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ABSTRACT ARTICLE HISTORY

This study investigates the steady, incompressible MHD flow of a hybrid Received 16 November 2022
nanofluid over a vertical solid cone embedded in a porous medium under Revised 31 March 2023
suction effect. The research explores the effects of various factors, such as ~ Accepted 21 April 2023
thermal radiation, chemical reactions, heat generation, viscous dissipation,
and Joule heating on heat and mass transfer phenomena. To investigate Chemi _— )

. . X . emical reactions; hybrid

the effects of hybrid nano.partlcles, we con5|dgr single-walled carbon nano- nanofluid; Joule heating;
tubes (SWCNT) and alumina (A,O3) along with water (H,0) as the base porous medium; suction;
fluid. After a suitable similarity transformation, the governing equations are thermal radiation; vertical
reconstructed and solved using the Keller-box numerical scheme. We pre- solid cone
sent graphical and tabular analyses of various parameter impacts on heat
transfer profiles and coefficients. This study provides valuable insights into
the control of fluid dynamics and heat transfer in porous media, which
have significant implications for industrial and engineering applications.
The findings of the current article are in excellent agreement with previ-
ously published works.

KEYWORDS

1. Introduction

Due to their exceptional ability to transport heat in a variety of engineering and commercial appli-
cations, nanofluids have attracted the interest of many researchers. Convectional fluids such as
water, ethylene glycol, and engine oil are often poor heat conductors due to their poor thermal con-
duction, which makes them inefficient in today’s modern cooling applications. Nanofluids consist
of nanoscale particles such as copper, alumina, carbides, nitrides, metal oxides, graphite, and carbon
nanotubes, which enhance the thermal conductivity of base fluids. The diameter of such nanopar-
ticles may vary anywhere between 1 and 100 nm. It was Choi and Eastman [1] who first observed
that nanoparticles suspended in base fluid could enhance the thermal conductivity, which in turn
improved the heat transfer rate of the fluid. After evaluating the thermal conductivity of various
metal oxides, Lee et al. [2] found that both shape and size contributed significantly to the improved
thermal conductivity of the nanofluid. Later, Buongiorno [3] investigated the factors that influenced
the thermal conductivity of nanofluids and reported that Brownian motion and the thermophoresis
effect increase the nanofluid’s thermal conductivity. As a consequence of the revelation, Nield and
Kuznetsov [4] used Buongiorno’s model on the boundary layer stream.

Later, Khan and Pop [5] explored the steady flow of nanofluid on a stretching sheet. Using
convective boundary conditions, Makinde and Aziz [6] looked into the heat transfer characteris-
tics of nanofluid flow. Khan et al. [7] conducted research analyzing the rheological behavior of a
nanofluid and investigating the effects of various parameters on its viscosity and other rheological
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Nomenclature

a constant (-) Greek Symbols
X,y Cartesian coordinates along the surface v kinematic viscosity (m?s™!)

and normal to it, respectively (m) u dynamic viscosity (kg m1's™1)
r radius of the cone (m) o electrically conductivity (S m™!)
u,v velocity component along x-axis and p density (kg m™3)

y-axis respectively (m s~!) K thermal conductivity of the nano-
T temperature (K) fluid (W m~! K1)
C nanoparticle concentration (mol L) Q angle of the cone (°)
B, magnetic field (T) B, co-efficient of thermal expansion (K1)
g gravity due to acceleration (m s~2) B co-efficient of concentration expan-
k, porous term (m? ) sion (C1)
Qo coefficient of heat generation (Wm™3) o volume fraction of SWCNT nanopar-
G specific heat at constant pres- ticles (-)

sure (J k¢! K1) b, volume fraction of Al,O5; nanoparticles (-)
qr radiative heat flux (Wm™2) a* Stefan-Boltzmann coeffi-
D, mass diffusivity (m? s71) cient (W m~2 K™%)
Kr first order chemical reaction (s71) n similarity variable (-)
k* mean absorption co-efficient (m™1) W stream function (m? s7!)
M magnetic parameter (-) f! dimensionless velocity (-)
Gr Grashof number (-) 0 dimensional temperature (-)
Gc modified Grashof number (-) ¢ dimensionless concentration (-)
Ec Eckert number (-) y chemical reaction parameter (-)
Q heat generation/absorption (-) Superscript
Sc Schmidt number (-) ! derivative with respect to 5
K, permeability parameter (-) .
E. Eckert number (-) Subscript
Pr Prandtl number (-) w at wall '
Rd radiation parameter (-) o0 at free st.ream region
Cf. skin-friction coefficient (-) hnf for hybrid r'1ano.ﬂu1d. .
Nu, Nusselt number (-) nf for nanofluid with single nanoparticle
Sh,, Sherwood number (-) f for base fluid )
Re, Reynold number (-) sl for SWCNT nanoparticles

