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ABSTRACT
The current study deals with heat and mass transfer mechanisms in a non-Newtonian second- 
grade nanofluid model. The flow is induced by stretching the surface linearly and making it 
permeable and inclined at angle α=π/6. The fluid is saturated with a porous medium under 
transverse magnetic field and suction/injection effects. The proposed problem is in terms of partial 
differential equations, which are transformed into ordinary differential equations using the stream 
function formulation. The rigorous solver bvp4 has been used to solve the obtained differential 
equations. The results are presented in figures and tables and then discussed using physical 
justification. Graphs depict that the velocity of fluid increases and temperature distribution 
declines with the intensification of the second-grade fluid parameter at the considered angle of 
inclination of the stretching plate. It is observed that as the porous medium parameter is intensi
fied, the velocity field declines rapidly. The temperature and concentration increase with increasing 
thermophoresis parameter. Increasing Brownian motion parameter results in augmentation in 
temperature and reduction in mass concentration. The current work’s results created with the 
use of this numerical method are compared with previously published results, which demonstrate 
great agreement between results, indicating accuracy and validation of the present results.
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1. Introduction

Researchers and scientists are still concerned with learn
ing more about the characteristics and features of non- 
Newtonian fluids above the plate or sheet. These ideas 
come from a variety of applications, including those in 
food goods, pharmaceuticals, wire covering, crystal for
mation, and fiber developments. It also has several uses 
in the processes of aerospace, metal turning, science, 
and manufacturing, among others. The discussion of 
non-Newtonian fluid characteristics is fascinating 
because it is a large and well-known part of the current 
fluid mechanics branch. Applications of non- 
Newtonian fluids include food processing, chemicals, 
biomedicine, and related operations. These include 
things like motor oil, adhesive, slurries used in the 
production of flexible military clothing, and engine oil. 
Maneschy and Massoudi [1] performed the numerical 
simulation of heat transfer and fluid flow using 
a second-grade fluid model past porous extending 
a sheet. Ramesh et al. [2] addressed magneto- 

hydrodynamic viscoelastic fluid flow past an inclined 
stretching sheet under a non-uniform heat source and 
sink effects. The magnetohydrodynamic viscoelastic 
fluid flows past an inclined stretching sheet with the 
effects of a non-uniform heat source and sink were 
addressed by Ramesh et al. [2]. The first person to 
investigate how Lorentz force affects flows of non- 
Newtonian fluids was Sarpakaya [3], Han et al., [4] 
gave the attention to the fluid flow and heat transfer in 
non-Newtonian upper convected Maxwell fluid past 
stretching sheet. They considered the effects of slip 
boundary conditions and Cattaneo–Christov heat flux 
laws to observe the physical behavior of the physical 
quantities Noghrehabadi et al. [5] discussed the flows of 
viscoelastic nanofluids past inclined sheets. They used 
a hybrid neural network-particle swarm optimization 
scheme for the simulation of regulatory equations. In 
Ref [6]. authors did their investigations on the second- 
grade fluid over stretchable sheets with convective 
boundary conditions. A theoretical study of entropy 
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generation with a second-grade fluid and the suspension 
of nanoparticles was conducted by Hayat et al. [7]. 
Akinbobola and Okoya [8] present a study on the 
changeable properties of a second-grade fluid with 
a heat source and sink. Studies on non-Newtonian 
fluid flow along stretching surfaces with diverse fluid 
characteristics have been addressed in. [9–15]
Over the past few years, nanotechnology has received 
notable attention from researchers. Nanofluids are 
substances created by suspending solid nanoparticles 
(1-100 nm) and have a greater thermal conductivity 
than basic liquids. Traditional working liquids with 
poor heat conductivity include water, ethylene glycol, 
air, and oil. Inserting nanoparticles increases the 
working materials’ thermal conductivity. These nano
particles are more thermally conductive than conven
tional working solutions and exhibit different 
chemical and physical characteristics. Additionally, 
nanofluids are essential for increasing cooling rates 
and thermal efficiency. A few typical applications for 
nanofluids include microelectronic cooling, vehicle 
thermal management, cancer therapy, solar collectors, 
heat exchangers, and cooling. Choi [16] first reported 
research on nanofluids in 1995. He performed an 
experimental analysis while considering a base liquid 
and nanoparticle mixture. He deduced from this 
investigation that the base liquid’s thermal perfor
mance had greatly improved. Later, Buongiorno [17] 
created a model to reveal improvements in conductive 
heat in nanoparticles. He analyzed the seven slip pro
cesses and concluded that the main causes of increases 
in heat transmission are only Brownian diffusion and 
thermophoresis outcomes. Khan et al. [18] investi
gated the magnetohydrodynamic chemically reactive 
flow of the second-grade nanoliquid between two infi
nite plates. The symmetrical approach of the two 
plates creates a squeezing flow. Abu Nada and Oztop 
[19, 20] examined how the inclination angle affected 
the convective Cu � H2O nanoliquid flow through an 
enclosure. Sheikholeslami et al. [20] did research on 
radiative nanofluid flow in the presence of magneto
hydrodynamics. Examinations on thermophoresis 
effects with assorted fluid properties along the solid- 
immersed sphere in the flowing fluid are performed in 
[21–26]. The studies concentrating on nanofluid flow 
using Newtonian and non-Newtonian models are pre
sented in [27–34].

