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In this paper, we have investigated the effects of multiple slip on inclined MHD Casson fluid
flow over a permeable stretching surface and a melting surface. We have considered first and
second order velocity slip, non-linear radiation, non-uniform heat source and non-linear
chemical reaction. The analysis is carried out numerically for the momentum, heat and mass
equations by solving the bvpdc MATLAB solver. The physical features of non-dimensional
Casson fluid parameter, Schmidt number, Eckert number, variable radiation parameter,
porosity parameter, variable heat source parameter, Prandtl number, Skin friction coefficient,
local Nusselt number and local Sherwood number of velocity, temperature, volume fraction

have been discussed and depicted by the graphs and tables. The 6 and ¢ profiles were uplifted
with the increment of the £, M and Kp parameters on a suction and melting surface whereas
the opposite behavior observed on f ' profiles and the f ' profile and momentum boundary
layer thickness was depressed with the increment of the L, and L, parameters under a
suction and a melting surface whereas the reverse behavior observed on ¢ and ¢ profiles. The

impact of various physical parameters of melting surface and porous surface are obtained and
observed that the effect of melting surface is higher than porous surface.

1. INTRODUCTION

The MHD boundary layer flow over a porous stretching
surface have many applications in manufacturing processes,
plasma studies, petroleum industries, MHD power generator,
boundary layer control in aerodynamics, chilling of nuclear
reactors, crystal fiber production and paper production. Many
theoretical and experimental investigations have examined
several researchers. Animasaun [1] investigated MHD Casson
fluid flow with suction and non-linear chemical reaction.
Megaheda [2] studied MHD Casson fluid over a permeable
stretching sheet. Several researchers [3-19] proposed the non-
Newtonina and Newtonian fluid for various surfaces and

studied the various parameter effects

The non-Newtonian fluid flow is a fundamental process, not

transfer over a stretching surface for a Newtonian fluid and
non-Newtonian fluid flow under different thermal boundary
conditions and various slip condition. Following research
scholar, Rajani et al. [44], Rahman et al. [45], Mallikarjuna et
al. [46], Sharma et al. [47] and Arifuzzaman et al. [48]
investigate the higher order chemical reaction for various
fluids. Raju et al. [49-50], Madaki et al. [51] Sivakumar et al.
[52] investigation on different boundary condition with
different fluid over different surfaces.

In this article, we have investigated flow over the two
different boundary surface a melting surface and a porous
surface for inclined MHD Casson fluid flow with higher order
chemical reaction, variable radiation and heat source. We also
considered the first and second order velocity slip, temperature
slip and mass slip.

only in the geophysics area, i.e. Lava flows and mud floods,

but also in a variety of industrial applications. It is frequently
encountered in biomedical engineering, material processing,
food and chemical industry. Non-Newtonian Casson fluid
such as blood and permeable surface like arteries so non-
Newtonian Casson fluid superposed to the flow at the
permeable arteries of the human body and help of various
critical diseases salvage. Casson fluid behave

es like an elastic solid fluid. It exhibits shear thinning
characteristics, high shear viscosity and yield stress. Several
researchers investigated for Casson fluid over different surface Meltng
Sandeep et al. [20], Bhattacharyya et al. [21-22], ceface
Mukhopadhyay [22], Animasaun et al. [24-25]. Hayat et al.

Porous

(T==Tw)

[26-27] investigated 2D and 3D MHD Casson fluid in porous

medium. All the above studies deal with the flow and heat

Figure 1. Physical diagram of the problem
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2. MATHEMATICAL FORMULATION

Consider two-dimensional steady incompressible inclined
MHD Casson fluid flow over a two different surface such as a
permeable surface and a melting surface with first and second
order velocity slip, non-linear radiation, non-uniform heat source and
non-linear chemical reaction. Let surface is stretching is along the
X axis with stretching velocity bx .

The continuity, velocity, heat and mass equations are given

by

ou ov
v 1
oy 1)
2 2 ain2
u@+v@:v(l+1]a—g— obysina 2V (2
x oy B)oy P Ko
oT oT _ k &T 1 &, oBsin‘a , g
—+V —+ us+ ©)
x oy ~C, o pC o  pC, PC,
WL _p ZC \ coc.y 4)
ox oy ay?

where u(x,y) and v(x,y) are the horizontal and vertical
velocity components, p : fluid density, v : kinematic viscosity,

PC, particles heat capacities. T: fluid temperature, T :

ambient fluid temperature, b : positive constant.

