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Abstract— The present endeavour is to investigate the numerical analysis of the two-dimensional unsteady flow of a
Falkner-Skan radiative magnetohydrodynamic flow past over a wedge in a Carreau nanofluid by considering the
convective boundary condition and chemical reaction. The governing equations of the problem are altered into
dimensionless form by using the transformations. The resulting system of differential equations are solved by
MATLAB bvp4c solver. The effect of significant parameters has been studied and numerical results are presented in
graphs and tables. The numerical results are revealed in close relation with previously published works.
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I. INTRODUCTION

The fluid flow across a wedge shaped bodies are important in several engineering applications and in the area of fluid
dynamics. For instance, in aerodynamics, hydrodynamics, interchanging of heat through exchangers, geothermal
structures, etc. Predominantly such type of flows are often seen in improving oil recovery, ground water pollution ,
response of aircrafts to atmospheric explosions, geothermal fields, etc., Researchers Falkner and Skan bring a concept
of an equation known as Falkner-Skan equation where a static wedge is submerged in a viscous fluid and a fluid is
passed over it. This was initially proposed for a flow over a boundary with a flow wise pressure gradient. The equation

and the conditions at boundary are given as: " + ff' +ﬂ,(l— f’2)=0, f (0) = B, B is the strength of the mass transfer

at the wall, f'(O) =7, f’(oo) =], ,1:2_”‘ is a flow wise pressure gradient. The actual Falkner-Skan equation
+1

contains zero value for £ and y for a non-permeable wedge flow. A lot of literature regarding the Falkner-Skan wedge

flow can be found in the work of Schlichting and Gersten[1] and also in Leal[2]. The wedge is triangular shaped and is
used for separating two objects, one object hold in a plane and other lifting up. It converts the lateral force into a
transverse splitting force. Fang and Zhang [3] presented a solution with mass transfer and wall stretching for the Falkner-
Skan equation.

Then again, due to emergent demands of advanced technologies like as power station, production of chemicals and
microelectronics, there is a need to launch new types of fluids for exchanging heat more effectively. Water, ethylene
glycol and engine oil are regularly used base fluids for heat transfer. These fluids have low thermal conductivity when
compared with the solids. The role of tiny particles of solids can enhance the thermal conductivities of such fluids.

The concept of nanofluid was initiated by Choi and Eastman [4] for the first time. The heat conductivity of the fluid can
be increased by suspending nanoparticles in a base fluid. For example, copper, carbon nanotubes, CuO, aluminia, and
gold are commonly used substances as nanoparticles. Yacob et al. [5] reported the Falkner-Skan flow over a wedge by
considering surface heat flux in a nanofluid.

The study of fluid which is electrically conducting passed over a heated wedge with magnetic effect has many
applications such as studying about plasma, controlling the boundary layer in aerodynamics, MHD power generators,
cooling the nuclear reactors so forth. Several researchers (Prasad et al., [6], Imran et al., [7], Ishak et al., [8], Vol [9], El-
dabe et al., [10]) fed light on the effect of MHD heat and mass transfer flow past a wedge in different circumstances for
different types of fluids. Magnetic field effects on temperature and heat transfer are very interesting because few fluids
also emit and absorb thermal radiation, when the fluid is a conductor of electricity. It is noteworthy to study the heat
transfer due to thermal radiation as it has many uses in space study and operating at high temperatures. Abdulhameed et
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al., [11] reported the impact of radiation on Falkner—Skan flow over a wedge with MHD. Radiation and mass transfer
effects over a moving vertical cylinder was illustrated by Suneetha and Reddy [12] and found that as radiation parameter
is small, both the fluid velocity and temperature enhances harshly near the surface of the cylinder as time passes.
Researchers show much interest on the flow problems over a boundary layer considering a convective boundary
condition as such flows are essential in reducing the drag friction forces and in increasing the heat transfer rate. Such
problems are first proposed by Aziz [13] who studied the convective surface boundary condition over a plane surface.
Bala Anki Reddy et al., [14] studied the Boundary Layer Slip with magnetic effect over an exponentially stretching
surface with convective boundary condition and is observed that the opposite behaviour of the temperature profile is
observed for both radiation and the Prandtl number. Suneetha and Gangadhar [15] studied the influence of radiation on
stagnation point flow by considering convective boundary condition over of a Carreau Fluid and analyzed the
temperature rises by rising the values of both convective and radiation parameter for cases of shrinking and stretching
sheet.
Some kind of chemical reaction is observed if there is a foreign mass in air or water. Heat is produced between two
species (Byron Bird R.et al. [16]) throughout a chemical reaction. Bala Anki Reddy [17] revealed that a decrement in the
concentration is observed with an increment of chemical reaction parameter and solutal buoyancy parameter while
studying the MHD casson flow over a stretching surface. Md Shakhaoath Khan et al., [18] numerically studied the
radiating nanofluid flow along a moving wedge with chemical reaction. Bala Anki Reddy and Suneetha[19] studied the
impact of chemical reaction on stagnation flow over a stretching/shrinking sheet in a micropolar fluid and noted that
the mass concentration at the sheet surface decreases with homogeneous reaction and increase with heterogeneous
reaction. Suneetha and Bala Anki Reddy [20] numerically studied the chemical reaction influence over a stretching
cylinder embedded in a porous medium.
The afore mentioned articles and applications in existing literature are the source of motivation to study the effects of
convective boundary condition and chemical reaction on Flakner-Skan wedge flow over a static/moving wedge in a
moving Carreau nanofluid. With the help of transformations, we transformed the derived governed equations as ordinary
nonlinear differential equations. The mathematical solutions are determined by applying MATLAB bvp4c solver. Graphs
are revealed and described for various non-dimensional governing parameters.