Engineering and industry benefit greatly from studies 
of flows of non-Newtonian fluid and heat transfer 
through stretching sheets using magnetohydrodynamic 
(MHD) theory. For instance, when a sheet of polymer is 
extruded from a die, the sheet is extended. The char
acteristics of the final product are heavily influenced by 

the cooling rate. Such a sheet can be drawn in 
a viscoelastic, electrically conducting fluid that is subject 
to a magnetic field to control the rate of cooling and 
create a final product with the appropriate qualities. 
Using the aforementioned applications as a base, 
Abbas et al. [35] focused their attention on variable 
density combined with magnetohydrodynamics and 
radiation along the moving inclined surface. Ashraf 
et al. [36] performed a numerical study on periodic 
magnetohydrodynamics with variable surface tempera
ture past a cone fixed in a permeable medium. The 
combined convection flow and exothermic catalytic 
chemical reaction along a curved surface are proposed 
by Ahmad et al. [37]. In [38–40], magnetic field effects 
along with other impacts on fluid flows and heat trans
fer have been examined. Relevant studies on the above- 
said mechanisms are highlighted in the refs [28,32,41– 
53]. Noghrehabadi et al. [54] addressed the phenom
enon of heat and mass transfer, considering the 
Brownian motion and thermophoresis effects on an 
isothermal sheet under magnetic field impact.

Turning the pages of literature, it is evident that 
researchers focused on nanofluid flow using 
Newtonian and non-Newtonian models due to 
a variety of applications in engineering and industries, 
especially nanotechnology. A lot of work has been pub
lished, but to the best of our knowledge, no one has 
attempted to explore the study of the two-phase flow of 
the model of nanofluid using a non-Newtonian second- 
grade fluid past a permeable stretching sheet embedded 
in a porous medium in the presence of an applied 
magnetic field. The problem is given a mathematical 
form and then solved using a built-in numerical solver. 
The solution procedure and presentation of solutions 
with an explanation are outlined in the coming sections.

2. Formulation of the problem

The assumptions and characteristics of the proposed 
problem are stated as:

● Two dimensional and steady flow.
● Incompressible and viscous fluid.
● Two phase model for nanofluid.
● Non-Newtonian second-grade fluid model.
● Flow geometry is permeable and inclined with 

angle of inclination α.
● Fluid is saturated with porous medium.
● Magnetic field of strength Bo is applied normal to 

the flow direction.
● Fluid is electrically conducting.
● Surface is heated and linearly stretching.
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● The horizontal and normal components of velocity 
are u; and v, respectively.

● The fluid temperature is T, the temperature of the 
free stream region is T1, and the temperature of 
the surface is Tw.

● The mass concentration in fluid is T, the mass 
concentration in the free stream region is C1, 
and the mass concentration at the surface is Cw.

● The flow structure is shown in Figure. 1.