s2 for AL,O; nanoparticles

properties. Hussain and Azeem Khan [8] explored the time-dependent behavior of a polymer
nanofluid in the presence of thermal-solutal stratifications and activation energy. Tabrez and
Azeem Khan [9] investigated the physical properties of ferromagnetic polymer nanofluids’ flow,
including viscous dissipation and magnetic dipole. The heat and mass transfer characteristics of a
radiative steady and MHD Casson nanofluid flow over a porous stretching sheet are explored by
Rao and Deka [10]. The literature cited in Ref. [11-13] includes recent work on nanofluids.

Due to its wide range of potential applications in nanotechnology and medicine, the study of
heat transfer in carbon nanofluids has attracted significant attention from researchers in recent
years. Nanoparticles of carbon nanotubes (CNTs) were first discovered in 1991 by Iijima [14].
These are allotropes with a nanostructure in the form of a hollow tube composed of a cylindrical
framework of carbon atoms, typically has a diameter between 1 and 100 nm. Compared to other
nanocomposite forms, CNTs in base fluid are more efficient due to the C-C bond. CNT nano-
fluid may be manipulated covalently or non-covalently to get the desired result. CNTs have 15
times the thermal conductivity and 1000 times the capability of copper, in addition to 200 times
the power and five times the resistance of steel (Prajapati et al. [15] and Khalid et al. [16]).
Significant use of carbon nanotubes may be found in several areas of nanotechnology, including
hardware, optics, energy storage, biomedicine, ceramics, thermal defence and engineering (Hayat
et al. [17]). Due to their small size, structure, configuration, dimension, and hardness, they pro-
vide a number of advantages that aren’t seen in other nanomaterials. Additionally, the presence
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of carbon chains in CNTs does not endanger the atmosphere (Alsagri et al. [18]). Carbon nano-
tubes used in nanofluids are divided into two types, called single-walled carbon nanotubes
(SWCNTs) and multi-walled carbon nanotubes (MWCNTs), based on how many layers of rolled
graphite sheets are in each tube. In contrast to MWCNTSs, which may be created without a cata-
lyst and consist of several rolled layers of graphite with a complicated structure, SWCNTSs need a
catalyst for their synthesis and are prepared by fuzing a covering layer of graphite into a unified
cylinder (Khan et al. [19]). Kumaresan et al. [20] experimentally examined the heat transfer char-
acteristics of nanofluids, including CNTs, and found low nanoparticle volume fractions enhance
heat transfer rate. Under the impact of magnetic force and thermal radiation, Mahanthesh et al.
[21] looked into the energy transport phenomena of dispersing SWCNT and MWCNT in water
nanofluids. When compared to MWCNT nanofluid, they found that SWCNT nanofluid had a
more even temperature distribution. Some recent advancements on nanofluid using CNT nano-
particles were made by Hossain et al. [22], Rehman et al. [23], and Maatki et al. [24].