Subject to the following boundary conditions:
For porous surface (refs [2] and [20])

u:uw+( ;j[aia %j V=-v, T:TW+b1£,

oy

C:CW+bZ£ aty=0

oy
u—>0T->T ,C—>C, aty —»oo
For melting surface [31-33]
u=uw+( 1}[816_u auj T=T, +b—

B o oy oy
v=k 1 E,C:Cvﬁbz@atyzo (5)

(p[B,+c.(T,~T))]) oy oy

u—>0T->T,,C—>C, aty — oo

u,, = bx : stretching velocity,

m

g"": non-uniform heat source [43]
ku, (x,t . .
'":L[A*(TW -T,)f+B*(T-T,)] in which A*
Xv
and B*: Space and temperature dependent heat source

coefficients, respectively. Following Rosseland

approximation 0, is given as

( jaT“ [16(;] L 0T
g =— — T —
3k™ ) oy 3k

oy

v,, . suction/injection velocity.
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Solution
We introduce the following relations for U,V

u=bxf (), v=—«/wf(77), n= ng ,

-C -T,
=~ ~= and 9(n) =
-C )= -T

W o0 W 0

#(n) = (6)

Equation (2) to (4) thus reduces to the following non-
dimensional form

(1+%Jf“‘—f'z+f"f—Msinzaf‘—Kpf':O ()

"'+ A*f'+B*0+ Pr(EcM sina f 2+ f¢9')+
gR[((5—1)6’+1)36?"+3((g—1)¢9+1)26"2]=O
(8)

¢'-Sc(K 4" - f4')= ©)

Boundary conditions (5) reduces as:
For porous surface-

n=0. f'n)= 1+[1+ﬂj(L1f"(77)+L f"(n)),

f(n)=S, 0(n)=1+0,0'(n), () =1+5,4'(n),
f'(7) >0, 6(n) —>0,¢(17) -0

(10)

For Melting surface-

p=0: )= 1+[1+ﬂj(u"<n>+L £,

£ () = —%e'm),e(n) ~1+5,0'(7), (11)

P(n) =1+,4'(n),
n—w: f'(n) —>0,0(n)—>0,¢4(n) >0

b
where L = alJ; . first order velocity slip parameter,
b b
L, =a, — : second order velocity slip parameter, 0, Zbl ; :
|4

b
temperature slip parameter, 52=b2J; . concentration slip

parameter, pr = ; Prandtl number, R = 40T,
HC, kk *
parameter, k* ; thermal radiation  parameter,
2
Ec=U?/C (TW ) Eckert number, M = : magnetic

pb

field parameter, £ :

Casson fluid parameter sCZDL;



Schmidt number, Cs : the heat capacity of the solid surface

K, Z%(CW —Cw)”*l: chemical reaction parameter, ﬂm:
the latent heat of the fluid, g:l—w . temperature difference

: thermal conductivity Kp:kLb

p

parameter, k . porosity

(M, -T.)c,
(/ﬂ14_cs(TB _1}))

parameter, temperature of the melting surface where Tm >Tm .

parameter, Me = : dimensionless melting

The cofficient of skin friction ¢, , local Nusselt number
Nu, and local Sherwood number Sh, are defined as:

Cf :(1+£Lj—zﬂ?, NU
B ) pU

shy=— XJw
Dg(Cw —-C..)

XOw

= and
kw(RV_Tg)

(12)

where the skin friction z,,, the heat flux q,, and surface mass
flux on the sheet are

ou or 45 3,
T =,u[—] & q =[—k—+q j =—(1+—R5 j&
w Y o w oy r 1o 3

oC
a(3),
),

The dimensionless expressions for ¢, , Nu, and sh, are

(13)

given as following.

: 1
¢, Re,?2 :(Hﬁj £(0),

1
NuRe, 2 =—[1+§R g3j9'(0), and sh/+/Re =—¢'(0), (14)

C, - skin friction coefficient, Nu, Re%: local Nusselt

number and Sh, Re% : local Sherwood number.