The constitutive expressions in a second-grade fluid are: 

T ¼ � pIþ μA1 þ α1A2 þ α2A2
1; (1) 

A1 ¼ ÑVð Þ þ ÑVð Þ
T
; (2) 

A2 ¼
dA1

dt
þ A1 ÑVð Þ þ ÑVð Þ

TA1; (3) 

where, p is pressure, V is velocity vector field, Ñ the 
gradient operator, and Iis unit tensor. The symbols μ is 
dynamic viscosity, α1 is viscoelasticity, and d

dt is material 
derivative. Moreover, μ; α1; α2 satisfies the following 
condition: 

μ � 0; α1 � 0; α1 þ α2 ¼ 0: (4) 

Applying the Boussinesq approximation and for steady- 
state flow conditions, the boundary layer equations by 
the following [6 & 56] are given below: 

@u
@x
þ
@v
@y
¼ 0; (5) 

u
@u
@x
þ v

@u
@y
¼ υ

@2u
@y2

þ
K1

ρ
@u
@x
@2u
@y2 þ u

@3u
@x@y3 �

@u
@y

@2u
@x@y

þ v
@3u
@y3

� �

�
νf

Ko
u �

σB2
o

ρ
uþ gβT T � T1ð Þcosα

þ gβC C � C1ð Þcosα;
(6) 

u
@T
@x
þ v

@T
@y
¼ αm

@2T
@y2 þ τ DB

@C
@y

@T
@y
þ

DT

T1
@T
@y

� �2
( )

(7) 

u
@C
@x
þ v

@C
@y
¼ DB

@2C
@y2 þ

DT

T1
@2T
@y2 ; (8) 

subject to the boundary conditions: 

u ¼ Uw xð Þ ¼ cx; v ¼ � vw;T ¼ Tw;C ¼ Cw at y ¼ 0;
u! 0;T ! T1;C! C1asy!1:

(9) 

Here, u; v denote the parallel and vertical velocity 
components respectively. The symbols Ko is perme
ability of porous medium, Bo is strength of magnetic 
field, DB is Brownian diffusion coefficient, ρ is den
sity of fluid, αm is thermal diffusivity, βC is 

Figure 1. Flow structure.
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concentration expansion coefficient, DT is thermo
phoresis coefficient, βT is thermal expansion coeffi
cient. Here, T1;C1 are temperature and 
concentration out of the boundary layer region. 
Notations Tw;Cw are wall temperature and concen
tration respectively. Designations g, K1, vw, τ ¼ ρCð ÞP

ρCð Þf
, 

and α are acceleration due to gravity, viscosity, wall 
heat transfer velocity, the ratio of nanoparticle heat 
capacity and the base fluid heat capacity, and angle 
of inclination, respectively.

3. Solution methodology

This section is confined to the method of solution 
adopted to find out the numerical solution of the flow 
model. The partial differential equations (6–8), subject 
to the boundary conditions (9), are transformed into 
ordinary differential equations and then solved using 
bvp4c, a built-in numerical solver. The whole solution 
methodology is elaborated in the following subsections.

3.1. Stream function formulation

The solution of the partial differential equations using 
the method directly on them is difficult; therefore, if we 
convert them into ordinary differential equations, then 
the numerical technique will be used. For the conver
sion from PDEs to ODEs, the stream function formula
tion given in Eq. (10) is utilized. 

η ¼
c
υf

� �1
2

y; u ¼ cxf 0; v ¼ � νf c
� �1

2f θ ηð Þ

¼
T � T1ð Þ

Tw � T1ð Þ
;ϕ ηð Þ ¼

C � C1ð Þ

Cw � C1ð Þ
; (10) 

Now, by using the stream function formulation, we have 
the following transformed boundary layer equations: 

f 000 þ ff 00 � f 02 þ K 2f 0f 000 þ f 002f 2f 000 � ff ivð Þ
h i

� Df 0 � Mf 0 þ θλT2Tcosαþ ϕλC2Tcosα ¼ 0;
(11) 

1
Pr

θ00 þ f θ0 þ Ntθ02 þ Nbθ0ϕ0 ¼ 0; (12) 

