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Abstract The present pagination reports both Brownian diffusion and thermophoresis aspects
subject to magneto hydrodynamic Williamson fluid model. Assuming the flow is unsteady and
blood is treated as Williamson fluid over a wedge with radiation. The governing equations are
transformed into ordinary differential equations by using similarity variables. The analytical so-
lutions of the transformed governing equations are obtained by using the MATLAB bvp4c
solver. The effects of various physical parameters such as Hartmann number, local Weissenberg
number, radiation parameter, unsteadiness parameter, Prandtl number, Lewis number, Brownian
diffusion, thermophoresis, wedge angle parameter, moving wedge parameter, on velocity, tem-
perature, concentration, skin friction, heat transfer rate and mass transfer rate have been dis-
cussed in detail. The velocity and temperature profile deprives for larger We and an opposite
trend is observed for concentration. The radiation parameter is propositional to temperature
and a counter behavior is observed for Pr.
© 2019 Beihang University. Production and hosting by Elsevier B.V. on behalf of KeAi. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Till date, researchers are doing lots of experimental and

fisevics | Production and Hosting by

theoretical investigations to study the non-Newtonian fluid
models because of their significant applications in several
Elsevier on behalf of KeAi biological and industrial processes. The theory of non-
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2 K. Subbarayudu et al.
Nomenclature Te ambient temperature
) u velocity component along x direction (unit: m-s™")

A unstead.lness parameter I u, stretching sheet velocity (unit: m-s™")
B magnetic field (unit: kg-s _ AT U, free stream velocity (unit: m-s™ ")
By magnetic ﬁeld strength (unit: A/m) v velocity component along y direction (unit: m-s™")
¢ concentration We local Weissenberg number
C, concentration at the surface
Cu ambient concentration Greek bol
Co initial reference concentration ) reek sym do S . .
C, specific heat (unit: J-kg™'-K ™) WeCge MOvINg paramerer .
C local skin friction coefficient g electrical conductivity (un13t: S-m™)
Dg Brownian diffusion coefficient (unit: m?-sY) P ﬂ}lll id density (unit: kg-m™)
Dy thermophoretic diffusion coefficient (unit: m2~sq) b shear re}te .
I dimensionless stream function ¢ dimensionless concentration
Ha Hartmann number 0 dimensionless temperature

. 0 . . . o2 —1
k* Rosseland mean absorption coefficient (unit: m™") v kinematic coefficient of viscosity (unit: m™-s™)
Le Lewis number Y stream function (unit: m>-s)
M stretching parameter (unit: s~ ') N s1m11ar‘1Fy variable . . .
Nb Brownian motion parameter M generalized Newtonian viscosity

. . . -2
Nt thermophoresis parameter o zero shear viscosity (unit: N-s-m™ )
Nu local Nusselt number oo infinity shear viscosity (unit: N~s~m72)
Prx Prandtl number o* Stefan Boltzmann constant (unit: W-m 2-K %)
qs wall mass flux (unit: kg-m 2-s7") T el shear siress (unit: N-m™)
’ . g 2 r material constants
q, radiative heat flux (unit: W-m™~) . op e . 1
q wall heat flux (unit: W-m 2) A effective thermal diffusivity (unit: m-s™ ")
w . :

Re, local Reynolds number ¥ wedge moving parameter
Rd radiation parameter B wedge angle parameter
Sh, local Sherwood number g ratl(; of (\iflscosmles
T temperature (unit: K) total wedge ang’e . 11
To initial reference temperature K thermal conductivity (unit: W-m™-K™7)
T, temperature at the surface (unit: K)

Newtonian fluids are much considered when compared to
Newtonian fluids due to vast engineering applications, for
instance, emulsions, lubricants, bio-fluids in biological tis-
sue and polymers, biomedical fluids and nuclear fuel slur-
ries. Depending upon the various rheological features of
non-Newtonian fluids, so many rheological models have
been modeled. Some existing models are: power law model,
Carreau model, Jeffery fluid model, cross model, Ellis
model, Sisko model and Williamson fluid model etc. Out of
these, Williamson fluid model is simple model to simulate
the viscoelastic shear thinning characteristics of non-
Newtonian fluids.