3. RESULTS AND DISCUSSION

The fix value of physical parameters L, = 0.2, L,= -0.2,
S=0.5, Me=0.5, R=1, Pr = 2, M=1, Kp=0.5, n=3, Sc=2.0,

p=20,6=5,=01 a=7%,,0,=02  A*=02

B*=0.1, Kn=0.2, Ec=0.2, and excluding the varied value of
particular graph. Several sets of numerical solutions have been
carried out for different combinations of pertinent parameters
namely, radiation parameter (R), chemical reaction parameter
(Kn), Casson fluid parameter (B), magnetic field parameter
(M), Eckert number (Ec), suction/injection parameter (S). Figs
(1-3) depicts that an increment in the value of M, suppresses
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the f' profile whereas rises the 6 and ¢ profiles. Physically,

a transverse magnetic field has produced a drug-like force
known as the Lorentz force which opposes the flow, causing a
flow retardation effect therefore suppresses the f ' profile and

rises the 6 profile. Figs (4) shows that @ profile enhancement
as R increases. Generally, increasing values of R decreases
absorption coefficient, as a result fluid temperature rises. Figs
(5-7) shows that an increment in Kp suppresses the f ' profile

whereas enhances the ¢ and ¢ profiles. Figs (8-13) shows the
influence of B and o on f', # and ¢ profiles. Increases
the B and ~ reducesthe f' whereasrises 6 and ¢ profiles.
Fig (14-15) shows the impact of A* and @, on 0 profile.
Increases the value of A* and @, enhances 0 profile. Fig

(16-17) shows the influence of Sc and Kn on ¢ profile. Rising
the Sc and Kn reduces the ¢ profile. Figs (18-20) shows the

influence of L on f', 6 and ¢profiles. An incrementin L,
suppresses the f ' profile whereas rises the ¢ and ¢ profiles.
Fig (21) shows the impression of &, on @ profile. An

increment in the value &, reduces & profile. Fig (21) shows
the impression of &, on ¢ profile. An increment in the value
S, reduces ¢ profile. Figs (23-24) shows that an increment in

the Me suppress 6 and ¢ profiles. Fig (25) depicts that an

increment in the value of Ec rises the 6 profile. Physically,
rising the values of the Eckert number than generating energy
in the fluid. Figs (26-28) shows that an increment in S reduces

f', 0 and ¢profiles. Figs (29-31) depicts that an increment
in L, rireducing f ' profile whereas reduces ¢ and ¢ profiles.
Fig (32) shows that the increment in the Prandtl number
increases than suppresses the & profile.

|
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Melting surface,Me=0.5
Porous surface S=0.5

Figure 2. Influence of M on
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Figure 3. Influence of M on ¢
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Figure 4. Influence of R on ¢
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Figure 5. Influence of Kpon f*

A\ -=-= Melting surface,Me=0.5
‘\ﬁ Porous surface S=0.5

=

Figure 6. Influence of Kp on 6
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Figure 7. Influence of Kp on ¢

Mhelting surfa{ce Me=0.5/
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Figure 8. Influence of Bon f'
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Melting surface Me=0.5

Figure 9. Influence of § on ¢

==== Melting surface Me=0.5
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Figure 10. Influence of B on ¢
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Figure 11. Influence of a on f
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Figure 12. Influence of o on 0
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Figure 13. Influence of a.on ¢

z-—==  Melting surface Me=0.5
.
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Figure 14. Influence of A* on 6
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Figure 15. Influence of 6, 0n ¢
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Figure 16. Influence of Sc ¢
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Figure 17. Influence of Kn on ¢

==== Melting surface Me=0.5
Porous surface S=0.5

0.6 ¢\

Figure 18. Influence of firstLon f'
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Figure 19. Influence of first Ly on
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Figure 21. Influence of &, on ¢
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Figure 22. Influence of &, on ¢
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Figure 24. Influence of Me on ¢
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Figure 25. Influence of Ec on ¢
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Figure 26. Influence of Son f'
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Figure 27. Influence of S on ¢
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Figure 28. Influence of Son ¢
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Figure 29. Influence of Loon f'
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Figure 30. Influence of L, on 6
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Figure 31. Influence of L, on ¢
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Table 1. Permeable surface