1
Sc

ϕ00 þ f ϕ0 þ
Nt
Nb

θ00 ¼ 0; (13) 

subject to the boundary conditions: 

f ¼ S; f 0 ¼ 1; θ ¼ 1;ϕ ¼ 1 as y! 0;
f 0 ¼ 0; θ ¼ 0;ϕ ¼ 0 as y!1;

�

(14) 

where, the parameters K ¼ K1c
ρ stands for second-grade 

fluid parameter, Pr ¼ υ
α represents the Prandtl number, 

Sc ¼ υ
DB

, characterizes as the Schmidt number respec
tively, while λT2T ¼

GrT
Re2 , fo λC2T ¼

GrC
Re2 denoted as mixed 

convection parameter, transpiration parameter, and the 
modified mixed convection parameter correspondingly. 
Here, α;M ¼ σB2

o
νC ;D ¼

Ko
ν , Nb ¼ ρcð ÞPDB Cw� C1ð Þ

ρcð Þf ν , 

Nt ¼ ρcð ÞPDB Tw� T1ð Þ

ρcð Þf T1ν , and S ¼ vwffiffiffi
cν
p are angle of inclination, 

magnetic field parameter, a porosity parameter, 
Brownian motion parameter, thermophoresis para
meter, and transpiration parameter respectively. Here, 
S ¼ vwffiffiffi

cν
p > 0 is suction and S ¼ vwffiffiffi

cν
p < 0 injection 

parameter.
Physical quantities of interest are the skin friction 

coefficient, Nusselt number, and Sherwood number, 
respectively. These quantities are given in [54].  

Cf ¼
τw

ρU2
w
; (15) 

where 

τw ¼ μ
@u
@y

� �

y¼0
:

Nu ¼
qwx

k T � T1ð Þ
; (16) 

where qw ¼ � k @T
@y

� �

y¼0 

Sh ¼
qmx

Dm C � C1ð Þ
;

where 

qm ¼ � DB
@C
@y

� �

y¼0
: (17) 

Using the similarity variables given in Eq. (6), in Eqs. 
(11–13), the following transformed form is obtained: 

ffiffiffiffiffiffiffiffi
ReL
p

Cf ¼ f 00 0ð Þ; (18) 

Re�
1
2

L Nu ¼ � θ0 0ð Þ; (19) 

and 

Re�
1
2

L Sh ¼ � ϕ 0ð Þ: (20) 

3.2. Solution technique

The numerical solutions of the Eqs. (11–13) along with 
the boundary condition (14) are computed for the vary
ing values of the governing parameters such as second- 
grade fluid parameter K, Prandtl number Pr, Schmidt 
number Sc, mixed convection parameter λT2T , modified 
mixed convection parameter λC2T , magnetic field 
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parameter M, Brownian motion parameter Nb, thermo
phoresis parameter Nt, porosity parameter D, and suc
tion/injection parameter S. Numerical simulation has 
been performed using a built-in numerical solver in 
MATLAB. For the current computation, domain η1= 
5 is considered, as is the axis for clear visibility in 
general. The solver bvp4c is a Lobatoo-III formula that 
is entirely based on a finite difference algorithm. 
Basically, it is collocation formula and finds the colloca
tion polynomial C1 continuous solutions which are 
accurate up to 4th order in the interval of integration. 
Based on the continuous solution, mesh selection and 
error control are taken. The collocation technique uti
lizes the mesh of points to divide the interval of integra
tion into subintervals. The solver finds a numerical 
solution by solving a global system of algebraic equa
tions that result from the boundary conditions and the 
collocation condition imposed on all subintervals. The 
solver calculates the numerical solution’s error on each 
subinterval. If the solution does not meet the tolerance 
conditions, the solver adjusts the mesh, and the proce
dure is repeated. There is a requirement to provide the 
first mesh points as well as an initial approximation of 
the solution at the mesh points. The CPU time is 0.4100 
seconds to execute iteration. The current work’s results 
created with the use of this numerical method are com
pared with previously published results, which demon
strate great agreement between results, indicating 
accuracy and validation of the present results. To 
include the equations (11–14) in this solver algorithm, 
we must have first-order ordinary differential equations 
for crystal-clear visibility and solution convergence, η1
= 5.0 are achieved at infinity in the existing solution. 
The procedure is given below: 

f ¼ V 1ð Þ; f
0

¼ V 2ð Þ; f 00 ¼ V 3ð Þ; f 000 ¼ V 4ð Þ; θ
¼ V 5ð Þ; θ0 ¼ V 6ð Þ;ϕ ¼ V 7ð Þ;ϕ0 ¼ V 8ð Þ; (21) 