Williamson fluid model report the flow of shear thinning
non-Newtonian fluids. This model was introduced by Wil-
liamson [1] in 1929 and he gave the experimental results. In
Williamson fluid model, the effective viscosity should
lessen indefinitely with rising shear rate, which is nothing
but an infinite viscosity at stationary (zero fluid motion) and
nil viscosity as the shear rate tend to infinity. Nadeem et al.
[2] proposed the momentum, heat and mass transfer effect
of non-Newtonian Williamson fluid towards stretching sheet
with various physical parameters. Few current explorations
on Williamson fluid are disclosed in Refs. [3,4]. Khan et al.
[5] studied Williamson fluid flow with chemically reactive
species using scaling conversion and homotopy analysis
method. Nadeem and Hussain [2] analyzed Williamson fluid

flow and thermal energy analysis over exponentially
stretching surface, (PEST) and (PEHF) case. The mathe-
matical expression of Williamson constitutive model is
expressed as w= o, + (g —e)[1 — I'y] ™", in which ()
and (u,) are the zero and infinite shear rate viscosities,
respectively, I' is a material constant. The shear rate is

defined as ¥ = /33> v;v;. Due to the prominence ap-
ijo

plications in biological phenomenon, the peristaltic flow and
heat transfer analysis of Williamson fluid have fascinated.
Over the last many years, the flow and heat transfer
analysis past wedge-shaped bodies has been a matter of
utmost synchronic interest in the field of engineering and
chemical industry. For example, in the fields of aero-
dynamics, hydrodynamics, heat exchangers, ground water
pollution, thermal insulation, geothermal systems, etc.
Particularly such flows occur often in enhanced oil recovery,
aircraft response to atmospheric gusts, packed bed reactor
geothermal industries, ground water pollution and so forth.
A wedge is a triangular shaped tool, and is a portable in-
clined plane, and one of the six classical simple machines. It
can be used to separate two objects or portions of an object,
lift up an object, or hold an object in place. It converts the
lateral force into a transverse splitting force. Numerical
investigation was done by Aamir Hamid et al. [6] on heat
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transfer performance in time dependent flow of Williamson
fluid past a wedge-shaped geometry. Hashim et al. [7]
investigated an unsteady heat and mass transfer flow of
Williamson nanofluid along a wedge and further depicts that
the rate of heat transfer is accelerated with the growth in
Brownian motion and thermophoresis parameter Tanveer
et al. [8] focused on the assessment of nanofluid in a Von
Karman flow with temperature relied viscosity and shows
that the temperature and concentration distributions give
opposite response towards large Brownian motion param-
eter, and reduction in local Nusselt number is noticed with
an increase in Brownian motion Nb and thermophoresis Nt.

In nature magnetic field exists everywhere, it follows that
magnetohydrodynamic (MHD) phenomena must occur
whenever conducting fluids are available. It has many en-
gineering applications, in the fields of aeronautics, planetary
and stellar magnetospheres, solar physics, cosmic fluid dy-
namics, electronics, chemical engineering, MHD generators,
MHD accelerators, construction of turbines, and other cen-
trifugal machines. When a magnetic field is applied to a
moving and electrically conducting fluid, electric and
magnetic fields are induced. These fields interact with each
other, a body force known as Lorentz force is produced,
which slows down the motion of fluid. Bala Anki Reddy
et al. [9] analyzed the magnetohydrodynamics boundary
layer slip flow of a Maxwell nano fluid over an exponen-
tially stretching surface with convective boundary condi-
tion. Khan and Hashim [10] studied the effects of multiple
slip on flow of magneto-Carreau fluid along wedge with
chemically reactive species and investigated that there is a
raise in the shear stress and the fluid velocity by raising the
magnetic parameter, while the temperature and concentra-
tion profiles are decelerated. More recently various sleuths
[11—14] studied on MHD with different fluid flows. Imran
Ullah et al. [15] upshot on the heat and mass transfer in
unsteady MHD slip flow of Casson fluid over a moving
wedge and also noticed that unsteadiness parameter thinning
the velocity boundary layer while opposite to this was found
in the thermal and concentration boundary layers.

