene nanoplatelets, graphene oxides (GOs), carbon nan-
otubes (CNTs which include single and multiple walled
CNTs) in a water-base fluid is focussed in the present
study. A steady, laminar, incompressible, mixed convec-
tive and reversed stagnation point flow together with the
consideration of transverse magnetic field over varying
angles of an inclined permeable cylinder is analyzed for
the heterogeneous nanofluids. The governing partial dif-
ferential equations based on Tiwari-Das model are refor-
mulated into nonlinear ordinary differential equations by
applying similarity expressions. A shooting procedure is
opted to reformulate the equations into boundary value
problems which are solved by employing a numerical finite
difference code utilizing three-stage Lobatto Illa formula
in MATLAB. The effects of constructive parameters
toward the model on non-dimensional velocity and tem-
perature disseminations, reduced skin friction coefficient
and reduced Nusselt number are graphically reported and
discussed in details. It is observed that GOs-water has the
lowest heat flux performance under increasing values of
wall permeability parameter, curvature parameter and
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nanoparticle volume fraction as compared to other
nanofluids. On contrary, our results demonstrate that gra-
phenes-water has the highest heat flux performance as
compared to SWOCNTs-water across many emerging
parameters considered in this study.

Keywords Nanofluid - Tiwari-Das - Heterogeneous -
Graphenes - GNPs - GOs

1 Research Relevance

Graphene is one of the nanoparticles with best heat transfer
performance. Its unique thermal, electrical, optical and
mechanical properties are very useful for many industrial
utilizations since the material is stable, flexible, lightweight
and sustainable. Due to these practical attractiveness,
exploring the available variations of graphene-based
nanoparticles is crucial since each combination of the
nanofluids will have different heat flux performance hence
different applications. The effects of varying angles of the
inclined cylinder and the reversed stagnation point flow are
also important as higher gradient of the surface promotes
faster stream while reversed stagnation is relevant for the
shear-thickening base fluids.

2 Introduction

Fluids play a major and significant duty for heat transfer in
industrial processes such as transportation, cooling and
heating exchangers, microelectronics and microfluidics,
wire drawing, fuel cells, glass fiber, biomedical and phar-
maceutical fields, food manufacturing and drug delivery.
For that reason, a great deal of works in engineering,
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science and technology have been convened in this field to
date. Despite that, the most frequently used base fluids,
namely ethylene glycol, oil and water, limit the heat
transfer analysis and effectiveness in consequence of their
low thermal conductivity properties. Choi was the first who
introduced the term nanofluid [1] to refer the combination
of nano-scaled solid particles (nanoparticles) dispersed
homogeneously into the base fluids to generate better heat
transfer and energy power.

According to Haq et al. [2], nanoparticles tend to remain
suspended a lot longer when compared to microparticles.
Besides, the surface area per unit volume and the number
of surface atoms per unit inside the nanoparticles are said
to be much larger and higher than the microparticles [2].
With these characteristics, nanoparticles have the capabil-
ities to reinforce the flow thermal conductivity, heat flux
performance and other physical properties. Additionally,
studies on nanoparticles in considerations of size, shape
and type are also carried by the researchers for the purpose
of measuring heat transfer efficiency of the fluid mixtures.
Nanoparticles are made from different materials such as
metal, oxide, carbide, carbon and functionalized nanopar-
ticles. As a result, the research topic of nanofluids has been
receiving increased attention worldwide. For example,
Pandey et al. [3] reported in their studies that CuO and
TiO2 nanofluids have the highest and the lowest heat
transfer rates, respectively, while MgO nanofluid has the
highest boundary layer thickness as compared to other
hybrid nanofluids. Sheikholeslami et al. [4] examined a
forced convection MHD heat transfer analysis of ferrofluid
(Fe304-water) through a semi-annulus enclosed space.
Verma et al. [5] analyzed the performance of Cu/Ag-H20
nanofluid in a diverging channel formed by two non-par-
allel walls past a Darcian porous medium and the outcome
showed that the surface drag force and wall heat transfer
rate for Cu-water nanofluid are stronger when compared
with Ag-water nanofluid.