A new type of fluid, called a hybrid nanofluid, is finding widespread technological usage due
to its excellent thermophysical properties. Hybrid nanofluid is an advanced fluid composed by
adding two or more nanoparticles to a base fluid. Such kinds of nanofluids have more advanced
properties than conventional nanofluids. An individual substance may never possess all of the
needed traits; hence, the substance may be missing or deficient in some properties. Customizable
hybrid nanoparticles can process important information more effectively than other nanofluids.
Hybrid nanofluids outperform ordinary nanofluids in a variety of heat transfer applications, mak-
ing them ideal for use in industries as diverse as refrigeration, electronics cooling, drug reduction,
generator cooling, machining coolant, cooling for nuclear systems, cooling for transformers, bio-
medicine, and many more. Sundar [25] has suggested a detailed procedure for creating hybrid
nanofluids, including their benefits and drawbacks. Waini et al. [26] have studied the unsteady
flow of a hybrid nanofluid made by adding Cu nanoparticles in Al,Os/water nanofluid due to a
stretching/shrinking sheet. Shreedevi et al. [27] have mixed both carbon nanotubes and sliver
nanoparticles in the base fluid (water) to study the effect of thermal radiation, chemical reaction,
suction, and slip condition on the heat and mass transfer of an unsteady MHD flow over a
stretching surface. Yashkun et al. [28] have investigated the effect of thermal radiation and suc-
tion on the dynamics of an MHD hybrid nanofluid as it moves through a stretching/shrinking
sheet, particularly emphasizing on the heat transfer. His findings show that the hybrid nanofluid
(Cu — AL O3 /water) is more efficient than the nanofluid (Cu/water) for the heat transfer phe-
nomena. Recently, Alkasasbeh [29] has investigated the effects of heat transfer and a magnetic
field on the flow of a Casson hybrid nanofluid composed by mixing the nanoparticles of copper
oxide and graphite oxide in methanol over a vertically stretching sheet. Jawad et al. [30] looked
at how the flow of a hybrid nanofluid and melting heat transfer interact over a surface that
stretches. They took into account the effects of second-order slip, Eckert number, and Prandtl
number. Rehman et al. [31] have studied the time dependent MHD flow of Casson hybrid nano-
fluid with thermal radiation along an extending surface.

Through this study, we have examined the impact of heat and mass transfers on a vertical
solid permeable cone using a water-based hybrid nanofluid consisting of both SWCNT and Al Os
nanoparticles. This type of hybrid nanoparticles has various industrial applications, such as oxy-
gen storage and production, as described by Hu et al. [32]. There are many applications of fluid
flow due to a solid cone in different industrial and engineering sciences, such as the solder tip,
the conical heater, and the continuous variable transmission (CVT) in a modern car (Mohamed
et al. [33]). Recently, in some studies, Mohamed et al. [33], Mishra et al. [34] and Meena et al.
[35], etc, have investigated the nanofluid and hybrid nanofluid flow caused by a solid cone and
given different importance to the outcomes and characteristics of the cone.

Also, the thermal radiation and chemical reaction effects on fluid flow problems have played
an important role in different physical fields. Over the past several decades, many researchers
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have given attention to these two flow factors because of their multifarious applications in differ-
ent industrial issues, engineering, and medical sciences. In the early stage, the impact of thermal
radiation on air and CO, of laminar flow through the vertical plate was studied by England and
Emery [36]. Cortell [37] investigated the effects of radiation and viscous dissipation on the ther-
mal boundary layer over a nonlinearly stretching sheet. Khan et al. [38] analyze the properties of
a shear-thinning Williamson nanofluid with thermal radiation, focusing on the characteristics of
magnetic dipole. Kumar et al. [39] developed a model to simulate the flow and heat transfer of a
nanofluid across an infinite vertical plate subject to a magnetic field and viscous dissipation. In
subsequent investigations, Ali et al. [40] considered how thermal radiation made an impact on
the MHD hybrid nanofluid flow along the stretching cylinder. In their study, Khan et al. [41]
examines how the presence of suspended nanoparticles in Sutterby nanofluid affects its flow
behavior, particularly in the context of stratification. In a situation where the bottom plate was
permeable and stretchy, Lv et al. [42] have investigated the impact of thermal radiation, Hall cur-
rent, and an uneven heat source/sink on the flow of nanofluid between two horizontal flat plates.
Recently, Khan et al. [43] studies the effects of a magnetized radiative flow on Sutterby nanofluid
that is exposed to convective heating at a wedge surface. Abdelhafez et al. [44] have investigated
the effect of chemical reactions and yield stress on a magnetic two-phase nanofluid flow. Rao and
Deka [45] have considered the effect of viscous dissipation, thermal radiation and chemical reac-
tions on unsteady MHD Casson nanofluid flow caused by a stretching sheet. The impact of nano-
particles and radiation on viscoelastic fluids is explored by Khan et al. [46], who emphasize the
crucial importance of comprehending these effects for a range of applications. Rao and Deka [47]
have just recently done a numerical study of how heat and mass move through a nanofluid when
it is hit by solar radiation.

