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Abstract

This article presents to evaluating the sway of thermal radiation and chemical reaction on MHD flow of Ag/SWCNT – Water

based Maxwell hybrid nanoliquid over a vertical cone by considering Cattaneo - Christov heat flux, convective boundary

condition and suction parameter. By using appropriate transformations the nonlinear partial differential equations are converted

into ordinary differential equations. The governing dimensionless equations are solved by using an optimized and extensively

validated Finite element method. The sway of dissimilar parameter on hydrodynamic, thermal and solutal boundary layer is

perceived and the results are laid out graphically. Additionally, the values of skin – friction coefficient, Nusselt number and

Sherwood numbers are authorized for different values of pertinent parameters and results are demonstrated in tabular form.

Comparison of the present problem results with existing results shows good agreement. The key observations are summarized

as the velocity grows with ( 1), Temperature increases for Biot number (Bi) and Skin – friction coefficient, Sherwood number

declines, nevertheless Nusselt number escalates as values of Deborah number (α) improves.

Abstract:

This article presents to evaluating the sway of thermal radiation and chemical reaction on MHD flow of
Ag/SWCNT – Water based Maxwell hybrid nanoliquid over a vertical cone by considering Cattaneo - Chris-
tov heat flux, convective boundary condition and suction parameter. By using appropriate transformations
the nonlinear partial differential equations are converted into ordinary differential equations. The governing
dimensionless equations are solved by using an optimized and extensively validated Finite element method.
The sway of dissimilar parameter on hydrodynamic, thermal and solutal boundary layer is perceived and the
results are laid out graphically. Additionally, the values of skin – friction coefficient, Nusselt number and
Sherwood numbers are authorized for different values of pertinent parameters and results are demonstrated
in tabular form. Comparison of the present problem results with existing results shows good agreement. The
key observations are summarized as the velocity grows with (φ1), Temperature increases for Biot number
(Bi) and Skin – friction coefficient, Sherwood number declines, nevertheless Nusselt number escalates as
values of Deborah number (α) improves.

Keywords: Cattaneo – Christov heat flux; Convective boundary condition; Suction parameter;
Ag/SWCNT Water Maxwell hybrid nanoliquid; FEM.

1. Introduction

Nanoliquids are one new kind of heat transfer fluid containing a small quantity of nanosized particles (<100
nm) that are uniformly suspended in a fluids. Nanoliquids play an important role for various heat transfer
applications. They are used to give better thermal performance than natural convectional fluids due to
the presence of suspended nanoparticles with high thermal conductivity. Furthermore, several researchers
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reported that enhancement in the heat transfer rate with the use of various nanoliquids in various applica-
tion compared to conventional fluids. Choi et al. [1] presented the fundamental limits of convectional heat
conduction model by suspending nanoliquids and measured that high thermal conductivity is anomalously
greater than theoretical predictions and which are nonlinear with nanotube loadings. Nabati Shoghl et al.
[2] investigated thermophysical properties of water based nanoliquid and results showed that enhancement in
electrical conductivity and viscosity of base fluid by suspending nanoparticles. Sundar et al. [3] demonstrated
experimental study of thermal conductivity and viscosity of nanoliquids with nano diamond particles, how-
ever, the density and specific heat were estimated theoretically and reported that at 1.0 vol % the thermal
conductivity enhancements of 12.7% and 22.8%, at 1.0 vol% the viscosity enhancement of 1.57 times and 1.8
times were observed at temperatures of 293 K and 333K than the general liquid. Many experimental and
theoretical studies have been focused on enhancement of thermal conductivity of different nanoliquids by
several authors [4 – 7]. Patil et al. [8] inspected non-linear mixed convection flow and heat transfer analysis
of nanoliquid over vertical cone and found that rates of heat transfer is low for the nanoliquid compared to
the ordinary mixture of liquid. Ramzan et al. [9] perceived the impact of thermal radiation parameter on
steady flow, heat and mass characteristics and entropy analysis of nanoliquid made up of carbon nanotubes
over a vertical cone and detected deterioration in the rates of velocity with improving values of bio-convection
Rayleigh number.