There are two different nanofluid models reported in the
literature for heat transfer of boundary layer flows which
are homogeneous and heterogeneous types. Hayat et al. [6]
explained that the distinction is close to the fact that cat-
alyst operates, respectively, in the same phase (gaseous
phase) where the reaction takes place is said to be homo-
geneous or in different phase (solid phase) is said to be
heterogeneous. These homogeneous and heterogeneous
reaction parameters have opposite behaviors for different
base fluids [6]. There are several researchers who operated
on heat transfer and flow over a permeable surface by
considering the heterogeneity of concentration due to
crossed effect and other significant parameters. Bhat-
tacharyya and Layek [7] examined boundary layer stag-
nation point flow over a porous shrinking sheet considering
the effect of suction or blowing and radiation heat transfer

@ Springer

in dual solutions. However, they claimed that heat transfer
from the sheet increases by increasing the suction param-
eter, thermal radiation and Prandtl number for the first
solution. Additionally, Seth et al. [8] studied the MHD
stagnation point flow of an electrically conducting fluid and
heat transfer past a non-isothermal shrinking/stretching
sheet in a porous medium with presence of heat
sink/source.

Moreover, a large number of numerical works have been
conducted over the years to predict the heat transfer of
nanofluid flows in diverse geometries and in different
aspects. Kumar et al. [9] numerically uncovered that fluid
mixtures with higher thermal conductivity and concentra-
tion contribute to huge effect on heat transfer when 0.75%
CuO is added to the water base fluid. Bhattacharyya et al.
[10] in their study perceived that the range of velocity ratio
parameter of an incompressible fluid increases with
increasing slip parameter. According to Selimefendigil
et al. [11], the value of Nusselt number improves due to
higher Richardson number when considering the elastic
wall effect while Dinarvand et al. [12] discovered that the
curvature parameter acts as one of the influential indicators
in the inquiry of heat transfer for their selected metallic
water-based nanofluid. In another extended study by
Gholinia et al. [13], the concentrations and chemical spe-
cies have been taken into consideration. Reddy et al. [14]
found that the temperature profile enhances effectively
with the nonlinear radiation as compared to linear radiation
for the study of three-dimensional MHD slip flow of Eyr-
ing-Powell nanofluid flow over a slendering stretchable
sheet. Ashorynejad et al. [15] demonstrated that greater
magnitude of Darcy number results in higher permeability
and heat transfer flow. The enhancement of heat transfer
increases up to 32% for 0% to 0.1% concentration of
graphene nanoparticles as noticed by Purbia et al. [16]. The
research of Sheikholeslami et al. [17] confirmed that pla-
telet shape of nanoparticles grants an outstanding impact
on Nusselt number when compared with spherical shape of
the nanoparticles. Apart from that, Haq et al. [18] men-
tioned that the suspension of solid CNTs within the com-
mon fluid-based engine oil gives the best rate of heat
transfer and skin friction coefficient when compared with
the rest of selected common fluids (water and ethylene
glycol). Thus, from these literatures, it shows that the
selection of nanoparticles in terms of type and shape
together with type of common base fluids act as the sig-
nificant factors in investigating thermal coefficient of the
nanofluids.

The utilization of carbon-based nanoparticles in
preparing nanofluid mixtures gives a considerable interest
toward science and technological researchers. Even though
SWCNTs and MWCNTs are known and broadly served as
nanoparticles for high storage energy and better heat
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transfer performance as compared to metallic nanoparti-
cles, however, according to Kumar et al. [19], graphene as
one of the carbon-based materials has also attracted a
significant number of researchers to conduct scientific
studies of its unique thermal, electrical, optical, mechanical
and other relevant characteristics. Sadeghinezhad et al. [20]
experimentally discovered that graphene has higher ther-
mal conductivity than any other carbon-based nanoparti-
cles. Additionally, Sadeghinezhad et al. [20] stated that
graphene nanoparticles are more stable and have 1000
times larger surface area as compared to other nanoparti-
cles. According to Ghozatloo et al. [21], thermal perfor-
mance of graphene nanofluid in shell and tube heat
exchanger is evidenced with the convection heat transfer
coefficient has increased by 0.1 wt.% for graphene
nanofluid.

