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The intention of this article is to investigate the impact of slip of MHD stagnation point
flow over a permeable shrinking/stretching sheet with double stratification in a porous
medium. Employing the appropriate similarity transformations and non-dimensional
variables, the governing partial differential equations were reduced into a set of
nonlinear ordinary differential equations. These equations were solved using shooting
method and influence of pertinent variables on velocity, temperature and
concentration are computed and analyzed. It was found that the slips have the
propensity to control boundary layer flow and as the velocity slip increases, the
momentum, thermal, and concentration boundary layer thickness become thinner for
velocity slip. Therefore, velocity slip acts as a boost for enhancement of the velocity
profile in the boundary layer region, whereas temperature and concentration profiles
decelerate with the velocity slip. It is also shown that the skin friction coefficient has
decreased as the values of velocity slip increase while the It was found that the slips
have the propensity to control boundary layer flow and as the velocity slip increases,
the momentum, thermal, and concentration boundary layer thickness become thinner
for velocity slip. Therefore, velocity slip acts as a boost for enhancement of the velocity
profile in the boundary layer region, whereas temperature and concentration profiles
decelerate with the velocity slip. It is also shown that the skin friction coefficient has
decreased as the values of velocity slip increase while the local Nusselt number and
the local Sherwood number are increasing. A comparison with previous studies
available in the literature has been done and found an excellent agreement by
comparing the numerical results in two decimal places which supports the validity of
the present analysis.

1. Introduction

Magnetohydrodynamic (MHD) flow of viscous fluid plays an important role in various engineering
and industrial processes, for example in nuclear power plants, production of plastic films,
hydroelectric power plant and melt spinning process. In recent years, some interest has been given
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to investigate the flow over a shrinking/stretching sheet, where the sheet is shrunk/stretched toward
a slot and it would cause a velocity away from sheet. Many useful studies on boundary layer problem
in various geometry in this regard were investigated by Makinde and Animasaun [1], Ramzan et al.,
[2], Salleh et al., [3], Yahaya et al., [4], Junoh et al., [5], Khashi’ie et al., [6,7], and Wahid et al., [8].

The role of stratification in heat and mass transfer is essential. Stratification depends upon on
temperature, concentration differences or existence of fluids with different densities. The
applications of stratifications include such as thermal stratification of reservoirs, processing rivers,
subterranean water storage manufacturing, different heterogeneous mixtures, industrial foods,
ground water reservoirs, condensers of power plants and density stratification of atmosphere.
Moreover, the role of thermal stratification is vital in solar engineering as it is the main ingredient to
boost the efficiency of the system. Studies highlighting the different aspects of stratification may be
guoted in this regard. Mukhopadhyay [9] investigated double stratification on MHD heat and mass
transfer fluid flow over exponential stretching surface along with suction. Daniel et al., [10] studied
the effects of joule heating and thermal radiation on MHD flow of Casson fluid due to nonlinear
stretching sheet embedded by double stratifications. Khashi'ie et al, [11] investigated
Magnetohydrodynamic flow and heat transfer characteristics of a dual stratified micropolar fluid over
a permeable stretching/shrinking sheet where the thermal and solutal buoyancy forces are also
included to incorporate with the stratification effect. The stagnation point flow of hybrid nanofluid
over a permeable vertical stretching/shrinking cylinder with thermal stratification effect was
analyzed Khashi'ie et al., [12]. Recently, Khashi'ie et al., [13] investigated the MHD stagnation point
flow pasts a stretching/shrinking surface in a porous medium and include the effects of double
stratification. They calculated dual solutions by solving self-similar governing equations and found
that range of dual solutions increases and decreases by considering the effects of
stretching/shrinking surface. The stability analysis for dual solutions has been performed and they
showed that the first solutions are physically significant, and the second solutions are not reliable
physically.

The slip effect cannot be ignored especially in the flow of non- Newtonian fluids. Polishing of
artificial heart valves, melting of polymer and internal cavities are some utilizations of boundary slip.
Beavers and Joseph [14] investigated the fluid flow over a permeable wall using slip boundary
condition. The slip flows under different flow configurations have been studied by many researchers
[15-19] in recent years. In this study, we extended the work of Khashi'ie et al., [13] by investigating
the effects of velocity slip condition with permeable shrinking/stretching surface. The governing
equations of the fluid flow are solved numerically, and the influences of variable flow physical
parameters are discussed graphically. The results are validated through the comparison study made
with the available results in the literature.