Il. MATHEMATICAL FORMULATION

Let us examine the Falkner-Skan flow of Carreau nanofluids past a static/moving wedge with the external time
dependent magnetic field and convective boundary condition. An unsteady, incompressible, two-dimensional flow is

considered. It is assumed that fluid flow is instigated by a stretching wedge with the velocity |, (x.t)= bx" as well as the
R ]

free stream velocity y_(x t):ax_m where a, b, ¢ and m are greater than zero and are constants with 0 <m <1. |t js noted
S 1-ct

that U,,(x,t)>0 in agreement to a surface velocity of stretching wedge and U,,(x,t) <O compares to surface velocity of
a shrinking wedge (see Fig .1). The wedge angle is assumed to be €2=/57 an external time dependent magnetic field,

denoted by B(x) = By 7 is used perpendicular to the wedge surface. By convection, the surface below the wedge is
(1—cty?

heated from a hot fluid with temperature T..(X,t) which affords a heat transfer coefficient h;. In addition, assumed that the

ambient temperature T, and ambient concentration C,, are smaller than the temperature T,(X.t) and concentration

Cy(xt) at the surface of wedge. The thermophoresis and Brownian motion effects are considered due to the
nanoparticles. The Cauchy stress tensor for the generalized Newtonian Carreau fluid (Bird et al., [21], Carreau [22],

n-1

Khan and Hashim [23]) can be written as z=—pl + uA with =11, + (1, 7,u¢)|:1+(r7)2:|7

1 1
7:\/222 Y7 ji :\/Etr(Af) @
i
where y represents the shear rate, | - identity tensor, n - the power law index, p - the pressure, 1" . time material

parameter, o - zero shear rate viscosity, u., - the infinite shear rate viscosity and A = (gradv) + (gradv)" represents the

initial Rivlin-Ericksen tensor. In many physical problems, we can consider x4, = 0. Thus, Eq. (1) - (2) can be reduced as
n-1

u=ul () |7 ®)
The velocity field, temperature field and concentration fields for a two-dimensional unsteady wedge flow assumed
V =[u,v,0],u=u(x,y,t),v=v(x,y,t), T =T(x,y,t),C =C(x,y,1). @)

The governing equations for continuity, momentum, energy and species for a Carreau nanofluid with magnetic field can
be written as (Khan and Azam [24] (2016))
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Fig.1 Physical sketch of the problem
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along with the boundary conditions

(i) static wedge |, o v:O,—k%zh, (T,-T), C=C,(xt) aty=0 ©)
u-U, , T->T,C>C, asy—>w (10)
(if) moving wedge _y 4, V:o,—k%ﬂfm—n, C=C,(xt) aty=0 (11)
u-U, ,T->T,C>C, asy—w (12)

where _ :[(PC% ) j denotes the proportion of the heat capacity of the nanoparticle to the heat capacity or
pC

the fluid, D+ - diffusion coefficient for thermophoresis , Dg the diffusion coefficient for Brownian motion , O’:(k} the
pC

thermal diffusivity, T the temperature of the fluid and C the concentration of the nanoparticle. Also, the stretching
velocity U, (xt), velocity of the free stream U,(x, t), temperature on the surface of the fluid T, (x, t), nanoparticle

concentration on the surface of the fluid C,(x, t) and magnetic field B (t) which is time dependent are assumed to be the
form