Nevertheless, this study is the first attempt that exam-
ined graphenes, GNPs, GOs, SWCNTs and MWCNTs
altogether in the heat transfer enhancement of heteroge-
neous nanofluids out of the long list of existing common
literatures. The current research is also unique as it ven-
tures on reversed stagnation point flow phenomenon which
is rare with varying angles of the inclined permeable
cylinder as the surface medium for heat exchanger. A finite
difference code in MATLAB environment is utilized to
solve the transformed boundary value problem from the
initial set of governing partial differential equations
defining the current variant graphene MHD nanofluids
model. The enumerated results are validated and compared
with previous published works of slightly different model
of others by adjusting or dropping out some of the
parameters presently foreseen. Emerging effects of con-
structive parameters toward the flow in terms of dimen-
sionless velocity and temperature disseminations, skin
friction coefficient and Nusselt number are simulated and
discussed extensively. These findings are then presented in
numerical tables and graphical disseminations for con-
cluding remarks at the end.

3 Remarks on Governing Equations

This research considers a steady, laminar, incompressible,
mixed convective and reverse stagnation point flow for
selected mixtures of water-based nanofluids comprising
variant graphene-based nanoparticles under the transverse
magnetic field existence over an inclined permeable
cylinder w with radius R as shown in Fig. 1.

We let the wall surface temperature of the cylinder, T,
and ambient temperature, T, respectively, while assuming
U(x) = Ux(x/1) as the mainstream flow velocity. Uniform
magnetic field of strength, By, and electrical conductivity,
g, are applied. Here, the cylindrical coordinates are opted

Nanofluid

Fig. 1 Diagrammatic for the current problem with geometrical
coordinates

in modelling the problems. Thereby, x-axis is positioned in
assembling axial direction of cylinder whereas r-axis is
perpendicular to the cylinder. Under these assumptions and
following the proposed nanofluid model by Tiwari and Das
[22], the relevant boundary layer equations can be defined
as:

ou ov
ou v, 1
5 (N +35.(N=0, W
u,  ou,  oU Pu_ dul)  oBy’
PR ORI —axU+vnf<a,z+arr> " Prf e
1 —
N dp,Bs + ( (b)pfﬁfg(r Ty, )cosw,

P nf

or or *T oT1
a(”)+§(v)anf<w+§;>- (3)

The boundary conditions for the present problem are
provided as follows:

u=0 v=V*,, T:Tw(x)zTooJrAT(%C), at r—=R,

u—xUx), T—Tx, as r— oo,

(4)

where V*,, is the uniform surface mass flux, in which two
conditions of suction V*,, <0 and injection V*,, > 0 should
be considered. k¥ > 0 is denoted for positive stagnation
flow and k<0 is implied for reversed stagnation flow as
well as u and v are prescribed as the velocity components
along the x and r directions. While 7 is the temperature for
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the selected nanofluid, ¢ is the solid nanoparticle volume
fraction, ﬁf B py and p; are the thermal expansion
coefficients and the densities of the selected base fluid and
solid nanoparticles, respectively. Here, each of v,r and
are dedicated as the nanofluid kinematic viscosity and
nanofluid thermal diffusivity, respectively, which are
specified by Oztop and Abu-Nada [23]:

v — Ky 5
0 e+ (- )y ®)
Pup =B+ (1 = d)py], (6)
knf
= (pcp)nf , )
(Pcp)nf =¢(pcp), + (1 — (b)(pcp)f, (8)
kif o (ks + Zkf) - 2¢(kf - ks)

ke (ks + 2kp) + (ks — ky)

in which k,, indicates the nanofluid thermal conductivity,
ky and k, are the thermal conductivities of the fluid and of
the solid nanoparticles, respectively, while ¢, nf denotes the
nanofluid heat capacity, c, ¢ and ¢, are the heat capacities
of the fluid and solid nanoparticles, respectively.