VV1 ¼ �
1

ðK � Vð1Þ

� �

ðλT � Vð5Þ � cosðαÞ

þλC � Vð7Þ � cosðαÞ þ Vð4Þ
� ð1þ 2K � Vð2Þ þ K � Vð3Þ � Vð2Þ2 þ Vð1Þ
þ Vð3ÞÞ � D � Vð2Þ � M � Vð2Þ

(22) 

VV2 ¼ � Pr
� Nt � Nb � V 6ð Þ � V 8ð Þ þ Nt � V 6ð Þ2 þ V 1ð Þ � V96
� �

Þ;

(23) 

VV3 ¼¼ � Sc � V 1ð Þ � V 8ð Þ þ
Nt
Nb
� VV2

� �

; (24) 

subject boundary conditions are: 

V0 1ð Þ ¼ � S;V0 2ð Þ ¼ 1;V0 5ð Þ ¼ 1;V0 7ð Þ
¼ 1;Vinf 2ð Þ ¼ 0;Vinf 5ð Þ ¼ 0;Vinf 7ð Þ ¼ 0:

(25) 

The aforementioned equations are resolved numerically 
to get answers for the relevant physical unknown 
parameters.

4. Results and discussion

The current section covers the results and discussion of 
the properties of interest. The encountered properties 
are velocity field f 0, temperature distribution θ, and 
mass concentration ϕ along with their gradients, skin 
friction f 00, heat transfer rate θ0, and mass transfer rate 
ϕ0. The parameter which are involved the currents study 
are second-grade fluid parameter K, Prandtl number Pr, 
Schmidt number Sc, mixed convection parameter λT2T , 
modified mixed convection parameter λC2T , magnetic 
field parameter M, Brownian motion parameter Nb, 
thermophoresis parameter Nt, porosity parameter D, 
and suction/injection parameter S.

4.1 Effect of assorted parameters on velocity 
profile, temperature profile, and mass 
concentration profile

Figures 2 and 3 portray the physical behavior of pro
files of velocity and temperature, respectively, against 
variations in K. Graphs depict that the velocity of 
fluid increases and temperature distribution declines 
with the intensification in K at inclination angle 
α ¼ π

6. When we look at the definition of the second- 
grade fluid parameter, it is observed that it is happen
ing according to true physics because when 
K increases, it is due to a decrease in density, so 
resistance against the fluid particle movement is wea
kened, hence velocity is enhanced rapidly. The physi
cal outcomes of porous medium parameter D on the 
velocity field are illustrated in Figure 4. It is observed 
that as D is intensified, the velocity field declines 
rapidly. When D increases the pore sizes of the porous 
medium, it results in the slow speed of the fluid. This 
is the reason why the fluid velocity is declining. 
Outcomes of Pr on temperature distribution θ at 
α ¼ π

6 are shown in Figure 5. Graphs illustrate that 
an increasing magnitude of Pr compels the fluid tem
perature to go down. It is due to a decline in the 
thermal conductance of the fluid. When the magni
tudes of Pr are raised, the thermal conductance of the 
fluid is minimized, and therefore, the temperature 
field declines. Figures 6 and 7 are sketched for θ and 
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ϕ, respectively, again the thermophoresis parameter. 
A noticeable point is that θ and ϕ are both getting 
stronger with the augmentation in Nt. Increasing 
values of Ntare due to an increase in the Brownian 
motion parameter and the temperature difference 
between the heated surfaces and free stream region 
temperature; hence, the temperature and mass con
centration both rise. The graphical behavior of θ and 

ϕ is shown in Figures 8 and 9 respectively for varia
tions in Brownian diffusion parameter Nb. It has been 
observed that increasing Nb results in augmentation 
in θ, and attenuation in ϕ, respectively. Due to the 
large mass concentration gradient, the temperature of 
the fluid is raised by augmenting the values of Nb. 
Figures 10 and 11 are plotted for suction/injection 
parameter S. It is noted that when S is taken from 

Figure 2. Outcomes of K on f 0 ηð Þ at α ¼ π=6 for S > 0.