m ax™ CU,.x
U, (xt)= ox” | T,(6t) =T, cMX U (x 1) = , C,(xt)=C, +——"= 7 Bt B (13)
1-ct v(L-ct)2 1-ct v(L—ct)”2 (1—ct)%
where Tg and C, represent the initial temperature and concentration respectively.
We employ the given below similarity transformations for converting the governing equations into ordinary differential

equations
_ [y, _ [(m+1)U, T, c-c,
px Y= f(n),n= oy 00N= TT B )—C e (1)

where y denotes the stream function which satisfies the continuity equation with
(u,v) _[5‘//’_5‘//}

oy  OX
Thus, the non-linear equations of momentum, energy and species are expressed as
n-3
L nwe? (1) Ha+we? (7)) 2 £7 ﬁ”+ﬂ{1—(f’)2}—A(2—,8){f’+gf”—l}— Ha?(2- B){f'-1}=0 (15)
0" +Pr(fo—-219)- Pr(gj(Z — B){n@ +30} + PrNbg'¢' + PrNt(8)? + 0"Nr =0 (16)
¢ +Prie(fg —2f'¢g)—Pr Le( j(z B){ng +3p} +——0"—PrLeKrg=0 17)

and the boundary conditions are
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f(0)=0, f'(0)=4, #'(0)=—y(2- ,6’)% {1-0(0)}, $(0) =1, (18)
f'(0) >1,6(0) 0, #(o0) -0, (19)
Where . _ ( r’(m+1)u J is the local Weissenberg number, A— ( c j unsteadiness  parameter,
2vx ax™!

a

(Ha)zz[ oB; ]Hartmann parameter, Le:[i] the Lewis number, Nt:(TDT(waTr)] the thermophoresis parameter,
D

B uT,,

Nb—(TDB(CW_Cw)]the Browinian motion parameter, p,_v the Prandtl number, ﬁ:( 2m )the Wedge angle
a m+1

U

e

parameter, :[ij the velocity ration parameter, y_(hf XRegj the generalized Biot humber.
ko

In sight of physical point, the local skin friction coefficient Cy, the local Nusselt number Nu and the local Sherwood
number Sh are the important characteristics of flow which are defined as

T, Xq,,

q

Cf =—"_ = gho X
TRUE (T, -T) e

= 0

where 7, , gy and g, denote the wall shear stress, wall heat flux and wall mass flux, respectively, which are defined as

n-1
2\z _Jer _ ~(ec (21)

ou au =—k|=—| .9,=-Dg| = | .

1W=,uo[ay][1+ FZ[@] ] Ow {ay lo q (ay lo
y=0

Using Egs. (14), (20) and (21), we obtain the following non-dimensional expressions

1 nt 1 1
(2~ pReic, =170 ewe (1707 (2- A RENO=—010), (oo pfretsn-—ao @)

xU,
\4

where Re:( ] 1dicates the local Reynolds number.

I1l. RESULTS AND DISCUSSION

The transformed system of equations (15) - (17) with the boundary conditions (18) and (19) are solved numerically by
employing a numerical procedure namely bvp4c function in Matlab. Computations are performed for different flow
governing parameters namely the local Weissenberg number We, the unsteadiness parameter A, the wedge angle
parameter S, the generalizes Biot number y, the Hartmann number Ha, the Prandtl number Pr, the Lewis number Le, the
Brownian motion parameter Nb, the thermophoresis parameter Nt, the velocity ratio parameter A, and the radiation
parameter Nr.

To prove the authenticity of the achieved numerical results, a comparison with the existing literature is conducted. The
obtained results of the skin friction coefficient is comparable with those reported by Rajagopal et al. [25], Kuo [26] and
Ishaq et al. [27] (Table 1). An outstanding agreement with the results of the above mentioned authors has been identified.
Table 2 is portrayed to demonstrate the impact of the unsteadiness parameter A, the wedge angle parameter g, the
Hartmann number Ha, the velocity ratio parameter /, the Radiation parameter Nr, the Prandlt number Pr, the nanoparticle
concentration Kr, the thermophoresis parameter Nt, the Brownian motion parameter Nb, the Biot number y and the local
Weissenberg number We on the local skin-friction coefficient, Nusselt number and Sherwood number. On the basis of
this table, it is noticed that the local skin friction coefficient, Nusselt number and Sherwood number enhances by
enhancing the values of the unsteadiness parameter and Hartmann number. The rising values of Nr and Nt have the
tendency to decline the Nusselt number and Sherwood number whereas Nb rises the Sherwood number. The increasing
the values of the nanoparticle concentration encourage the Sherwood number but the the velocity ratio parameter declines
the same.