By initiating the given similarity transformations:

r —a* Uy vf
B 2Vf

T=T, + AT(?)Q(W),

U vfa2

xf (), (10)

where the stream function, ¥ described in u = r~! g%’f

and v = a’/’ , the continuity Eq. (1) will be fulfilled
sufﬁciently as accordlng to Haq et al. [12]. By substituting
Eq. (10) into Eqgs. (2) and (3), we obtain a system of
dimensionless nonlinear ordinary differential equations as
follows:
1 . . M .
(2" + 2" + = (=)
<1—¢)2’5(¢;;—;+1—¢)[ AR
b1 —

dE+1-¢

Py

B f-~,2 - Alcosw = 0,
(11)
kn
(le))y —
e

pCl’

(1+ 2yn)é” + ZVéI] + Pr [f@’ ff’ﬁ} =0,

(12)
depending on the underlined boundary conditions:
fO)=vy, F(0)=0, f(oo)=x, 060)=1, 0(c0)=0,

(13)

where the primes express differentiation with respect to 1, f
and 0 are functions related to the dimensionless velocity

@ Springer

field and temperature of the nanofluid, Pr is the Prandtl
number, A is the parameter for mixed convection, Gr is the
Grashof number, Re is the Reynolds number, y is the
curvature parameter, v,, is the permeability parameter and
M is the magnetic parameter which are all described
mathematically as:

C G ATP
proty ,_Gr G, SHATE
kf Rez Vf2
U l
. Vf r l V* (14)
/ - U2 ) a UC)Qvf W
_ oB, 2
pf( ] )
Nonetheless, the mixed convection parameter /1

corresponds to opposing flow when A<0 while 1> 0
corresponds to assisting flow. For the current concern, two
essential physical properties which are the local skin
friction coefficient, Cr, and the local Nusselt number, Nu,
are described in mathematical expressions as follows:

Tw _ lg,,
prU? ATk

Cr = (15)
In above equations, t,, and g, are defined as shear stress
and heat flux from the wall surface of the cylinder,
respectively, which are denoted as:

Ou oT
rw:,unf<5> and ¢q, = kf(@ ) . (16)
r=R r=R

By invoking Egs. (10), (15) and (16), the dimensionless
forms can be obtained as follows:

Re*Cy = u(%f"(o), Re*Nu = —kk—ff (7)5'(0)~

4 Methodology Toward Solution

An appropriate solution approach is compulsory to meet
the accuracy of the outcomes for the current governing
partial differential equations. The numerical solution for
the present incompressible MHD reversed stagnation point
flow of a viscous nanofluid concerning the mixed con-
vection heat transfer is performed by using the MATLAB
package (bvp4c). This numerical approach is inevitably
simple, low cost but has high computational speed across
many other computational procedures. The coding has been
proven to be fruitful in producing adequate solutions for
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numerous nonlinear mathematical and
problems.

The nonlinear ordinary differential Eqs. (11) and (12)
under the boundary conditions (13) are reformulated by
performing a shooting technique in this section. Then, the
differential equations are decreased to first-order system in

the following forms:

engineering

i 1 . s -
By =T33 ((1 —07* (024 1-0) [f(w‘m FI= P,

PLlt1—¢ M . )
— Jficosw + ————(1 —f; + 293 |,
prri—g W ¢;—;+1—¢( @) 0
(18)
, | e .
fo = ~T5am 5 Prifimfis) = Ffafwl +2us) |
kr
(19)

with the following boundary conditions:

J©) =vu, f2(0)=0, fyy(0) =1, f(o0)=r,
f(4)(oo) = 07
(20)
by applying the following variables:
f=t f=fo=fop 1" =fo=lop 1" =1
0=fu, 0 =fs=tw 0" =fs
(21)
The selected limit for # is 14 and the initial values for f@

and f@ are assumed to be 0. The boundary value problem
is further solved under the residual tolerance of 107°.

S Analytical Insights

In this section, the outcomes of the boundary layer prop-
erties, namely non-dimensional velocity and temperature
disseminations, local skin friction coefficient and Nusselt
number, are carefully scrutinized for varying parameters.
We consider five types of graphene-based nanoparticles:
graphenes, GNPs, GOs, SWCNTs and MWCNTs.

Thermophysical properties of these selected nanoparticles
and the base fluid (water) are provided in Table 1. The
values of solid nanoparticle volume fraction parameter, ¢
are simulated from O to 0.4 for this current problem. For the
purpose of verification for the present study, we validated
our results calculated via the present bvp4c code for water-
based copper nanofluids (Cu-water) with the formerly
reported results obtained by Dinarvand et al. [9] by using
homotopy analysis method (HAM) and fourth-order
Runge—Kutta method (RK4). The comparisons depicted in
Table 2 demonstrate a very good agreement between our
results and theirs.