Figure 3. Outcomes of K on θ ηð Þ at α ¼ π=6 for S > 0.
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negative to positive, then both f 0 and ϕ are reduced 
drastically. These parametric effects are responsible 
for the reduction in the momentum and concentra
tion boundary layer thickness so serving the purpose 
in the graphical results. Figures 12 and 13 show the 
physical attitude of velocity and temperature profiles, 

respectively, under the action of magnetic field para
meter M. Graphs depict that as M is raised, 
a reduction is happening in f 0, but the temperature 
is rising. It is due to the generation of the Lorentz 
force. All sketches are oriented at an angle α=π/6. All 
graphs satisfy the given boundary conditions, which 

Figure 4. Outcomes of D on f 0 ηð Þ at α ¼ π=6 for S > 0.

Figure 5. Outcomes of Pr on θ ηð Þ at α ¼ π=6 for S > 0.

INTERNATIONAL JOURNAL OF MODELLING AND SIMULATION 7



Figure 6. Outcomes of Nt on θ ηð Þ at α ¼ π=6 for S > 0.

Figure 7. Outcomes of Nt on ϕ ηð Þ at α ¼ π=6 for S > 0.
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Figure 8. Outcomes of Nb on θ ηð Þ at α ¼ π=6 for S > 0.

Figure 9. Outcomes of Nb on ϕ ηð Þ at α ¼ π=6 for S > 0.

INTERNATIONAL JOURNAL OF MODELLING AND SIMULATION 9



endorse the accuracy of the present results. In all these 
graphs, the angle of inclination α ¼ π=6 is taken. All 

the graphs satisfy the given boundary conditions, 
which ensure the accuracy of the solutions.

Figure 10. Outcomes of S on f 0 ηð Þ at α ¼ π=6 for S > 0.

Figure 11. Outcomes of S on ϕ ηð Þ at α ¼ π=6 for S > 0.
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Figure 12. Outcomes of M on f 0 ηð Þ at α ¼ π=6 for S > 0.

Figure 13. Outcomes of M on θ ηð Þ at α ¼ π=6 for S > 0.

Table 1. λC ¼ 0:1; K ¼ 10:0;D ¼ 0:1; Pr ¼ 7:0;Nt ¼ 0:1;
Nb ¼ 0:1; Sc ¼ 1:0; S ¼ 0:1;M ¼ 0:1 at α ¼ π=6.

λT f 00 0ð Þ � θ 0ð Þ � ϕ 0ð Þ

0.1 0.729113718605912 0.421797504860968 0.285120223479680
3.0 0.623300736925687 0.448728760042818 0.312852010253445
6.0 0.531401410697228 0.468318996889268 0.332642939287991
9.0 0.449897521389722 0.483762505726115 0.348038284569942
11.0 0.399679285180532 0.492590188386774 0.356764931004441

Table 2. λT ¼ 1:1; K ¼ 10:0;D ¼ 10:0; Pr ¼ 7:0;Nt ¼ 0:1;at 
Nb ¼ 0:1; Sc ¼ 1:0; S ¼ 0:1;M ¼ 0:1 at α ¼ π=6.

λC f 00 0ð Þ � θ 0ð Þ � ϕ 0ð Þ

0.1 0.689899944112988 0.432489413542380 0.296202716507581
3.0 0.552023489308100 0.466760956756665 0.331839218697534
6.0 0.437138612537931 0.490033505818123 0.355417317328770
9.0 0.337610101297715 0.507802056694184 0.373140948558583
11.0 0.277155987923407 0.517783408340207 0.383007743187625
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4.2. Effect of dimensionless parameters on skin 
friction, the rate of heat transfer, and rate of mass 
transfer