The literature review presented above has motivated us to conduct a thorough analysis of the
heat and mass transfer characteristics of MHD hybrid nanofluid flow through a vertical solid
cone embedded in a porous medium, taking into account various factors such as a magnetic field,
thermal radiation, chemical reaction, heat generation, viscous dissipation, and Joule heating. To
investigate the thermal properties of the fluid, we initially suspended the SWCNT nanoparticles
of volume fraction (¢; = 0.1) on the base fluid to form the SWCNT/water nanofluid. Again, to
enhance the properties of the fluid, AL, O; nanoparticles of volume fraction (¢, = 0.1) are added
to the SWCNT /water nanofluid to form SWCNT — Al,Os;/water hybrid nanofluid. This hybrid
nanofluid has better thermal conductivity than either of its constituents, making it an ideal candi-
date for heat transfer applications. By using a similarity transformation, we transformed the gov-
erning partial differential equations into ordinary differential equations, which were then solved
numerically using an implicit finite difference method known as the Keller-box method. This
method is particularly well-suited for solving problems involving fluid flow and heat transfer, and
has been used extensively in previous studies. Additionally, we calculated the physical quantities
that measure the drag force, heat transfer rate, and mass accumulation rate at the surface of the
solid cone. These quantities provide valuable insights into the behavior of the fluid and can be
used to optimize the design of industrial processes that use these fluids. The study also includes a
comparison of the behavior of the hybrid nanofluid with that of AL,O; — water nanofluid to bet-
ter understand the effects of adding SWCNT nanoparticles. Overall, this study provides valuable
insights into the behavior of hybrid nanofluids in porous media, which can have important prac-
tical applications in fields such as energy and materials science.

2. Mathematical formulation

We have constructed a mathematical model of this study by considering a permeable cone of
radius r(x) which is immersed in a steady, incompressible and two-dimensional hybrid nanofluid.
The flow diagram and its coordinate system are shown in Figure 1, where, the x- axis is measured
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along the surface of the cone and the y- axis is taken in the normal direction of the conical sur-
face such that vertex of the cone is taken as the origin of the system. In this study, we have con-
sidered the influence of both heat and mass transfers such that T,, & C, prescribe the constant
wall temperature and concentration respectively and T, & C, are the temperature and concen-
tration at free stream region. A regular magnetic field of strength B, is applied in the normal dir-
ection of the conical surface. Here, we have considered the hybrid nanofluid which is formed by
adding SWCNT nanoparticles into the Al,O; nanofluid and hence SWCNT — AL, O; /water hybrid
nanofluid is found. The thermo-physical properties of base fluid and solid particles are discussed
in Table 1.

The following equations describe the MHD hybrid nanofluid flow with heat and mass transfer
under the aforementioned assumptions and under the standard boundary conditions [33-34]:

A(ru)  O(rv)

=0, 1
Ox Oy )
Ou  Ou My O*u Ohnf 5 Minf U
U—+v—= — +g|f(T—Ty) — B.(C—Cx)|cosQ ——Biu — —, (2)
Ox Oy Phnf oy* g[ ' * h } Phnf ° Phnf ko
T AT o OPT o (Ou\’ n
u——|—v—:L—2 &(_L) &Biuz—FA(T—T@o)
Oy (PCp)uy Oy (PCp)py \O¥ (PCp) g (PCp) g
1 0
1 (3)
(,0 P)lmf y
oc  0C 0*C
X, U4
gl
SWCNT-AL03 / H20
Hybrid Nanofluid
Boundary layer
=V
RN
Figure 1. Schematic diagram of the problem.
Table 1. Thermophysical properties of water and nanoparticles [21].
pkg/m?) K(W/mK) o(s/m) G U/kgK)
H,0 997.1 0.613 55x 107 4179
SWCNT 2600 6600 1% 108 425

AlL 05 3970 40 35 x 108 765
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The following are the initial and boundary conditions:

U=1uy, v=v, TI=T, C=C, wheny=0,

u—0, T —0, C—0 as y— oo. ®)
The Rosseland approximation for radiative heat flux can be mathematically written as [48-50]
5w @
By generalizing the Taylor series and ignoring the higher order terms, we are able to get:
T*=4T T-3T%
Hence Eq. (5) becomes-
9q, _ —160" >PT )
dy 3k* < Jy?
We use the similarity transformation [34]-
n= \/sz Y = Javpxrf(n), r= xsinQ, o
) = F—pr ) = o =g = aaf (1) ¥ =~ g =~ ()
Substituting (8) in the governing Egs. (1) to (4) we get:
PR R+ (Grl — Geg) — 2 MF — Kf =, ©)
i
by (Aa - Rd) + Asf 0/ + AES" + AsMEf"* + Q0 = 0, (10)
¢" + Scf¢' — Scydp = 0, (11)
The boundary condition (5) is transformed to:
fO=s fO)=1  00=1 #0=1 ”

f'(00) =0, 0(c0) =0, ¢p(co0)— 0.
Here A;(i = 1,2,3,4,5) are defined in the following ways:

i
A = Hunf A, = phnf, As = ( P hnf L= _ Knnf A = Ghnf
Ky Pr fp Kr of
In this study, we spec1fy the flow parameters as ol{ows -
B? C,—C ve(pC,
m=9B o v G 8h(T : ~T) o 8B v ) p PG
apy ak,’ a’x a’x Kf
166*T° ax)? K
Ra— 17T (ax)"py g Q@ w K
3k* ks (pCp)f(TW —Tx) a(pCy); Dy, a

The following physical quantities are observed in this study that are very important in several
engineering applications and industrial processes. The skin-friction coefficient (Cf) and the
Nusselt number (Nu,) are defined as follows-

Hnf (3u) XKpnf <3T) x <8C)
f, =2 Nup= - (O0) gy =X (O (13)
J AN k7 (Tw — Too) \ Oy y=0 (Cw — Cx) \ Oy y=0
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Now, using the Eq. (8) into the Eq. (13), we have achieved the following normalize form of
the above quantities as:

1
(1—¢)*°(1—¢,)

Rey*Nu, = — 2 9/(0),
Ky
Rex*Sh, = —¢/'(0),

where, the local Reynolds number, Re, = ";’—fw

ReCS, =

75" (0),

3. Method of solutions

The Keller-box technique is used for numerical solution of Egs. (9)-(11), together with boundary
condition (12). We choose this scheme because of its flexibility and it is found to be very effective
in solving the non-linear problem with an error of order 107°. Methodology considered by
Cebeci and Bradshaw [51] has been implemented. Computational steps (as explained by Anwar
et al. [52]) involved in this scheme to get a numerical solution are as follows:

To reduce the obtained ordinary differential equations (ODE) into the system of first-order equations.
To write the reduced equations in finite difference equations.

To linearize the equations using Newton method and writing them in vector form.

To solve the linear equations which provide the tridiagonal matrix.

o

By following these computational steps, the Keller-box technique provides a numerical solution
to the original non-linear problem with great accuracy.

4, Results and discussion

In order to study the physical representation of the problem, the numerical results are reported in
both graphical as well as in tabular form. The influence of various parameters on velocity, tempera-
ture and concentration profile are plotted in graphs whereas the numerical values of skin-friction
coefficient, local Nusselt number, and local Sherwood number are presented in tables. Here, all the
graphs and the numerical values are obtained by implementing the Keller-box method using
MATLAB code. To validate the accuracy and precision of our numerical method, we compared our
results of (—0'(0)) for a specific Prandtl number with those reported by Butt et al. [53] and Mishra
et al. [34]. Table 3 seems to be in excellent compliance. Moreover, we compared our temperature
profiles with those previously reported by Grubka and Bobba [54] under the condition of y = 1.
Our comparison revealed a high degree of agreement as shown in Figure 2. The temperature pro-
files consistently decreased as the Prandtl number increased, leading to a corresponding decrease in
the thermal boundary layer thickness. This trend can be observed by examining the temperature
curves corresponding to different values of the Prandtl number in Figure 2. Therefore, we are confi-
dent that the accuracy of computation results is adequate to represent the solution or physical
process.

The changes in velocity of both hybrid nanofluid (SWCNT — AL,O;/water) and nanofluid
(AL, O3 /water) for various values of magnetic parameter (M) are shown in Figure 3. It is found
here that for both the cases, the velocity decreases as the value of magnetic parameter rises. It
can also be observed that AL O;/water nanofluid flow slightly slower than the SWCNT —
AL O;/water hybrid nanofluid flow. In response to an increase in the strength of the magnetic
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Table 2. Thermophysical properties model for hybrid nanofluid [33].