Figs. 2, 3, 4, 5, 6 illustrate the effect of stagnation
parameter x, inclination angle @, mixed convection
parameter A, Prandtl number Pr, curvature parameter 7,
wall permeability parameter v,,, magnetic parameter M and
solid nanoparticle volume fraction ¢ of the selected
nanoparticles on the model’s dimensionless velocity and
temperature disseminations. Firstly, the behavior of stag-
nation parameter x is depicted in Figs. 2a—c. Further,
Figs. 2a, b explain that the velocity dissemination starts to
rise near the surface of the cylinder and begins to fall off
apart from the surface of the cylinder. The corresponding
Fig. 2a shows that MWCNTs-water has the highest fluid
velocity and the results for temperature dissemination
almost similar for all nanofluids when k¥ = —3. For x = 0,
there is no stagnation point that occurs in the streamline
while the fluid velocity is strongly enhanced for all
nanofluids when there is no stagnation point and positive
stagnation xk = 3 is imposed to the flow where the impact
of SWCNTs on velocity profile is more prominent in this
case (see Figs. 2b, c). Graphenes-water contributes to the
least temperature dissemination in both corresponding
stagnation problem. In general, the fluid temperature
decreases for all cases of stagnation parameter k. However,
it is worth to emphasize that the thermal boundary layer
thickness and temperature dissemination of GOs-water are
more prominent at both k = 0 and x = 3.

The characteristics nature of inclination angle @ on
velocity dissemination is visualized in Figs. 3a, b. Fluid
velocity slightly reduces with the increase in w. In fact,
gravity effect is minimized for inclined cylinder
(O<w<90) and it results in decreasing velocity

Table 1 Thermophysical properties of the base fluid (water) and selected graphene-based nanoparticles

Thermophysical Water SWCNTs MWCNTs Graphenes GOs GNPs
properties [12, 24] [12, 24] [12, 24] [25, 26] [27, 28] [29]

k (W/mK) 0.613 6600 3000 2500 5000 3000
p (kg/m?) 997.1 2600 1600 2250 1800 2200
C, (J/kgK) 4179 425 796 2100 717 538.2
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Table 2 Effects of solid nanoparticle volume fraction and mixed convection on both skin friction coefficient and Nusselt number for copper-

water nanofluid when Pr=6.2, y=1, M=0 and v,,=0

A ) (I/x)Re'2Cy (I/x)Re'/*Nu
[4] Present [4] Present
HAM RK4 bvpdc HAM RK4 bvpdc
0.0 0.0 1.70764 1.70762 1.70766 2.15177 2.15173 2.15175
0.1 2.51216 2.51214 2.51213 2.69664 2.69666 2.69667
0.2 3.46826 3.46828 3.46829 3.26935 3.26939 3.26938
1.0 0.0 1.99210 1.99215 1.99218 2.21366 2.21362 2.21363
0.1 2.79276 2.79273 2.79271 2.74838 2.74831 2.74831
0.2 3.75691 3.75698 3.75700 3.31539 3.31532 3.31533
5.0 0.0 3.02007 3.02004 3.02005 2.40937 2.40936 2.40935
0.1 3.83616 3.83608 3.83609 2.92289 2.92285 2.92286
0.2 4.84849 4.84840 4.84841 3.47660 3.47668 3.47668