To know the knowledge of heat exchange mechanism in applications of nanoliquid in various situations,
heat conduction model has been proposed by Fourier. Later, Cattaneo presented the modified Fourier’s
law for heat conduction in an inflexible body by considering thermal relaxation time, which is called as
Maxwell - Cattaneo law. After that, Christov focused to the theory of nanoliquids by employing Oldroyd
upper - convected derivative rather than Maxwell time derivative while dealing with Cattaneo type theory
of nanoliquid. Several authors described MHD boundary layer flow, heat and mass transfer analysis of
different nanoliquids by using Cattaneo - Christov heat flux model. Ahmad Khan et al. [10] demonstrated
in their work on heat and mass transfer flow in upper – convected Maxwell fluid over an exponentially
stretching surface with Cattaneo – Christov heat flux model and found that the fluid velocity is impedes as
the thermal relaxation time values rises. Ghalambaz et al. [11] studied natural convection flow of Al2O3–
water nanoliquids over a vertical cone by considering variable thermal conductivity by using Tiwari-Das
model. Heat and mass transfer analysis of Burgers nanoliquid flow through stretched sheet with Cattaneo
– Christov heat flux model examined by Waqas et al. [12]. Hayat et al. [13] analyzed three dimensional
rotating flow of Jeffery fluid over stretching sheet with Cattaneo – Christov heat flux model and noted that
retardation in velocity sketches with rising values of ratio of relaxation parameter. The sway of Catteneo
– Christov heat flux on mass and heat transfer analysis of various nanoliquids over different geometries
instead of conventional Fourier’s law deliberated by several authors [14 – 17]. Saleem et al. [18] cognized
the impact of Cattaneo – Christov heat flux and heat generation/absorption on heat and mass transfer
analysis over stretching sheet with optimal homotopy analysis method. Khan et al. [19] probed that the
sway of homogeneous-heterogeneous chemical reaction on heat and fluid flow of Sisko fluid over bidirectional
stretching sheet and conclude that fluid temperature and velocity is decreasing function with higher values of
thermal relaxation parameter. Ali et al. [20] demonstrated MHD boundary layer flow of Casson nanoliquid
over a cone, wedge and plate by considering Cattaneo – Christov heat flux model with nonlinear radiation
effects and variable source/sink and found that heat transfer performance and local Nusselt number enhances
with step-up values of thermal relaxation parameter over a wedge compared with flows over a plate and
cone. Jayachandra babu et al. [21] studied MHD flow, mass and heat transfer analysis over three geometries
(plate, wedge, cone) by inspecting Cattaneo - Christov heat flux model with the impact of thermophoresis
and Brownian motion and detected that Sherwood number and Nusselt number highly influenced over cone
by the thermal relaxation parameter. Mamatha et al. [22] demonstrated theoretically unsteady, MHD flow
on heat and mass transfer characteristics by considering thermal radiation and Cattaneo-Christov heat flux
by dispersing grapheme nanoparticles in dusty fluids. Iqbal et al. [23] analyzed the influence of Cattaneo –
Christov mass and heat flux on nanoliquid flow over circular cone.