The influence of the unsteadiness parameter A on the velocity profile is presented in Fig. 2. From this, it can be seen that
an increment in the values of the unsteadiness parameter improves the velocity profile. For static wedge the value of 1 is
zero, and 4 > 0 denotes the stretching wedge. The velocity and temperature distribution are plotted in Figs.3 and 4 for the
impact of the wedge angle parameter 5. The figure shows that the impact of # resembles as the unsteadiness parameter.
Positive values of the wedge angle parameter correspond a favourable pressure gradient which grows the flow. Also,

B = 0 corresponds to wedge whose angle is zero degree (flow past a flat plate) and £ = O relates to wedge angle of 90> C
degree (stagnation point flow). The variation of the velocity profile is represented through Fig.5 for different values the
local Weissenberg number We. The figure exhibits that the velocity graphs increase by uplifting the values of the We. In
Fig.6, the impact of the Hartmann number Ha on the velocity profile is depicted. An increment in Ha increases velocity.
The impact of the Biot number y on the temperature is presented through Fig.7 for both cases. An observation of the
figure makes it clear that the boundary layer thickness and the temperature are the growing function of the Biot number.
The Biot number defines the ratio of internal thermal resistance of a solid to thermal resistance of a boundary layer.
When y = 0, the surface of the wedge is entirely isolated. It means the internal thermal resistance of the surface of the
wedge is very high and there is no heat transfer from the surface of the wedge to the fluid which is away from wedge.
The thermophoresis parameter Nt has a valuable importance for investigating the temperature distributions in nanofluid
flow. The effect of the thermophoresis parameter on the temperature is elucidated through Fig. 8 for both the cases. The

IJTIMES-2018@All rights reserved 1356



International Journal of Technical Innovation in Modern Engineering & Science (IJTIMES)
Volume 4, Issue 6, June-2018, e-ISSN: 2455-2585, Impact Factor: 5.22 (SJIF-2017)
figure reveals that the temperature enhance by uplifting the thermophoresis parameter. From a physical perspective, the
thermophoresis force enhances with the enhancement of Nt which tend to shift nanoparticles from hot region to cold
region and hence enhances the magnitude of the temperature. Figs. 9 -10 present the variation of the temperature and
concentration contours for distinct values of the Brownian motion parameter. It is depicted that non-dimensional
temperature increases by uplifting Nb and a decrement is observed in concentration profiles. Furthermore, boundary layer
thickness is an enhancing function of Nb, by enhancing the Brownian motion parameter, the intensity of this disordered
motion increases the kinetic energy of the nanoparticles and as a result fluid temperature increases. To illustrate the
influence of Lewis number Le on concentration profiles, Fig.11 is presented. It is observed that the nanoparticle
concentration and the boundary layer thickness diminish by rising the values of the Le. In fact, the mass transfer rate
increases as Le increases. A decrement is observed in Brownian diffusion coeffcient for higher Le in a base fluid which
result in a shorter penetration power for the concentration boundary layer thickness. The effect of Kr on nanoparticle
concentration profile for various values of 1 are shown in Fig. 12. As Kr increases the nanoparticle concentration
decreases for the both the cases static wedge and stretching wedge. It is further observed that the fluid concentration was
smaller for stretching wedge when compared with static wedge.Fig.13 reveal the impact of radiation parameter Nr on
temperature profile for various values of 4. Rising values of Nr generates internal heat energy, and this helps to boosting
the temperature field. It is noticed a rise in the temperature for increasing values of Nr for both static wedge and
stretching wedge.

TABLE 1: A comparison of the results of —f ”(0) for various values of the wedge angle parameter g when
We=Ha=Nr=Kr=4A=0andn=1

B Rajagopal Kuo [26] | Ishaget | Present
et al.[25] al.[27] | results
0.0 - 0.469600 0.4696 0.46965999
0.1 0.587035 0.587880 0.5870 0.58703521
0.3 0.774755 0.775524 0.7748 0.77475458
05 0.927680 0.927905 0.9277 0.92768003
1.0 1.232585 1.231289 1.2326 1.23258765

TABLE 2: Numerical values of (2 —ﬁ)% Re’? C,, (2—,3)}/2 Re /2 Nu, (2 _ﬂ)% Re 72 sh for various values of A, ,
Ha, 4, We, Nr, Pr, Kr, y, Nt, Nb for n=0.5.