Property Hybrid nanofluid
Density Pint = (1= ¢2)[(1 = d1)pr + d1pa] + d2p5
Dynamic viscosity Uppf = ——5——5
i (1=¢1) (1=6,)
Heat capacity (PCo)per = (1= D) [(1 = 1) (0o )s + D1(pCo) g ] + D2(pCp),
Thermal conductivity K52 + 2Knf — 2605 (Knf — K52)
Khnf = X Knf

K52 + 2Knf + ‘7’2(an - KSZ)
Ks1 + 2Kf — 2¢0q (Kr — K1)

where, Kpr = K,

" K51 + 2Kf + ¢1 (Kf - K51) f

Electrical conductivity . - 3(22—1)¢, e
hnf = z 2 nf

(e +2) = @G =)o
3(% 1)y
where, opr = |14 — o’ X of
G+ - (G-

Table 3. Comparison of numerical values of —'(0) when ¢; =, =M=Kp=y=Gr=Gm=Sc=Rd = S=Ec=Q = 0.

—0'(0)
Pr Butt et al. [53] Mishra et al. [34] Present
1.0 0.5820 0.5818299 0.5809
10.0 2.3080 2.3079730 0.3065

T T T T T T T T T

Grubka and Bobba O Present result|

Pr=0.72, 1,3, 10, 100

n

Figure 2. Comparison of the temperature profiles given in Grubka and Bobba [54] with the present results.

field, a retarding effect of the Lorentz force is generated (pressure drop phenomenon), which
effect the flow to slow down. Because of this, when M increases, velocity profile falls. It is found
in Figure 4 that as M is raised, so too is the range of temperatures experienced inside the bound-
ary layer. Increase in the effect of Lorentz force results to a frictional resistance to the flow, which
leads to the increase in temperature in the boundary layer region. Accordingly, increasing M
causes an increase in temperature. It was clear from the figure that the SWCNT — AL O;/water
hybrid nanofluid holds temperature better than the Al,O;/water nanofluid.

Figures 5 and 6 reveal the impact of porosity parameter (K,) on the velocity and temperature
profile respectively. It is clear from the figures that the velocity for both SWCNT — AL O3 /water
hybrid nanofluid and ALO;/water nanofluid decrease with the increase in the value of K,
whereas an opposite behavior is observed for temperature profile of both cases. This occurs
because an enhancement in K;, amplifies the porous layer and thus, velocity in the boundary layer
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Figure 3. Velocity profile for various value of M.
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Figure 4. Temperature profile for various value of M.
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Figure 5. Velocity profile for various value of Kp.
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Figure 6. Temperature profile for various value of Kp.
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Figure 7. Velocity profile for various value of Rd.
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Figure 8. Temperature profile for various value of Rd.

decreases whereas the temperature increases. From the figures it can be concluded that the hybrid
nanofluid shows better results in controlling the velocity as well as holding the temperature for
this instance too.

Figure 7 depicts the velocity profile for the variation of values of radiation parameter (Rd). It
can be observed from the figure that the velocity inside the boundary layer region increases with
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Figure 9. Temperature profile for various value of Pr.
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Figure 10. Concentration profile for various value of Sc.

the increase in radiation parameter for both the cases. The main reason behind the fact is that
with the increase in thermal radiation the kinetic energy of the flow also increases. Hence the vel-
ocity of the flow increases with the increase in Rd. The impact of radiation parameter (Rd) on
the temperature profile is shown in Figure 8. The figure shows the impact for both SWCNT —
Al,O5/water hybrid nanofluid and AL O;/water nanofluid and it is evident that when the
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Figure 11. Temperature profile for various value of Ec.
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Figure 12. Concentration profile for various value of y.

radiation parameter increases, the temperature rises. That’s because what we are observing is the
result of heat energy being released into the fluid as a result of an increase in thermal radiation.
It is noteworthy to see that the hybrid nanofluid shows higher temperature profile than the
ordinary nanofluid.