Recently, so many authors interested to describes the behavior of hybrid nanoliquid as a part of new gen-
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eration of engine oil. These nanoliquids has several application in MRI scanning, optical modulators etc.,
Behseresht et al. [24] explored thermo physical properties of nanoliquid filled with porous media over a
vertical cone. Nadeem et al. [25] studied third Grade fluid flow over a rotating vertical cone in the presence
of thermophoresis and Brownian motion by using Homotopy analysis method. Reddy et al. [26] studied
MHD boundary layer flow, mass and heat transfer characteristics of nanoliquids filled with Al2O3 and Ag
nanoparticles over Vertical cone and concluded that fluid velocity rises, whereas the temperature and con-
centration decelerates when the values of (φ) improves. The impact of thermophoresis and Brownian motion
on heat and mass transfer analysis flow of Jeffery, Maxwell and Oldroyd-B nanoliquids over a cone in the
presence of non-uniform heat source/sink was explored by Raju et al. [27] and concluded that impact of
magnetic field is more influenced in Maxwell nanoliquid than Jerry and Oldroyd-B nanoliquids. Siddiqa et
al. [28 - 29] proposed bio convection mass and heat transfer analysis of nanoliquids over vertical wavy cone
filled with gyrotactic microorganisms. Reddy et al. [30] probed the sway of chemical reaction on heat and
mass transfer flow of nanoliquid over a vertical cone by using Buongiorno model and found that temperature
and concentration sketches are escalated as the values of thermophoresis rises. Oyelakin et al. [31] perceived
mass and heat transfer properties of Casson nanoliquid flow over a vertical cone with Cattaneo-Christov
heat flux model under the convective boundary condition. Dinarvand et al. [32] discussed MHD convective
boundary layer flow, mass and heat transfer analysis of water – based nanofluid suspended with Copper,
alumina and titania nanoparticles over rotating down point cone by using Tiwari-Das model. Sreedevi et al.
[33] analyzed the sway of chemical reaction and suction/injection on MHD boundary layer flow, mass and
heat transfer characteristics of water – based nanoliquid containing SWCNT and MWCNT nanoparticles
over a vertical cone with convective boundary condition and found that all values of rates of mass transfer,
rates of heat transfer and velocity rates escalates with improving values of Biot number. Recently, several
authors [34 – 38] studied the impact of various pertinent parameters on boundary layer flow, mass and heat
transfer analysis of different hybrid nanoliquids over several geometries.

Recently, several articles investigate the fluid flow, mass and heat transfer characteristics of different nano-
liquids over several geometries. No studies have been analyzed to examine mass and heat analysis of Maxwell
hybrid nanoliquid over a vertical cone with Catteneo - Christov heat flux model under the convective bound-
ary condition. Hence, we examine the sway of different parameters on Maxwell hybrid nanoliquid flow, heat
and mass transfer analysis over a vertical cone and calculated local skin – friction coefficient, Sherwood and
Nusselt numbers.

2. Mathematical Analysis of the problem

Consider two dimensional, steady, MHD boundary layer heat and mass transfer characteristics of
Ag/SWCNT – Water based Maxwell hybrid nanoliquid over a vertical cone under convective boundary
condition with suction as demonstrated in Fig. 1. The Ag/SWCNT – Water based Maxwell hybrid nano-
liquid flow is chosen as the x-axis over the surface of the vertical cone. An external magnetic field B0 is
applied along the y-axis. It is assumed that Tw to be determined, as the result of convective heating process
which is characterized by a temperature Tf and heat transfer coefficient hf andCw is the nanoparticle volume
fraction at the surface of the cone and T∞ and C∞ are the temperature and nanoparticle volume fraction
of the ambient fluid, respectively. Under the above considerations, the governing equations describing the
momentum, energy and concentration in the presence of thermal radiation and chemical reaction as follows:

∂u
∂x + ∂v

∂y = 0(1)

u∂u∂x + v ∂u∂y + λ1

(
u2 ∂

2u
∂x2 + v2 ∂

2u
∂y2 + 2uv ∂2u

∂x∂y

)
= νhnf

∂2u
∂y2 + g [β (T − T∞)− β∗ (C − C∞)] ὃσλ− σ B0

2

englishρhnfu(2)

u∂T∂x + v ∂T∂y + λ2

(
u∂u∂x

∂T
∂x + v ∂v∂y

∂T
∂y + u ∂v∂x

∂T
∂y + v ∂u∂y

∂T
∂x + 2uv ∂2T

∂x∂y + u2 ∂
2T
∂x2 + v2 ∂

2T
∂y2

)
= khnf

(ρCp)hnf

∂2T
∂y2 −

1
(ρCp)nhf

∂qr
∂y (3)

u∂C∂x + v ∂C∂y = DB
∂2C
∂y2 − C1(C − C∞)(4)

3
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The following physical boundary conditions are

u = 0, v = vw, −k ∂T∂y = hf (Tf − T ) , C = Cw at y = 0(5)

u→ 0, T → T∞ ,C → C∞ at y →∞ (6)

The subsequent similarity transformations are presented to streamline the mathematical study of the problem

u = axf
′
(η) , v = −√aυf f (η) , η =

√
a
υf
y , θ (η) = T−T∞

Tf−T∞ ,S (η) = φ − φ∞
φw− φ∞

(7)

By utilizing Rosseland estimation for radiation, the radiative heat fluxqr is demarcated as

qr = − 4σ∗

3K∗
∂T 4

∂y (8)