dissemination [16]. As can be seen, the influence of
SWCNTs-water (for the highest velocity dissemination)
and graphenes-water (for the lowest temperature dissemi-
nation) are more eminent than other nanofluids when the
inclination angle, w, is increased from O up to 40 degrees
(see Fig. 3b). Oppositely, MWCNTs-water consistently
contributes toward the lowest velocity dissemination but
the highest temperature dissemination when 0 < w <40.
The changes in the mixed convection parameter con-
sisting assisting flow (4 > 0) and opposing flow (1<0) on
velocity disseminations are portrayed in Figs. 4a, b. To be
specific, Figs. 4a, b are sketched to show the motion trend
of the nanofluids when A = —3 and 4 = 3. It is noted that
the rise in A decreases the fluid velocity. The result shows
that graphenes-water dominates over the velocity dissem-
ination for assisting flow when / is increased to 3. Gra-
phenes-water also produces the lowest temperature
dissemination as compared to other nanofluids regardless
the impact of assisting (4 = 3) or opposing flow (4 = —3).
Figs. 5a, b capture the trend of the fluid velocity for all
selected nanofluids with variation of Prandtl number Pr.
The velocity dissemination remains almost stagnant
because Pr only appears in the energy Eq. (12). As depicted
in Fig. 5a, it is important to mention that graphenes-water
under low Prandtl number offers a positive impact on the
flow speed as compared to other nanofluids. Again, gra-
phenes-water gives the lowest temperature dissemination
here than other nanofluids at any value of Pr. Figures 3, 4,
5 show that the fluid temperature declines faster for larger
inclination angle @, mixed convection 4 and Pr values. In
all these considered figures, graphenes-water emerges as
the best nanofluid since it has the highest heat flux per-
formance to maintain the flow at the minimum temperature
as compared to other nanofluids. Additionally, it is worth to
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highlight that GOs-water contributes to the lowest flow
velocity at a smaller value of Prandtl, Pr, but at a greater
value of mixed convection /.

The effects of curvature parameter y, wall permeability
parameter v,,, magnetic parameter M and solid nanoparticle
volume fraction ¢ on velocity dissemination are presented
in Figs. 6a—d. It is found that an increment in y and ¢
results in the reduction of fluid velocity while increasing
the fluid temperature. The rise of ¢ results in increasing
nanofluid viscosity which then slows down the fluid
motion. Furthermore, thermal conductivity and boundary
layer thickness are enhanced as ¢ increases. Fluid velocity
rises more rapidly for all selected nanofluids when M and
v,, increase. However, increasing the value of M and v,
causes the temperature dissemination to decay for all
nanofluids. Given that, by improving the value of M gen-
erates higher resistance force in the current and depresses
the hydrodynamic boundary layer thickness, hence result-
ing to a slower flow, consequently decreases the fluid
temperature as reported in [9]. In the current research, the
suction case (v,, > 0) and the injection case (v,, <0) are
implemented. From all the considered figures, it is dis-
covered that the velocity dissemination declines close to
the wall surface of the cylinder while it increases apart
from the cylinder. The opposite trend is noticed for tem-
perature dissemination. A small gap of fluid velocity and
temperature appears between all selected nanofluids due to
differences in thermophysical properties of the nanofluids.
The results in Figs. 6a, b present that the couple graphenes-
water and SWCNTs-water both dominate over the velocity
dissemination at y = 0.8 and v,, = 1. On the other hand,
Figs. 6¢c, d illustrate that graphenes-water still has the
highest velocity dissemination after increasing the value of
M and ¢ up to 8.0 and 0.4, respectively. Additionally, it is
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A=, =1, ¢=0.1, Pr=6.2, v, =1, M=1, w=10, x=-3
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Fig. 2 Influence of stagnation parameter a k = —3 (reversed
stagnation), b x =0 (zero stagnation) and ¢ x =3 (positive
stagnation) on velocity and temperature disseminations for the
nanofluids

examined that GOs-water contributes the most outstanding
development of fluid temperature when increasing the
value of v,, 7 and ¢ as compared to other selected
nanofluids. This signifies that GOs-water has the lowest
heat flux performance.

Figures 7 and 8 represent the impact of all emerging
parameters for both skin friction coefficient and Nusselt
number, respectively. It should be emphasized that the
enhanced heat transfer rate and surface tension are owing

to their correlation with skin friction coefficient and Nus-
selt number [9]. An increment in the curvature parameter 7,
Hartmann number M, Prandtl number Pr and wall perme-
ability parameter v,, result in enhancement of reduced skin
friction coefficient (Figs. 7a-d) and Nusselt number
(Figs. 8a—d). However, increasing the mixed convection A
value constantly decreases the skin friction coefficient and
Nusselt number for all selected nanofluids (see Figs. 7e
and 8e). Eventually, graphenes-water emerges as the most
significant nanofluid with the highest rates of reduced skin
friction coefficient (Figs. 7a—d for y, M, Pr and v,,) and
reduced Nusselt number (Figs. 8a—c, e, h for y, M, Pr, 1 and
w) against SWCNTs-water, MWCNTs-water, GNPs-water
and GOs-water.