Thermal radiation plays a vital role in physics and en-
gineering mainly in space technology and high temperature
process. Some of these applications include nuclear power
plants, gas turbines, polymer processing industry and the
various propulsion devices for missiles, aircraft, space ve-
hicles and satellites. Hashim et al. [16] focused on the
thermal radiation effects on Williamson fluid flow due to an
expanding/contracting cylinder with nanomaterials. Khan
and Hamid [17] analyzed on the influence of non-linear
thermal radiation on 2D time dependent flow of a Wil-
liamson fluid with heat source/sink. Khan et al. [18]
managed to establish the MHD boundary layer radiative,
heat generating and chemical reacting flow past a wedge
moving in a nanofluid. Hydromagnetic boundary layer flow
of Williamson fluid in the presence of thermal radiation and
Ohmic dissipation was examined by Hayat et al. [19].

Fluid mechanics is a science of materials which are in
motion. If blood is considered as a fluid, then the equation

of motion can be modified and can be used to know the
mechanical properties and the flow characteristics of blood,
which help bioengineers who are busy in designing artificial
organs and finding solutions to diseases and disorders of
human body which are related human physiology. Blood is
a suspension of numerous cells - red blood cells (erythro-
cytes), white blood cells (leukocytes), and platelets in a
liquid electrolyte solution called plasma.

Many researchers have reported that the blood is an
electrically conducting fluid. The electromagnetic force
(Lorentz force) acts on the blood and this force opposes the
motion of blood and there by flow of blood is impeded, so
that the external magnetic field can be used in the treatment
of some kinds of diseases like cardiovascular diseases and in
the diseases with accelerated blood circulation such as
haemorrhages and hypertension. Application of magnetic
field plays significant role due to its realistic applications in
MRI, cancer therapy. Human body experiences magnetic
fields of moderate to high intensity in many situations of day
to day life.

Blood flow with radiation effect has significant applica-
tions in Biomedical engineering and in numerous medical
treatment methods namely, thermal therapeutic procedures.
Infrared radiation is a technique chosen in heat therapy, as it
is possible to directly heat the blood capillaries of the
affected areas of the body. Heat therapy is used in the
treatment of muscle spasms, myalgia (muscle pain), chronic
widespread pain and long-lasting shortening of muscle.
Some contribution on this topic with exciting models have
been prepared by Srinivas et al. [20], Reddy et al. [21] and
Noreen Sher Akbar et al. [22] published in current years.

An understanding of convection heat transfer of fluids is
crucial to the design of several types of thermal equipment.
From this viewpoint, heat transfer problems of this type
have been investigated by a large number of researchers. It
is noted through the survey of literature that little informa-
tion is available on the unsteady flow of Williamson fluid
model for a blood flow over a wedge with radiation.
Motivated by these applications, the present study explores
the influence of Brownian motion and thermophoresis effect
of Williamson fluid model for a radiating blood flow over a
wedge. To the best of our knowledge no investigation has
been made to study the blood flow by treating blood as
Williamson fluid.

2. Description of physical model

We presume a two-dimensional, viscous, unsteady,
MHD, flow of non-Newtonian Williamson fluid model due
to a stretching wedge. The stretching velocity of the wedge
is denoted by wu,(x, 1) = £, in which b is the stretching
rate and ¢ denote a constant having dimension (time) ', In
addition the flow moves along the axis of wedge in the
upward direction with a free stream velocity u,(x,t) = 1“_”2,
where a, ¢ and m are positive constants with 0 < m < 1.