After simplification using Taylor’s series expansion, we get

qr = − 16σ∗T 3

3K∗
∂T
∂y (9)

The transformed equations are

f
′′′

+ A2

A1
f f
′′ − A2

A1

(
f
′
)2
− α A1[f2f

′′′ − 2ff
′
f
′′
]−A1M f

′
+A1 [θ −Nr S]Cosλ = 0(10)

(1 +A4R) θ
′′ − Pr A3

A4
f θ
′ − Pr β A3 (f

2
θ
′′

+ ff
′
θ′) = 0(11)

S
′′ − Sc f S′ − Cr Sc S = 0 (12)

The associated converted boundary conditions are

η = 0, f = V 0, f
′

= 1, θ
′
(0) = −Bi (1− θ (0)) , S = 1(13)

η −→∞, f ′ = 0 , θ = 0 , S = 0. (14)

The associated non-dimensional parameters are defined as

Pr =
υf
αf

,β = λ2 a ,M =
σB2

0

ρa , α = λ1 a,

Sc =
υf
DB

, Cr = C1

a , R=
16T 3
∞σ
∗

3k∗kf
,V 0 = vw√

aυf
,Bi =

hf

k

(νf
a

)1/2
.

A1 = 1
(1−φ1)

2.5(1−φ2)
2.5 , A2 = (1− φ2)

[
(1− φ1) + φ1

(
ρs1
ρf

)
+ φ2

(
ρs2
ρf

)]
,

A3 = (1− φ2)
[
(1− φ1) + φ1

(
(ρcp)s1
(ρcp)f

)
+ φ2

(
(ρcp)s2
(ρcp)f

)]
, A4 = khnf

kf
,

The density ρhnf, thermal conductivitykhnf, dynamic viscosity µhnf, and heat capacitance (ρcp)hnf of the
hybrid nanoliquid are specified by:

µhnf =
µf

(1−φ1)
2.5(1−φ2)

2.5 ,ρhnf = (1− ϕ2) [(1− ϕ1) ρf + ϕ1ρs1] + ϕ2ρs2,

(ρcp)hnf = (1− ϕ2)
[
(1− ϕ1) (ρcp)f + ϕ1(ρcp)s1

]
+ ϕ2(ρcp)s2,

khnf = knf ∗
(
ks2+2knf−2ϕ2(knf−ks2)
ks2+2knf+2ϕ2(knf−ks2)

)
, whereknf = kf ∗

(
ks1+2kf−2ϕ1(kf−ks1)
ks1+2kf+2ϕ1(kf−ks1)

)
.

The another object of this problem is to calculate skin – friction coefficient (Cf ), Nusselt number(Nux) and
Sherwood number (Shx)and are given as

Cfx = τw
ρU2

w
,Nux = xqw

kf (Tw−T∞) , Shx = xqm
DB(Cw−C∞) (15)

Where,

τw = µhnf(1 + α)
(
∂u
∂y

)
y=0

,qw = −khnf ∂T∂y
∣∣∣
y=0

,qm = −DB
∂C
∂y

∣∣∣
y=0

, (16)
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3. Numerical solution of the problem

The variational Finite element process [39 – 42] is implemented to evaluate numerically above equations (10)
- (12) with boundary conditions (13) - (14). The procedure of this method is as follows.

For the solution of system of non-linear ordinary differential equation (10) – (12) together with boundary
conditions (13) - (14), first we assume that

δφ

δη
= h (16)

The equations (10) to (12) then reduces to

h
′′

+ A2

A1
f h

′
− A2

A1
h2 − α A1

[
f2h

′′ − 2 f h h
′
]
−A1Mh+A1[θ −NrS] = 0(17)

(1 +A4R) θ
′′ − Pr A3

A4
f θ
′ − Pr β A3[f2θ

′′
+ f h θ

′
] = 0 (18)

S
′′ − Sc f S′ − Sc Cr S = 0 (19)

The boundary conditions take the form

η = 0, f = V0, h = 1, θ
′

= −Bi (1− θ) , S = 1(20)

η →∞, h = 0, θ = 0, S = 0(21)