The effects of ¢ on skin friction coefficient and Nusselt
number for all selected nanofluids are illustrated in Figs. 7f
and 8f. The skin friction coefficient is gradually increases
as ¢ increases. As can be viewed in Fig. 8f, it is pointed
out that except for graphenes-water, the trend of reduced
Nusselt number for the rest of the nanofluids decreases
when ¢ increases up to 0.2. The trend however started to
rise again from 0.2 to 0.4. It is important to emphasize that
graphenes-water excellently dominates over the skin fric-
tion and Nusselt number when the nanoparticles volume
concentration ¢ is increasing.

Furthermore, Figs. 7g and 8g indicate changes in skin
friction coefficient when the value of stagnation parameter
Kk is raised. The studied figures show that GNPs-water and
SWCNTs-water are more sensitive toward skin friction
coefficient and Nusselt number when k<0 (reversed
stagnation) while graphenes-water progressively dominates
skin friction coefficient and Nusselt number when x > 0
(positive stagnation). It is also notable that there is only a
minor change in Nusselt number for all the nanofluids
when x > 0 (see Fig. 8g). Apart from that, Figs. 7h and 8h
display the relationship between skin friction coefficient
and Nusselt number versus the inclination angle w. There is
no particular pattern that can be sufficiently defined in
reduced skin friction coefficient with respect to the incli-
nation angle o; however, the contrary result can be
observed in Fig. 8h in which graphenes-water strongly
dominates the reduced Nusselt number as compared to
other nanofluids. Basically, this indicates that the high
friction wall surface of the heat exchanger is obtained when
the particles have larger density properties. In contrast, the
specific heat capacity and thermal conductivity of
nanofluids provide an influential contribution for heat
transfer efficiency. On top of all these, it is also remarkable
how graphenes-water easily beat off the performance of
SWCNTs-water and other nanofluids across many emerg-
ing parameters considered in the current work.

A closer look on the numerical values addressed for
each physical parameter of both reduced skin friction

@ Springer
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Fig. 3 Influence of inclination angle a @ = 0 and b w = 40 on the velocity and temperature disseminations for the nanofluids
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Fig. 4 Influence of mixed convection a A = —3 and b 4 = 3 on the velocity and temperature disseminations for the nanofluids
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Fig. 5 Influence of Prandtl number a Pr =4 and b Pr = 20 on the velocity and temperature disseminations for the nanofluids

coefficient and reduced Nusselt number to sustain the latter
statement is possible as outlined in Table 3. It is obvious
that graphenes-water has the highest heat flux performance
as compared to other nanofluids considered based on its
value of reduced Nusselt number.
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In this study, a steady, laminar, incompressible, mixed
convective and reversed stagnation point flow of hetero-
geneous graphene-based nanofluids flows in the existence
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Fig. 6 The effect of a the curvature parameter, b the wall permeability parameter, ¢ the magnetic parameter and d the solid nanoparticle volume
fraction parameter on the velocity and temperature disseminations for the nanofluids

of transverse magnetic field past an inclined permeable
cylinder has been examined. The governing partial differ-
ential equations were transformed to nonlinear ordinary
differential equations by using similarity variables before
they were solved numerically using bvp4c package in
MATLAB.

The effects of emerging parameters on the heteroge-
neous flow for different nanoparticles: graphenes, GOs,
GNPs, SWCNTs and MWCNTs with water as the base
fluid are analyzed and discussed with aid of tables and
figures. The following outcomes are deduced:

1. In general, graphenes-water has the highest skin
friction and heat flux performance as compared to
other nanofluids across many emerging parameters
considered in this work.

2. GOs-water has the lowest heat flux performance under
increasing values of wall permeability parameter,
curvature parameter and nanoparticle volume fraction

as compared to other nanofluids especially for zero and
positive stagnation (x = 0, 3).

Velocity dissemination decreases nearly to the wall
cylinder surface and increases as the flow moves away
from the cylinder for all nanofluids. The opposite trend
is noticed for temperature dissemination.
SWCNTs-water has the highest velocity as  increases
from 0 to 40 degrees.