The wedge angle is assumed to be Q = G, where an—fl

Q1
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is related to the pressure gradient. The fluid is assumed to be
gray, absorbing, emitting but non-scattering. A uniform
magnetic field is applied in the direction perpendicular to
the wedge. The transverse applied magnetic field and
magnetic Reynolds number are assumed to be very small,
the induced magnetic field, the external electric field, and
the electric field due to the polarization of charges are
negligible. An external time dependent magnetic field

— BO . .
B(?) /=) is applied normal to the wedge surface. The

Cartesian coordinate system is taken for this analysis in such
a way x — axis is coinciding with the stretching geometry
and y— axis is normally outward to it. A geometrical
configuration and schematic model of the present physical
model is displayed in Figure 1. To investigate the heat
transfer, we have taken the temperature and concentration at

Touy(x, _
the surface of wedge as T,,(x, ) =T + - \/1(_ct) Cu(x,t)=
C., Cottyy (x,1)

T Ty, Cy represent the initial reference tem-

perature and concentration and also, when y approaches
infinity, the free stream attains the constants values 7w, Co.
Then, in the absence of input electric field, under the
boundary layer assumption, the continuity equations are
given as:

Oou Ov
=0 1
6x+6y (1)

The momentum equation after employing usual bound-
ary layer for Williamson fluid without viscous dissipation
and external force is written as [3,17,23]:

Ou  Ou

ou Oou, ul y ou\ !
E—’— 6_+ @ E-ﬁ-va—yz[ﬁ -‘r(l—ﬂ )(I—Fa) :|

) l(o-3) ]
2)

The energy equation for time dependent flow is
expressed by:

Flow

Figure 1  Flow geometry.

or T 0T _ T 1 g,
o ox V(')y_aay2 (pc), dy

0C 0T Dy (0T
o &7 (&)
)y dy ot

The concentration equation for time dependent flow is
expressed by:
oc oC aoC

% op
o M TV ey T e

*C Dy T
4
0y? +T 6y “)

It is important to note here that the governing partial
differential Eq. (2) of Williamson fluid flow reduces to
viscous fluid case when

B*=0=r
Applying Rosseland approximation for optically thick
fluid, the radiative heat flux ¢, is given as
4¢* 9T*
r = — _— 5 5
q 3% 0y (5)

One can linearize the nonlinear term 7* occurring in Eq.
(5) with the help of Taylor series by assuming a small
variation between the fluid temperature within the boundary
layer and ambient fluid temperature, retaining terms up to
first order only. Thus T* is represented as:

T =413 T -3T%. (6)
The modified energy Eq. (3), after incorporating Egs. (5)

and (6), is given by

oT T T _ &'T

TR PR )

9C dT Dy (9T\*
wrlo e (a) |

160° T3 O°T
3ka Gy

ot

2.1. Boundary conditions
We have applied the no-slip condition at the surface of
the wedge and other flow conditions for the physical model

are given as follows:
(a) On the wedge surface i.e., at y=0 :

u=u, =ux,t), v=0, T="T,(x1), C=C,(x,1),
(8)

(b) At free stream i.e., as y— o

u—t,, T—Tw, C—Cy 9)
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2.2. Method of solution

To construct the flow model dimensionless, let us use the
following non-dimensional quantities [24]:

_(m4u, _2uxu,
=N YV
T—Ts

C-C,
0(n)= ¢(n):m7

(10)
Tw - TOO’

Here, the Stokes stream function y(x,y,¢) identically
satisfies the continuity Eq. (1). The velocity components are
_ 0y W

then given by u=7 and v= — - respectively. By

substituting the above mentioned non-dimensional param-
eters into Eqgs. (2), (4) and (7) we get the corresponding
nonlinear ordinary differential conditions:

8"+ (1 =B7) (1 —Wef")2If" +f1"+8(1— (1))
—AQ=B)(f + " 1) —Ha 2= B)if — 1} =0,

(11)
! 1+4Rd 0”+(f0’—2f’0)7A(276)( ' +30)
Pl "3 2 "
+NbO' ¢ + Ntd> =0,
(12)

1 " Nt /! A / ! !
L |07 | -5 =00+ 30) 2010 =0,
(13

with reduced boundary conditions:
f0)=0, f(0)=24 00)=1, ¢0)=1 (14)
(@) =1, 0(e) =0, ¢()=0 (15)

Here, A=f—; denote the wedge moving parameter and A >
0 means a stretching wedge and A < 0 specify a shrinking
wedge while A=0 for a static wedge.
The other involve physical dimensionless quantities are
given by:
Mo K