3.2. Variational formulation

The variational form associated with Eqns. (17) to (19) over a typical linear element (ηe, ηe+1) is given by∫ ηe+1

ηe
w1

(
δφ

δη
− h
)
dη = 0(22)∫ ηe+1

ηe
w2

(
h
′′

+ A2

A1
f h
′ − A2

A1
h2 − α A1

[
f2h

′′ − 2f h h
′
]
−A1Mh+A1 [θ −NrS]

)
dη = 0 (23)∫ ηe+1

ηe
w3

(
(1 +A4R) θ

′′ − Pr A3

A4
f θ
′ − Pr β A3

[
f2θ

′′
+ f h θ

′
])
dη = 0(24)∫ ηe+1

ηe
w4(S

′′ − Sc f S′ − Sc Cr S)dη = 0(25)

Where w1, w2, w3, and w4 are arbitrary test functions and may be viewed as the variations inf, h, θ, and S
respectively.

3.3. Finite- element formulation

The finite-element model may be obtained from above equations by substituting finite-element approxima-
tions of the form

f =
∑2
j=1 fjψj , h =

∑2
j=1 hjψj , θ =

∑2
j=1 θjψj ,φ =

∑2
j=1 φjψj . (26)

With, w1 = w2 = w3 = w4 = ψi, (i = 1, 2, 3).

Where ψi are the shape functions for a typical element(ηe, ηe+1) and are defined as

ψe1 = (ηe+1+ηe−2 η) (ηe+1−η)
(ηe+1−ηe)

2 ,ψe2 = 4(η−ηe)(ηe+1−η)
(ηe+1−ηe)

2 ,

ψ
e
3 = (ηe+1+ηe−2 η) (η−ηe)

(ηe+1−ηe)
2 ,ηe ≤ η ≤ ηe+1. (27)

The finite element model of the equations thus formed is given by

5
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
[
K11

]
amp;

[
K12

] [
K13

]
amp;

[
K14

][
K21

]
amp;

[
K22

] [
K23

]
amp;

[
K24

][
K31

]
amp;

[
K32

] [
K33

]
amp;

[
K34

][
K41

] [
K42

] [
K43

] [
K44

]



f
h
θ
φ

 =


{
r1
}{

r2
}{

r3
}{

r4
}


Where [Kmn] and [rm](m, n = 1, 2, 3, 4) are defined as

Kij
11 =

∫ ηe+1

ηe
ψi

∂ψj

∂η δη,Kij
12 = −

∫ ηe+1

ηe
ψiψj δη, Kij

13 = Kij
14 = 0, Kij

21 = 0,

Kij
22 =

∫ ηe+1

ηe

∂ψi

∂η
∂ψj

∂η dη + A2

A1
f1
∫ ηe+1

ηe
ψiψ1ψjdη + A2

A1
f2
∫ ηe+1

ηe
ψiψ2ψjdη − A2

A1
h1
∫ ηe+1

ηe
ψiψ1ψjdη −

A2

A1
h2
∫ ηe+1

ηe
ψiψ2ψjdη − β A1

∫ ηe+1

ηe
(∂ψi

∂η )
2 ∂ψi

∂η
∂ψj

∂η dη + 2 β A1 h1
∫ ηe+1

ηe
ψiψ1ψjdη + 2 β A2 h2

∫ ηe+1

ηe
ψiψ2ψjdη − A1 M

∫ ηe+1

ηe
ψi ψjdη .

Kij
23 = A1

∫ ηe+1

ηe
ψi ψjdη,Kij

24 = −A1 Nr
∫ ηe+1

ηe
ψi ψjdη, Kij

31 = 0, Kij
32 = 0 ,

Kij
33 = (1 +A4 R)

∫ ηe+1

ηe

∂ψi

∂η
∂ψj

∂η δη − PrA3

A4
f1
∫ ηe+1

ηe
ψiψ1

∂ψj

∂η δη − PrA3

A4
f2
∫ ηe+1

ηe
ψiψθ

∂ψj

∂η δη −

Pr γ A3 h1
∫ ηe+1

ηe
ψiψ1

∂ψj

∂η δη − Pr γ A3 h2
∫ ηe+1

ηe
ψiψ2

∂ψj

∂η dη, Kij
34 = 0.