Figure 32. Influence of Pron 6

M Kp 1),, 4R 3) ., ¢’
$=05 | S$=05 | S=05 (“/J f ‘(“35 )9
0 -0.954366 0.6539853 1.314
1 -1.004311 0.6117348 1.279
2 -1.035326 0.5806064 1.250
0 -0.954366 0.6299404 1.314
1 -1.035326 0.5955700 1.250
2 -1.066084 0.5685251 1.206
0 -0.954366 0.6539853 1.314
-1.004311 0.6117348 1.279
-1.035326 0.5806064 1.250
Melting surface
M K| '
Me MF; Me (1+1jf" —(1+4R€3)9' ¢
=05 =05 =05 s 3
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0 -0.89438 0.3004638 0.843
1 -0.95763 0.1998305 0.767
2 -0.99936 0.0988653 0.700
0 -0.89272 0.2553512 0.831
1 -1.00007 0.1323109 0.708
2 -1.04685 -0.082440 0.587
0 -0.894381 0.3004638 0.843
-0.957630 0.1998305 0.767
-0.999367 0.0988653 0.700
Table 2.
Comparison of —8'(0) for different values Pr in the absence of the parameters
Pr S=R=Ec=M=0 and B —» o
Nadeem et al Khan and Golra and Wang [39] Present study
[36] Pop[37] Sidawi
[38]
0.7 0.454 0.454 0.454 0.454 0.454049257
2.0 0.911 0.911 0.911 0.911 0.911360664
Table 3.
Comparison of — f "(0) for different values M in the absence of the parameters S=R=We=A=0 and f
—> OO
M Anderson et | Prasad et | Mukhopadhyay et al. | Palani et al Present study
al.[40] al.[41] [42] [35]
0.0 1.0000 1.000 1.000173 1.0000 1.00000
0.5 1.2249 1.224 1.224753 1.2247 1.22474
1 1.4140 1.414 1.414450 1.4142 1.41421
1.5 1.5810 1.581 1.581140 15811 1.58113
2 1.7320 1.732 1.732203 1.7320 1.73205

Table 2 and 3 shows the comparison of the present results
with the existed results of Palani et al. [35], Nadeem et al. [36],
Khan et al. [37], Golra et al. [38], Wang [39], Anderson et al.
[40], Prasad et al. [41], Mukhopadhyay et al. [42] and Sandeep
et al. [43]. Under the same conditions, present results have an
excellent agreement with the existed results. This shows the
validity of the present results along with the accuracy of the
numerical technique we have used in this study. Table 1 shows
the impact of various parameters on the skin friction
coefficient, local Nusselt number and local Sherwood number
with two different boundary conditions. Increases the value of
magnetic field parameter, porosity parameter and inclined

magnetic field angle, reduce the value of ¢, , Nu, and Sh
with both suction and melting surface.

4. CONCLUSION

We have investigated the influence of two different
boundary conditions such as a melting surface and a porous
surface for inclined MHD Casson fluid flow with higher order
chemical reaction, variable radiation and heat source. We
consider the first and second order velocity slip, temperature
slip and mass slip. The conclusions of the present study are
shown as follows:

1) The 6 and ¢ profiles were uplifted with the
increment of the £, M and Kp parameters on a suction and

melting surface whereas the opposite behavior observed on
f ' profiles.

2) The f' profile and momentum boundary layer
thickness was depressed with the increment of the L and L,
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parameters under a suction and a melting surface whereas the
reverse behavior observed on 6 and ¢ profiles.

3)  The Bprofile and its related thermal boundary layer
thickness were depreciating function of the &, and Pr on a
suction surface and a melting surface.

4)  The Gprofile and its related thermal boundary layer
thickness were rising function of the R, A* and @, parameters

on a suction surface and a melting surface.
5) Incrementin &,, Knand Sc parameter suppresses ¢

profile on a suction surface and a melting surface.

6)  The impact of various physical parameters on melting
surface and porous surface are obtained and observed that the
effect of melting surface is higher than porous surface.
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NOMENCLATURE
u(x,y) and v(x,y) Horizontal and vertical velocity
components,
p fluid density,
v kinematic viscosity,
oC, particles heat capacities.
T fluid temperature,
Te ambient fluid temperature,
b positive constant.
Pr= k Prandtl number,
uC,

3
R= 4|Z(T: radiation parameter,
k* thermal radiation parameter,

2

Ec=U"/C,(Ty -T,)  Eckert number,

2

= % magnetic field parameter,
2,
Casson fluid parameter,

Sc= DL; Schmidt number,
Cs the heat capacity of the solid

Kn
B

surface

= % (C,—C._)"" chemical reaction parameter,

the latent heat of the fluid,

£= I_W temperature difference parameter,
k thermal conductivity
Kp = porosity parameter,
k,b
T,—T . . .
Me = T, ~T.)¢, dimensionless melting parameter

(ﬂm +C (Tm _TO))
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