2. Mathematical Formulation

Consider a steady, laminar, two-dimensional mixed convective stagnation point flow of an
incompressible viscous fluid towards a vertical stretching/shrinking sheet saturated in a porous
medium as shown in Figure 1. A uniform magnetic field of strength B, is applied normal to the sheet
with the presence of heat source effect. The variable wall temperature and concentration are
Ty (x) = Top o + Ax and C,(x) = Cs o + Ex where A and E are constants while T, > To, 5 and C,,, >
Cw - The ambient temperature and concentration are assumed to be linearly stratified in the form
of Too (x) = T 9 + Bx and Co, (x) = Coo o + Fx, respectively, where B and F are constants and varied
to alter the intensity of stratification while T( o) and C(« ) are the initial ambient or reference
temperature and concentration. U,,(x) = ax and U,(x) = bx are the stretching/shrinking velocity
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and free stream velocity, respectively, where a > 0 for stretching sheet, a < 0 for shrinking sheet
and b is a positive constant.
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Fig. 1. The physical model and
coordinate system

Under these assumptions and the boundary layer approximation, the governing equations are:

du v

= 520’ (1)
b oS =y, ey v Zh— (B ) (= U) + glBr (T = Tar) + (€ — Ca)] 2)
uZ—i+vZ—§=a%+p%p(T—Tw), (3)
u%"'”g—f]:l)%' (4)

with boundary conditions

u(x,0) = ax + SZ—;, v(x,0) =v,,

T(x0)=T,®),  C(x0) = Cy(), 5)
u(x,y) » Uy (x) = bx, T(x,y) = T (x),
C(x,y) » Cxp(x)as y - o,

where (u, v) are the velocity components along the (x, y) axes, respectively, s is the slip length, v,,
is the velocity of suction (v, > 0) or injection (v, < 0), T is the fluid temperature, v is the kinematic
viscosity, o is the electrical conductivity of the fluid, p is the fluid density, B, is the strength of the
magnetic field, k; is the permeability of the porous medium, g is the gravitational acceleration, S is
the coefficient of thermal expansion, S, is the coefficient of concentration expansion, a is the
thermal diffusivity, Q is the dimensional heat generation coefficient, C, is the specific heat of fluid
and D is the mass diffusivity.

The following similarity transformation has been introduced to transform Eq. (1) to Eqg. (4) subject
to the boundary conditions (5) into a system of ordinary differential equation.
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T—Teo (%) C—Coo(x)
n = \/: = JUvxf(m), 6(n) = - Tx p(n) = Cw(x)——C):w’ (6)

where 717 is the similarity variable and 1 is the stream function such that

_ __%
u=g and v = — (7)

which satisfies (1). Using (5),
u = bxf'(n) and v = —Vbvf(n). (8)

Using the above similarity transformation, the governing Eq. (1) to Eq. (4) are reduced into the
nonlinear differential equations as follows:

" +ff" =)+ M+K)(A—-f)+1+210+N¢p =0, (9)
0" + Pr(f0' —f'60 — 6,f' +56) =0, (10)
¢" +Sc(fp' —f'p—8,f') =0, (11)

with boundary conditions

fO)=f,, f'(0O)=e+yf"(0), 8(0)=1-05;, ¢(0) =1-0,, (12)
f'f) -1, 6(m) -0, ¢(m) » 0,as 7 — oo,

. . . . T . B2\ . .
where primes denote differentiation with respect to similarity variablen, M = (Jp—bo) is the magnetic

. . Gr .
field parameter, K = ﬁ is the porous parameter, A = R—erz is the thermal buoyancy parameter, N =
X

1
— 9Bt (Tw (x)_Too,o)x3

—2 is the local Grashof humber due to

xUe(x)

gﬁc‘(cw(x)—coo,o)x3
VZ

temperature, Gr* = is the local Grashof number due to concentration, Re =

. . B . .
is the local Reynolds number, Pr =£ is the Prandtl number, §; = s the thermal stratification

parameter, S = pb% is the heat generation coefficient, Sc = % is the Schmidt number and 6, = 7 is
P

the solutal stratification parameter. Meanwhile f,, be the mass flux parameter, for suction
parameter (f,, > 0) and for injection parameter (f,, < 0), and € is the velocity ratio parameter (¢ >
0 and € < 0) correspond to the stretching and shrinking parameters, respectively, and y is the slip
parameter. The physical quantities that are used in the present study are the skin friction coefficient,
local Nusselt number and local Sherwood number which are defined as

— T_W = —qu = —xqm
Cf - pUeZ’ Nux k(TW(X)—Tgo_o)’ th D(CW(X)—Coo,O)’ (13)

respectively, where 1, is the wall shear stress along the stretching/shrinking surface, q,, is the
surface heat flux and q,, is the surface mass flux;
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w=u(3) s aw=-k(%) . am=-0(5) (14)

y=0 y=0 y=0

The local skin friction coefficient, local Nusselt and local Sherwood numbers in the dimensionless
forms are given by

1

2 " x 1 Ry I
CrReZ = £7(0), =5 = —6/(0), =5 = —¢'(0). (15)
Re? Re?