Kij
41 = 0, Kij

42 = 0, Kij
43 = 0 ,

Kij
44 =

∫ ηe+1

ηe

∂ψi

∂η
∂ψj

∂η δη− Sc f1
∫ ηe+1

ηe
ψiψ1

∂ψj

∂η δη− Sc f2
∫ ηe+1

ηe
ψiψ2

∂ψj

∂η dη − Sc Cr
∫ ηe+1

ηe
ψι ψjδη.

r2i = 0,r2i = −
(
ψi

dψi

δη

)
ηe+1
ηe ,r3i = −

(
ψi

dψi

δη

)
ηe+1
ηe ,r4i = −

(
ψi

dψi

δη

)
ηe+1
ηe .

4. Results and Discussion

The enormous and efficient Finite element method is used to solve the set of converted ordinary differential
equations of physical problem. The concentration, temperature and velocity distributions of Ag/SWCNT –
Water based hybrid Maxwell nanoliquid for dissimilar values of pertinent parameters over a vertical cone
under convective boundary conditions are illustrated in graphs from Figs. 2 – 25. The thermophysical pro-
perties of nanoparticles are shown in Table 1. Table 2 gives comparison between present results and existing
results with good agreement.

The sway of magnetic parameter (M) on Ag/SWCNT – Water based hybrid Maxwell nanoliquids concentra-
tion, temperature and velocity distributions are portrayed in Figs. 2 – 4. Velocity sketches of Ag/SWCNT
– Water based hybrid nanoliquid degenerates, whereas temperature and concentration sketches optimizes
with upgrading values of (M). This is because of the presence of magnetic field produces Lorentz force which
resists the motion of fluid, it causes optimization in the fluids both temperature and concentration sketches.

Figs. 5 – 8 describes the outlines of Ag/SWCNT – Water base hybrid nanoliquid velocity for diverse values
of (φ1) and (φ2). With developing values of (φ1) the velocity outlines elaborates in entire fluid regime
(Fig. 5). The Ag/SWCNT – Water base hybrid nanoliquid velocity outlines abatement, nevertheless, the
concentration and temperature outlines enlarges with step up values of (φ2).

Dissimilarity nature in velocity, temperature and concentration sketches for diverse values of Buoyancy
parameter (Nr) is sketched in Figs. 9 – 11. The velocity sketches of Ag/SWCNT – Water based hybrid

6
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nanoliquid deteriorates, however, the temperature and concentration sketches hike with boosting values of
(Nr).

Figs. 12 – 14 are drawn to depict velocity, temperature and concentration outlines of Ag/SWCNT – Water
base hybrid Maxwell nanoliquid for diverse values of Deborah number (α). It is perceived that the velocity
portraits truncates with up surging values of (α), nevertheless, temperature and concentration portraits
escalates as values of α rises.

The consequence of Biot number (Bi) on velocity and temperature portraits of Ag/SWCNT – Water based
Maxwell nanoliquid is cognized in Figs. 15 and 16. It is can be found that velocity portraits slackens with
cumulating values of (Bi), however, the temperature portraits maximizes with improving values of (Bi).

Fig. 17 characterized the sway of Radiation parameter (R) on temperature portraits of Ag/SWCNT – Water
based Maxwell hybrid nanoliquid. It is examined that temperature outlines upturns with improving values
of (R). The influence of Prandtl number (Pr) on velocity and temperature outlines of Ag/SWCNT – Water
based Maxwell nanoliquids are summarized in Figs. 18 and 19. It is concluded that velocity outlines maximizes
with rising values of (Pr), while, temperature outlines declines in entire fluid regime with improving values
of (Pr).

Variations in concentration sketches for dissimilar values of Schmidt number (Sc) are depicted in Fig. 20 in
Ag/SWCNT – Water based Maxwell hybrid nanoliquid. The concentration sketches of Ag/SWCNT – Water
based Maxwell hybrid nanoliquid waning with enlarged values of Sc. It can be seen that from the Fig. 21
that the concentration sketches degenerates with upturn values of chemical reaction parameter (Cr). The
impact of Cattaneo Christov heat flux parameter (β) on the scatterings of concentration is cognized in Fig.
22 and investigated that deterioration in concentration sketches as (β) values rises.