Farameters (2-py*Re"C, | (2-p)/iRe¥Nu | (2-p)iRe% bh

A p Ha A We Nr Pr Kr y Nt Nb

02 |05 |01 |02 |05 |01 |20 [02 |01 |05 |05 0.917335 0.109085 2.399855
00 |05 |01 |02 [05 |01 |20 |02 |01 |05 |05 0.831173 0.106688 2093761
10 |o5 |01 |02 |05 |01 [20 |02 |01 |05 |05 1.233662 0.113353 3.403309
20 |05 |01 |02 |05 |01 |20 |02 |01 |05 |05 1.583214 0.115423 4368782
02 |00 |01 |02 |05 |01 |20 [02 |01 |05 |05 0.618211 0.123981 2411091
02 [10 |01 |02 |05 |01 |20 [02 |01 |05 |05 1.156215 0.090738 2.365696
02 |05 |00 |02 |05 |01 |20 [02 |01 |05 |05 0.911382 0.109077 2.398478
02 |05 |05 |02 |05 |01 |20 [02 |01 [05 |05 1.052858 0.109256 2.429866
02 |05 |01 |03 |05 |01 |20 |02 |01 |05 |05 1.008608 0.108161 2.235388
02 |05 |01 |04 |05 |01 |20 |02 |01 |05 |05 1.169836 0.105610 1.879337
02 |05 |01 [02 |10 |01 |20 |02 |01 |05 |05 1.237989 0.103752 1.684987
02 |05 |01 [02 |20 |01 [20 [02 [01 |05 |05 1.006790 0.109184 2.417480
02 |05 |01 [02 |05 |05 [ 20 |02 [01 |05 |05 1.262498 0.109444 2.465450
02 |05 |01 |02 |05 |10 |20 |02 |01 |05 | 05 0.917335 0.108620 2398171
02 |05 |01 [02 |05 |01 [30 |02 |01 |05 |05 0.917335 0.107974 2397434
02 |05 |01 |02 |05 |01 |40 |02 |01 |05 |05 0.917335 0.108487 2.901750
02 |05 |01 |02 |05 |01 |20 |05 [o01 |05 |05 0.917335 0.107285 3.325351
02 |05 |01 [02 |05 |01 [20 |15 [01 |05 | 05 0.917335 0.108872 2.622956
02 |05 |01 |02 |05 |01 |20 |02 [05 |05 |05 0.917335 0.108303 3.272437
02 |05 |01 |02 |05 |01 |20 |02 |10 |05 |05 0.917335 0.369312 2.388132
02 |05 |01 [02 |05 |01 |20 |02 |01 [10 | 05 0.917335 0.516332 2389718
02 |05 |01 |02 |05 |01 [20 [02 [01 |15 |05 0.917335 0.108744 2392818
02 |05 |01 |02 |05 |01 |20 [02 |01 [05 |10 0.917335 0.108386 2.388852
02 o5 |01 |02 |05 |01 |20 |02 |01 |05 |15 0.917335 0.102877 2.420953
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IV. CONCLUSIONS

In this article, the locally-similar numerical solutions have been computed for the unsteady two-dimensional Falkner-
Skan flow of MHD Carreau nanofluid past a static/moving wedge affected by the thermophoresis and Brownian motions
in the presence of the convective boundary condition. Radiation and chemical reaction are also considered. The time
dependent non-linear partial differential equations were transformed to a set of semi-coupled non-linear ordinary
differential equations and then solved numerically by utilizing numerical technique namely the bvp4c function in Matlab.
The important findings of this article are listed below:

1.

2.

ISE S

o N

The parametric study indicated that the flow, temperature and concentration fields were greatly affected by the
Hartmann number, wedge angle and unsteadiness parameters.

The velocity of the fluid was smaller for static wedge when compared to the stretching wedge. However,
qualitatively quite the opposite trend was observed for the temperature and concentration fields.

The nanoparticle concentration and the concentration boundary layer thickness lessen by uplifting the values of
the Lewis number.

The temperature and nanoparticle concentration boost by rising the thermophoresis parameter.

The temperature and thermal boundary layer thickness are the growing function of the Biot number.

The temperature increases by enhancing the Brownian motion parameter and a decrement is observed in
concentration profiles.

The temperature and nanoparticle concentration enhance by uplifting the thermophoresis parameter.

As Kr increases the nanoparticle concentration decreases for the both the cases f=0and g =1.

Rising values of thermal radiation also rises the temperature near the plate.

0 05 1 15 2 25 3 35 4
n

Fig. 2 Effects of A on the velocity profile.

B=0.0,0.5,1.0,15

Fig. 3 Effects of # on the velocity profile.
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Fig. 6 Effect of Ha on the velocity profile.
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Fig.7 Effect of y on the temperature profile.
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Fig. 11 Impact of Le on the nanoparticle concentration profile.
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Fig.13 Effect of Nr on the temperature profile.
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