8= Lo is the ratio of viscosities, a= -% is the
Moo Gy

effective thermal diffusivity, We=1/""0% s the local
Weissenberg number, P, :”k& is the Prandtl number, Rd =

46* T3 . .. .. .
“kk, = is the radiation parameter, 4 =__- is the unsteadiness
1 ;

— 2m

parameter and § =2 is the wedge angle parameter, Ha’=

B2 . . .
pa';% is the Hartmann number, Le=DLB is the Lewis number,

Nt=% is the thermophoresis parameter, Nb=

Dp(Cy—Cx) - . .
%) is the Brownian motion parameter.

Table 1 A comparison of numerical results of —f”(0) for
different 8 when 8* = We = A = Ha = A = 0.

B Ishaq Rajgopal  Kuo Aamir Hamid et al. Present

25]  [26] [27] [6] study

0.0 04696 — 0.469600 0.469600 0.4696
0.1 0.5870 0.5870 0.587080 0.587035 0.5869
0.3 0.7748  0.7747 0.774724 0.774755 0.7747
0509277 0.9276 0.927905 0.927680 0.8543
0.9 1.2326 1.2325 1.232589 1.232588 0.9392

2.3. Engineering parameters

The imperative physical parameters of engineering
concern in materials processing operations are the local non-
dimensional friction factor Cgx, Nusselt number Nu, and
Sherwood number Sk,. By their definitions, we have

Xqm
Ds(C,—C=)

T xXqy

Cp=—2-, Nuy=—"__
Tu T KT T

and Sh, =

where 7,,, ¢, and g, are given as

R ou\ !
m=uo((.;>{ﬁ*+(16*><1raz> ] :
y=0

16673\ 0T oC
1 |:< * 3k* ) ay:|y=0 o 1 B(ay)y=0

(16)

In view of Egs. (10) and (16), the dimensionless local
skin friction, local Nusselt number and local Sherwood
number are given by

Table 2 The numerical data of skin friction coefficient, local
Nusselt number and local Sherwood number for various values of
B, A, We, 3*, Ha, Awhen Pr = 21, Nb = 0.5, Nt = 0.5, Rd = 0.5,
Le = 0.5.

6 A We (3* Ha A f'(0)  -0(0) -¢'(0)

02 01 05 02 05 1.0 05474 1.7642 0.7564
03 01 05 02 05 1.0 05528 1.7003 0.7536
04 01 05 02 05 1.0 05581 1.6337 0.7508
05 01 05 02 05 1.0 05681 15645 0.7477
02 02 05 02 05 1.0 0.5635 1.6524 0.8421
02 03 05 02 05 1.0 04814 15385 0.9265
02 04 05 02 05 1.0 04081 14229 1.0097
02 01 06 02 05 1.0 04266 17690 0.7501
02 01 07 02 05 1.0 04057 1.7731 0.7441
02 01 08 02 05 1.0 0269 17770 0.7383
02 01 05 03 05 1.0 0.1396 17632 0.7587
02 01 05 04 05 1.0 06187 17614 0.7612
02 01 05 05 05 1.0 0.6929 17595 0.7640
02 01 05 02 1.0 1.0 0.7709 1.8730 0.7656
02 01 05 02 15 1.0 0.5655 19756 0.7750
02 01 05 02 20 1.0 05827 20735 0.7846
02 01 05 02 05 1.1 05992 17523 0.7758
02 01 05 02 05 12 0691 17399 0.7945
02 01 05 02 05 13 08521 1.7295 0.8097
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1 _
CuRey* == 1" (O)[" + (1 = 8){1 = We/"(0)} ],
Nu,Re'/*= 7;0’(0) and
2-8
1
-2 _ _ /
ShyRe, = 6(]5 (0),

where Re, =% represents the local Reynolds number.