Figs. 23 – 25 demonstrated that influence of suction parameter (V0) on velocity, temperature and concentra-
tion sketches of Ag/SWCNT – Water based Maxwell hybrid nanoliquid. It can be found that all the velocity,
temperature and concentration sketches of Maxwell hybrid nanoliquid degenerates in entire fluid region with
optimized values of (V0).

Table 3 reveals that values of
(
−f ′′ (0)

)
,
(
−θ
′
(0)
)

and
(
−S

′
(0)
)

for dissimilar values of M,φ1, φ2, Nr, α

and Bi. Values of skin – friction coefficient, heat and mass transfer rates impedes with rising values of (M).
Values of non-dimensional rates of velocity augmented, whereas, rates of heat and mass transfer diminishes
as the values of (φ1) rises. Orderly, similar trend is happened in all skin – friction coefficient, Nusselt number
and Sherwood number values with growing values of φ2, Nr, α and Bi.

The sway of R,Pr, Sc, Cr, β and V 0 on Skin – friction coefficient, Nusselt number and Sherwood number
of Ag/SWCNT – Water based Maxwell hybrid nanoliquid is summarized in Table 4. It can be found that
from Table 4 values of Skin – friction coefficient and Sherwood number escalates with improving values of R,
whereas, values of Nusselt number waning as R values improves. The reverse trend is happened in values of(
−f ′′ (0)

)
,
(
−θ
′
(0)
)

and
(
−S

′
(0)
)

with step up values of Pr. As the values of Sc & Cr improves the values

of
(
−f ′′ (0)

)
,
(
−θ
′
(0)
)

and
(
−S

′
(0)
)

elaborates. Finally, Rate of non-dimensional heat and mass transfer

enlarges, nevertheless, the skin – friction coefficient values diminish with developing values of V0.

5. Conclusion

This paper is focused on MHD steady flow of Ag/SWCNT – Water based Maxwell Hybrid nanoliquid heat
and mass transfer characteristics over vertical cone with convective boundary. The results of the present
problem are numerically calculated by using Finite element method and are depicted through graphs and
tables. The important conclusions of this problem are summarized as follows:

1. Temperature and concentrations fields are intensifies, nevertheless the velocity fields declines with (φ1) .
2. Velocity, temperature and concentration profiles are deteriorated with suction parameter (V 0).
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3. Skin – friction coefficient and Sherwood number truncates, however the Nusselt number improves as
values of (Bi) rises.

4. Rate of velocity and mass transfer values maximizes, while, heat transfer values declines with boosting
values of (R).

5. Thickness of solutal boundary layer of Ag/SWCNT – Water based Maxwell nanoliquid with improving
values (Sc) and (Cr).
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Nomenclature

Cf Skin-friction coefficient Nb Brownian motion Parameter

kf Thermal conductivity of basefluid Nux Nusselt number

Nt Thermophoretic Parameter Re Local Reynolds number

C∞ Ambient fluid concentration u∞ Velocity of mainstream

Tw Wall constant temperature T∞ Ambient temperature

T Fluid temperature C Fluid concentration

qw Wall heat flux Jw Wall mass flux

f Dimensionless stream function uw Velocity of the wall

K∗ Mean absorption coefficient σ∗ Stephan-Boltzmann constant

Shx Sherwood number Pr Prandtl number

(u, v) Velocity components in x- and y-axisR Radiation parameter

τw Shear stress Le Lewis number

M Magnetic field parameter Dm Diffusion coefficient

B0 Strength of Magnetic Field Bi Biot Number

(x, y) Direction along and perpendicular to the cylinder CrChemical reaction parameter

Vo Suction parameter Cw Concentration at the wall

Nr Buoyancy parameter α Deborah number

Greek symbols

β Thermal relaxation number ν Kinematic viscosity

µ Fluid viscosity ρp Nanoparticle mass density

S Dimensionless nanoparticle volume fraction ηSimilarity variable

θ Dimensionless σ Electrical conductivity

λ1 Fluid relaxation time λ2 Thermal relaxation time
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Subscripts

[?] Condition far away from cone surface hnf Hybrid nanofluid

f Base fluid nf Nanofluid

Superscripts

′ Differentiation with respect to η

Table 1. Thermo-physical properties of nanofluids.