3. Results and Discussion

The system of nonlinear ordinary differential equations (9) to (11) subject to the boundary
conditions (12) is numerically solved using shooting method in MAPLE software.

The results highlight the influences of the suction/injection parameter f,,, porous parameter K
and slip parameter y on the velocity, temperature and concentration profiles as well as the skin
friction coefficient, the local Nusselt and Sherwood numbers. All the profiles (see Figure 5 to Figure
7) have asymptotically satisfied the far field boundary conditions, and a comparison also has been
made with the earlier published results as tabulated in Table 1 in order to validate the accuracy of
the present numerical method. The results numerically confirm that there occur dual solutions for
this problem. It was found that the results were in good agreement with Khashi’ie et al., [13]. The
stability analysis of dual solutions is done by Khashi'ie et al., [13] to determine the stability and
significance of the dual solutions. Therefore, the stability analysis is not repeated for this problem.
For previous study by Khashi'ie et al., [13], the numerical computations were solved using boundary
value problem solver (bvp4c) in the MATLAB software whereas this present study using shooting
method in MAPLE software. For the porous parameter, K # 0 corresponds to the
stretching/shrinking sheet in a porous medium saturated with viscous fluid. The values of S = N =
1,6, =6, =0.01,M =2.25,e =051=—-1,Pr=0.72 and Sc=0.78 are used in this
computation.

Table 1

Comparison results of f''(0), —0'(0) and —¢'(0) for different values of K wheny = 0

K Khashi'ie et al., [13] Present
f"(0) -6'(0) —¢'(0) f"(0) —6'(0) —-¢'(0)

0 0.98281 0.50668 0.95437 0.98140 0.49964 0.95310
(0.12380) (-3.10283) (0.64942) (0.12360) (-3.10472) (0.64849)

0.1 0.99565 0.50811 0.95532 0.99453 0.50252 0.95438
(0.13670) (-3.18521) (0.65043) (0.13643) (-3.18743) (0.64945)

0.5 1.04540 0.51347 0.95891 1.04429 0.50738 0.95788
(0.18676) (-3.51550) (0.65429) (0.18623) (-3.51911) (0.65316)

1 1.10440 0.51945 0.96296 1.10341 0.51343 0.96195
(0.24619) (-3.93015) (0.65878) (0.24539) (-3.93537) (0.65749)

The effect of the skin friction coefficient, local Nusselt and Sherwood numbers towards the slip
parameter y for selected values of f,, are represented as shown in Figure 2 to Figure 4. The graphs
display that the dual solutions are exists and denoted by solid and dashed line for first and second
solutions, respectively. The skin friction coefficient, local Nusselt and Sherwood number against slip
parameter y for first solution increase when f,, increases (f,, = —1.0,0, 1.0).
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Fig. 4. Variations of the local Sherwood
number, —¢'(0) towards y for selected
values of f,,, when K = 0

For second solution, the graphs of skin friction coefficient, local Nusselt and Sherwood numbers
show opposite trend for f,, < 0 and f,, > 0. Figure 5 to Figure 7 portray the impacts of the slip

parameter y on the velocity, temperature and concentration profiles when value f,, =

—1.0. During

injection, the velocity profile indicates an increment whereas temperature and concentration profiles
decline with the enhancement of the slip parameter (y = 0, 2.0,5.0) for first solution. The flow
penetration into the fluid becomes shorter for smaller value of y during injection. For second
solution, as y deflates, the velocity and concentration profiles increase while y increases as

temperature profile increases.
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4. Conclusions

This present work deals with the MHD stagnation point flow over a permeable
stretching/shrinking surface with double stratification and velocity slip condition. The governing
partial differential equations are reduced and transformed into a system of nonlinear ordinary
differential equations using similarity transformations. The numerical solutions were obtained using
shooting method (MAPLE) and can be concluded that the dual solutions are exists for graphs of skin
friction, heat and mass transfer rates against slip parameters. The skin friction coefficient, heat and
mass transfer increase as the suction/injection parameter increases for the first solution and show
different trend when f,, > 0 and f;, < 0 for the second solution against y. Fluid velocity shows an
increment for the first solution and decreases for the second solution with the increasing slip
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parameter. The fluid temperature enhances as the slip parameter decreases for the first solution and
deflates for the second solution. Fluid concentration increases when the slip parameter decreases
for both solutions.
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