Figure 9 exhibits the effect of Prandtl number (Pr) on dimensionless temperature for both
SWCNT — Al,O;/water hybrid nanofluid and AL, O3 /water nanofluid. As Pr rises, it’s easy to see how
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Figure 13. Temperature profile for various value of Q.
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Figure 14. Velocity profile for various value of Gr.

the temperature within the boundary layer area drops. Pr is defined as momentum-to-temperature dif-
fusivity ratio. So, a high value of Pr indicates a poor thermal conductivity and a smaller thermal layer
structure, since momentum diffuses more quickly than heat. As the Pr rises, the heat transfer rate of
the fluid rises, causing the temperature of the boundary layer to fall. The fluctuations on concentration
profile are seen for different values of Schmidt number (Sc) in Figure 10. From the figure it is clear
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Figure 15. Velocity profile for various value of Gm.
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Figure 16. Velocity profile for various value of ¢, and. ¢,

that for both the cases temperature decrease with the increase in Sc. It is to be noted that the hybrid
nanofluid and ordinary nanofluid both show similar performance in concentration profile with the
increase in Sc.

The influence of Eckert number (Ec) on temperature profile is depicted in Figure 11. The
dimensionless temperature rises as Ec rises, as can be seen in both SWCNT — Al,O;/water hybrid
nanofluid as well as Al,Os;/water nanofluid. This is because the viscosity of nanofluid stores
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Figure 17. Temperature profile for various value of ¢, and. ¢,
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Figure 18. Velocity profile for various value of §.

energy from the flow owing to frictional heating and changes it into internal energy. This phe-
nomenon contributes to the increase in thermal boundary layer thickness. Figure 12 illustrates
how the chemical reaction parameter (y) influences the concentration of nanoparticles for both
SWCNT — AL O3 /water hybrid nanofluid and AL O;/water nanofluid. This graph clearly shows
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Figure 19. Temperature profile for various value of S.

how increase in the value of the reaction parameter reduces the nanoparticles presence at the sur-
face. The fundamental cause is that when a chemical reaction parameter’s value rises, so do the
number of solute molecules engaged in the reaction. As a result, the concentration profile
declines. Thus, using several chemical processes results in a considerable depletion of the solutal
boundary layer, which increases mass transport phenomena. Figure 13 describes the performance
of both hybrid nanofluid (SWCNT — AL, Os) as well as the ordinary nanofluid (ALO3) on tem-
perature profile for different values of heat generation/absorption (Q). It is clear from the figure
that the temperature increases with the increase in the value of Q.

Figures 14 and 15 demonstrate the effects of the Grashof number (Gr) and modified Grashof
number (Gm) on velocity profile. It can be seen that the velocity profile increases with the
increase in Gr but an opposite trend can be observed for the case of Gm.

Figure 16 shows the influence of ¢; and ¢, on velocity profile. It can be found the increase in the
value of ¢, and ¢, results in the increase in velocity profile of the hybrid nanofluid. Figure 17 reflect
the influence of temperature profile for the increasing value of both ¢, and ¢,. It is clear from the
figure that the temperature intensifies with the increases in the volume fraction of both nanoparticle
of the hybrid nanofluid. The main reason behind this phenomenon is that increasing volume frac-
tion increases the thermal boundary layer thickness, which results the rate of heat transfer to slow
down inside the boundary layer region. Hence the temperature raises.

The higher wall suction parameter (S) reduces the velocity distribution for both SWCNT —
AL O;/water hybrid nanofluid as well as AL, Os;/water nanofluid as displayed in Figure 18.
Physically, the adhesion of the nanofluid to the wall of geometry caused by the intense wall suc-
tion results in a significant decrease in flow. For this reason, increased wall suction causes a
decrease in the overall velocity distribution. The temperature curve for varying suction parameter
(S) is shown graphically in Figure 19. It is obvious from the graph that the temperature of both
SWCNT — AL Oz /water hybrid nanofluid as well as ALO;/water nanofluid decreases as we
increase the value of suction parameter. This is due to the fact that increasing suction value leads
to the increase in the distance from the surface which leads the temperature to decrease and
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Table 4. Values of Re)%(CfX, 7Re;%NuX and 7Re;%5hx for the SWCNT — Al,O; /water hybrid nanofluid, when M = Kp = 0.5,
y=Q=5=02, Gr=1, Gm=2, ¢, = ¢, =0.01.