Fluid ρ

(
Kg
m3

)
Cp

(
J

kgK

)
k
(
W
mK

)
σ(Um)

−1

Pure water SWCNTs Ag 997.1 2600 10500 4179 425 235 0.613 6600 429 0.05 106 6.3x107

Table 2: Comparison of
(
−θ′ (0)

)
forM = 0, Cr = 0, γ = 0, φ1 = 0, φ2 = 0 and fixed other parameters.

Parameter Waini et al. [43] Present Results

Pr
(
−θ′ (0)

) (
−θ′ (0)

)
2.0 6.13 7.0 20.0 0.911353 1.759682 1.895400 3.353902 0.911341 1.759676 1.895397 3.353915

Table 3: The sway of pertinent parameter entered into the problem on skin friction coefficient
(
−f

′′
(0)
)

,

local Nusselt number
(
−θ′ (0)

)
and local Sherwood number

(
−S

′
(0)
)

.

Parameters Parameters Parameters Parameters Parameters Parameters
(
−f

′′
(0)
) (

−θ′ (0)
) (

−S
′
(0)
)

M φ1 φ2 Nr α Bi
0.5 0.6 0.7 0.8 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.01 0.01 0.01 0.01 0.03 0.05 0.07 0.09 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.03 0.05 0.07 0.09 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.2 0.4 0.6 0.8 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.1 0.3 0.5 0.7 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.3 0.5 0.7 0.9 -3.05972 -3.23434 -3.39940 -3.55630 -2.91897 -2.92905 -2.94283 -2.96067 -2.86455 -3.01549 -3.16209 -3.23434 -2.63350 -2.85944 -3.07606 -3.28500 -2.63350 -2.88240 -3.11307 -3.32827 -2.63350 -2.74885 -2.86259 -2.97665 0.27765 0.27721 0.27679 0.27639 0.87475 0.90533 0.93499 0.96361 0.24850 0.26005 0.27151 0.27721 0.23064 0.24165 0.25263 0.26342 0.23064 0.24165 0.25263 0.26342 0.23064 0.61304 0.89918 1.10250 1.00101 0.99555 0.99065 0.98622 0.93951 0.93922 0.93880 0.93826 1.00741 1.00239 0.99775 0.99555 1.01292 1.00421 0.99616 0.98872 1.01292 1.00342 0.99540 0.98856 1.01292 1.00857 1.00463 1.00099

Table 4: The sway of pertinent parameter entered into the problem on skin friction coefficient
(
−f

′′
(0)
)

,

local Nusselt number
(
−θ′ (0)

)
and local Sherwood number

(
−S

′
(0)
)
.

Parameters Parameters Parameters Parameters Parameters Parameters
(
−f

′′
(0)
) (

−θ′ (0)
) (

−S
′
(0)
)

R Pr Sc Cr β V0
0.3 0.5 0.7 0.9 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 1.0 1.0 1.0 1.0 2.2 4.2 6.2 8.2 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 2.0 2.5 3.0 3.5 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 1.0 1.5 2.0 2.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 1.0 1.5 2.0 2.5 0.5 0.5 0.5 0.5 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.3 0.5 0.7 0.9 -3.20678 -3.20441 -3.20205 -3.19971 -3.10160 -3.16486 -3.19623 -3.21406 -3.18200 -3.17753 -3.17393 -3.17097 -3.18959 -3.18513 -3.18179 -3.17193 -3.19623 -3.20200 -3.20762 -3.21299 -3.19623 -3.49415 -3.81642 -4.17129 1.11133 1.10250 1.09388 1.08546 0.79849 0.97069 1.07318 1.14116 1.07370 1.07385 1.07396 1.07405 1.07333 1.07349 1.07361 1.07369 1.07318 1.08759 1.10234 1.11729 1.07318 1.18773 1.27911 1.35559 0.99582 0.99591 0.99600 0.99608 1.00072 0.99753 0.99622 0.99558 1.53472 1.76760 1.98626 2.19376 1.25135 1.45697 1.63397 1.79181 0.99622 0.99594 0.99570 0.99548 0.99622 1.12014 1.25307 1.39392
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