An increment in the curvature parameter, Prandtl
number, Hartmann number and wall permeability
parameter indicates the enhancement of skin friction
coefficient and Nusselt number. However, increasing
the value of mixed convection parameter constantly
decreases the reduced skin friction coefficient and
Nusselt number for all selected nanofluids.
GNPs-water and SWCNTs-water are more sensitive
toward skin friction coefficient and Nusselt number in
reversed stagnation flow.
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Fig. 8 Impact of

parameter variation on reduced
Nusselt number for selected
nanofluids
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Table 3 Impact of parameter variation on reduced skin friction coefficient and Nusselt number for selected nanofluids

yl y ¢ M Pr Vy K » Re'2Cy Re'>Nu
Graphene  GOs GNPs Graphene GOs GNPs
-0.5 3.48962 4.30695 4.10866  7.26165 6.86430 6.83154
-3.0 3.34971 3.82608 3.72324  7.24761 6.81749 6.79381
0.0 3.13819 3.08493 3.13229  7.22611 6.74210 6.73388
3.0 2.92461 2.31578 2.52382  7.20406 6.65914 6.66927
5.0 2.78102 —3.62665  2.10696  7.18904 —0.29992  6.62310
0.0 2.50492 2.28548 238101  6.85475 6.33861 6.33483
0.2 2.62432 2.40173 249791  6.92340 6.40989 6.40640
04 2.73981 2.51402 2.61098  6.99452 6.48364 6.48042
0.6 2.85186 2.62287 2.72067  7.06770 6.55939 6.55644
0.8 2.96088 2.72871 2.82741  7.14257 6.63675 6.63404
0.0 2.52463 2.52463 2.52463  6.83702 6.83702 6.83702
0.1 3.06723 2.83194 293154  7.21882 6.71538 6.71291
0.2 3.78131 3.20880 3.44517  7.67425 6.66069 6.66186
0.3 4.75596 3.70906 4.13476  8.22358 6.68608 6.69646
04 6.15781 4.44081 5.13330  8.90219 6.81860 6.84223
0.0 2.70333 2.44735 2.55738  7.16632 6.65825 6.65847
2.0 3.37624 3.15492 3.24784  7.25980 6.75918 6.75503
4.0 3.89602 3.69342 3.77784  7.32239 6.82504 6.81886
6.0 4.33436 4.14436 422334 7.36993 6.87439 6.86697
8.0 4.72027 4.53968 4.61475  7.40840 6.91399 6.90570
4.0 3.04433 2.75199 2.86858  5.14408 4.80591 4.81022
8.0 3.07917 2.87376 2.96457  8.93326 8.28903 8.28096
12.0 3.09554 2.93145 3.01023  12.80104 11.83432 11.81403
16.0 3.10503 2.96516 3.03697  16.72804 15.43271 15.40061
20.0 3.11118 2.98713 3.05441  20.69275 19.06669 19.02310
-1.0 1.76091 1.30069 1.44835  0.57146 0.52745 0.55736
-0.5 2.04672 1.64860 1.77896  1.31083 1.24958 1.28017
0.0 2.36473 2.03420 2.14786  2.68098 2.54812 2.57050
0.5 2.70661 2.43253 2.53546  4.70681 4.41985 4.42982
1.0 3.06723 2.83194 293154  7.21882 6.71538 6.71291
-5.0 0.26914 0.06498 1.34659  —12.61173  1.36704 8.97703
-3.0 1.98242 1.74630 1.83697  6.94523 6.42772 6.42617
0.0 2.88491 2.64641 274749  7.17848 6.67282 6.67116
3.0 3.36880 3.13959 3.23588  7.28227 6.78216 6.77830
5.0 3.61687 3.39315 3.48614  7.33181 6.83416 6.82917
0.0 3.22246 3.38243 3.36900  7.23472 6.77286 6.75820
10.0  3.06723 3.83194 293154  7.21882 6.71538 6.71291
20.0 3.17262 3.20685 3.22921  7.22963 6.75479 6.74389
30.0 3.15121 3.13110 3.16898  7.22744 6.74692 6.73768
40.0 3.08181 2.88410 2.97289  7.22032 6.72093 6.71725
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