1

pr Sc Ec Rd Re; Ct, —Rey *Nuy —Re; tsh,
0015 05 0.01 05 —19576 0.3339 0.5706
7.0 ~2229 10573 0.5399
135 —23561 19502 0.5286
50 0.22 0.01 05 —22133 0.6580 0.4235
0.30 ~2.1998 0.6977 0.4577
0.60 —2.1428 0.8303 0.5928
50 0.5 0.01 05 ~2.1628 0.7891 0.5467
0.05 —2.1449 0.6030 0.5481
0.1 —2.1240 0.3794 0.5498
50 05 0.01 05 ~2.1628 0.7891 0.5467
10 ~2.1166 0.6427 0.5517
15 —2.0862 0.5612 0.5550

finally vanishes in a large distance from the surface, which implies increasing in the wall tempera-
ture gradient and in turn increases the surface heat transfer rate.

Table 4 is inserted to show the numerical values of physical quantities of interest which are
observed during this investigation are skin friction coefficient (Rex/ *Cf,), Nusselt number
(—Re;l/ 2Nux) and Sherwood number (—Re, Y 2th). These quantities help to evaluate the effects
of shear stress, heat transfer rate and mass accumulation rate etc. From Table 4, it is found that
the Nusselt number experience an enhancement from the noble gas (Pr = 0.015) to sea-water
(Pr = 13.5) whereas the skin friction coefficient and effects of mass accumulation rate (Sherwood
number) reduce with Pr. Again, the effects of shear stress, heat transfer rate and mass accumula-
tion rate at the surface enhances from the hydrogen (Sc = 0.22) to water vapor (Sc = 0.60). It is
also seen from this table is that increasing values of the Eckert number and radiation parameter
raise the influence of shear stress and the mass accumulation rate and reduces the heat transfer
rate of the hybrid nanofluid at the surface of the cone.

5. Conclusion

In this study, we investigated the heat and mass transfer characteristics of a steady, two-dimen-
sional MHD hybrid nanofluid flow over a vertical porous cone, taking into account various influ-
ential factors such as thermal radiation, chemical reactions, heat generation, viscous dissipation,
and Joule heating. The base fluid used was water, and the nanoparticles used were SWCNT and
AL O;. The numerical analysis was performed using the Keller-box Scheme due to its flexibility
compared to other numerical schemes.

Our findings provide insight into the behavior of the hybrid nanofluid flow and its compari-
son with the nanofluid with single nanoparticles. It was observed that increasing the effect of
magnetic field, porosity, suction, and modified Grashof number can control the velocity of the
hybrid nanofluid flow inside the boundary layer region. Furthermore, the velocity of the flow was
found to increase with the increase in the value of radiation parameter, Grashof number, and vol-
ume fraction of the nanoparticles. The temperature of the boundary layer region was found to
increase with the effect of magnetic field, porosity, thermal radiation, viscosity, heat generation,
and volume fraction of the nanoparticles used. On the other hand, the temperature of the hybrid
nanofluid was observed to decrease with the increment in the value of Prandtl number and suc-
tion parameter. The nanoparticle concentration in the boundary layer region is found to decrease
with the increase in the value of Schmidt number and chemical reaction parameter.

In addition, the skin friction coefficient was found to decrease slowly with the increase in
Prandtl number, while it increased with the increase in Schmidt number, Eckert number, and
radiation parameter. The rate of heat transfer was observed to increase with the increase in
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Prandtl number and Schmidt number, but it decreased with the increase in radiation parameter
and Eckert number. The mass transfer rate was found to increase with the increase in Schmidt
number, Eckert number, and radiation parameter, but it decreased with the increase in Prandtl
number.

Our results also indicate that the hybrid nanofluid flow is slightly faster than that of the nano-
fluid with single nanoparticles. The boundary layer region of the hybrid nanofluid is found to be
warmer than the nanofluid with single nanoparticles. However, both hybrid nanofluid as well as
ordinary nanofluid display almost similar performance when it comes to the species concentra-
tion profile of the flow.

Overall, our findings suggest that the use of hybrid nanofluid gives better results than that of
the nanofluid with single nanoparticles, making it a promising candidate for various industrial
applications.

Future directions of this research could be to investigate the impact of different geometries of
solid cones and porous media. The exploration of new hybrid nanofluid combinations could also
be conducted to optimize the thermal conductivity of the nanofluid. Besides, the study could be
extended to three-dimensional flows to understand the flow behavior and heat transfer character-
istics more comprehensively.
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