Table 1 predicts that the mathematical consequences for 
f 00 0ð Þ, θ0 0ð Þ along with ϕ0 0ð Þ by earning assorted values 
concerning λTand keeping other dimensionless numbers 
fixed. Column-wise-wise, it can be noticed that the tabular 
results are declining as the value of λT is raised. The value of 
f 00 0ð Þstarts increasing but θ0 0ð Þ and ϕ0 0ð Þ are increasing. 
Table 2 shows the numerical solution of dimensionless 
properties already mentioned properties. When
λC is maximized, the f 00 0ð Þ decreases, but θ0 0ð Þ and ϕ0 0ð Þ
are declined. All the tabular values are computed at the 
surface of the geometry. Table 3 shows the comparison of 
the present results with those already published. The results 
comparison indicates that there is strong agreement 
between the current and previously published ones. This 
agreement between the results shows the validation of the 
present model.

Conclusion

The current investigations are concentrated on magneto
hydrodynamic effects on second-grade nanofluid flow 
along linearly stretching inclined permeable sheets fixed 
in a porous medium. A model is solved, and outcomes of 
the parameters on the unknown properties are concluded 
below:

● Graphical results showing that the velocity is 
decreasing as the values of D; S;M are increased 
but increases when second grade fluid parameter K 
is increased.

● Temperature distribution rises when Nt;Nb;M 
rise but declines when K; Pr; S are enhanced.

● Mass concentration decreases for increasing values of 
Nt, and reverse behavior is noted for increasing Nb.

● The skin friction is declining when λT and λC are 
increased.

● The reduction in the rate of heat transfer by the 
augmentation in λT and λC are increased.

● There is intensification in the rate of mass transfer 
by the augmentation λT and λC are increased.

● All the results are produced at angle of inclination 
α ¼ π

6.
● All the results satisfy their boundary conditions 

that ensure the accuracy of the present solutions.
● The current work’s results created with the use of 

this numerical method are compared with pre
viously published results, which demonstrate 
great agreement between results, indicating accu
racy and validation of the present results.

Nomenclature

Table 3. Comparison of the results for � θ
0

0ð Þ when 
λT ¼ 0:0; K ¼ 0:0;D ¼ 0:0;Nt ¼ 0:0;Nb ¼ 0:0; Sc ¼ 0:0;
S ¼ 0:0;M ¼ 0:0 at α ¼ 0:0.

Noghrehabadi et al. [54] Present

Pr � θ
0

0ð Þ � θ
0

0ð Þ

0.07 0.065565 0.065554
0.2 0.169089 0.169071
0.7 0.453916 0.453921
2.0 0.911358 0.911332
7.0 1.895404 1.895456

p Pressure (Nm� 2)
V Velocity vector field (ms� 1)
Ñ Gradient operator m� 1ð Þ

I Unit tensor
μ dynamic viscosity Pa:sð Þ

α1 Viscoelasticity
d
dt

Material derivative

x, y Horizontal and normal Cartesian 
coordinates mð Þ

u; v Velocity components in horizontal  
and normal Cartesian coordinatesðms� 1Þ

g Gravitational accelerationðms� 2Þ

ν Kinematic viscosityðm2s� 1Þ

K1 Relaxation parameter
αm Thermal diffusivity m2s� 1ð Þ

T Temperature of the fluid Kð Þ
C Mass concentration in the fluid kgm� 3ð Þ

T1 Free stream temperature Kð Þ
C1 Free stream kgm� 3ð Þ

concentration kgm� 3ð Þ

βC Concentration expansion coefficient 
ðβT K� 1
� �

τ The ratio of nanoparticle heat capacity and 
the base fluid heat capacity

σ Electrical conductivity Sm� 1ð Þ

Bo Magnetic field strength Am� 1ð Þ

σ electrical conductivity
βT Thermal expansion coefficientðβT K� 1

� �

CP Specific heat at constant  
pressureðJkg� 1:K� 1Þ

ψ Stream function
f Dimensionless function
θ Dimensionless temperature
ϕ Dimensionless mass concentration
η Similarity variable
k Thermal conductivity Wm� 1:K� 1

� �

ρ Density of the fluid kgm� 3ð Þ

(Continued)
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