2.4. Numerical approach and validation

The non-dimensional system of Egs. (11)—(13) along with
boundary conditions (14)—(15) have been tackled numeri-
cally by applying shooting procedure with RKF 4—5th order
of integration formula. For this scheme, we first modify the
primary differential equations into a set of first order ODEs.

f=n, /=y, "=y, [ =W,
6=y4a ‘9/=J/57 0”=y/5a (P:yé? ¢,ZJ’7; (p,,:y;'

Now we get first order system of equations:

W2
_ R i
2 n 2

o (s +8(1 = 02)°) =42 =B) (32 + 393 — 1) = Ha*(2 = B) 2 — 1)
K B+ (1—B)(1—Weys) ™

1
J/z Vs
s

r A
Yal = | = 7]3: ((ylys —254) — 5(2 — B)(mys +3y4) + Nbysys +Nty§) (18)
Vs I+3Rd
Vo

/ 1
Y7

A
L Le (5 (2=8)(n—ys+3y1) +202¥6 —y1J’7>

L 1 Mt
2

A
“ToNB ( - Pr((ylys —2y2y4) — = (2 = B)(nys + 3y4) + Nbysy; +Nzy§)>

Table 3 The numerical data of skin friction coefficient, local
Nusselt number and local Sherwood number for various values of
Pr, Nb, Nt, Rd, Le, when § = 0.2, A = 0.1, We = 0.5, 8* = 0.5,
Ha = 0.5,4 = 1.0.

Pr Nb Nt Rd  Le  f"(0) -0'(0) -¢'(0)

21 0.5 0.5 0.5 0.5 0.5474 1.7642 0.7564
22 0.5 0.5 0.5 0.5 0.5474 1.7710 0.7540
23 0.5 0.5 0.5 0.5 0.5474 1.7767 0.7519
21 1.0 0.5 0.5 0.5 0.5474 1.3310 1.0954
21 1.5 0.5 0.5 0.5 0.5474 1.0455 1.1871
21 0.5 1.0 0.5 0.5 0.5474 1.3958 0.5398
21 0.5 1.5 0.5 0.5 0.5474 1.3216 0.5060
21 0.5 0.5 1.0 0.5 0.5474 1.7118 0.7761
21 0.5 0.5 1.5 0.5 0.5474 1.6624 0.7946
21 0.5 0.5 0.5 1.0 0.5474 1.7048 0.9126
21 0.5 0.5 0.5 1.5 0.5474 1.6632 1.0277

The associated initial conditions are:

»i 0
Y2 A
V3 q1
yal =11 (19)
Vs q9>
Ve 1
L)V7 ] L 93 |

The system of first order ODEs (18) with initial condi-
tions (19) is solved using order of fourth-fifth RKF-inte-
gration process and suitable values of unknown initial
conditions ¢, ¢, and g3 is preferred and then numerical
integration is applied. Here we contrast the computed values
of f/, 0 and ¢ as n— oo, through the specified boundary
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condition f/(®)=1, @(o)=0 and ¢(°)=0 and regu-
late the estimated values of ¢, ¢» and g3 to gain an
excellent approximation for result. The unknown ¢q;, ¢»
and g3 have been approximated by Newton’s scheme such a
way that boundary conditions suited at highest numerical
values of n— oo, with error less than 1075,

To prove the validity of the achieved numerical results, a
comparison with the existing literature is also conducted in
limiting cases. The obtained results of the skin friction co-
efficient for selected values of the wedge angle parameter
are also compared with those described by Ishaq et al. [25],
Rajgopal et al. [26], Kuo [27], Aamir Hamid et al. [6] (Table
1). An outstanding agreement with the results of the afore-
said authors is noticed.

3. Results and discussions

The set of nonlinear ordinary differential Eqs. (11)—(13)
with boundary conditions (14) and (15) have been solved
using the MATLAB bvp4c solver. Following the work of

(a) f'(n) against B*
1.0 ——
0.9
0.8
0.7
0.6
=05
0.4
03
0.2
0.1

(b) 6(n) against p*
Figure 2 (a) f'(n) against 8* and (b) 6(n) against §*.

Turkyilmazoglu [28], numerical simulation is com-
pleted by reporting a certain range of required parameters

A(0.0< A< 12), Ha(0 < Ha < 3.0), We(1.0 < We < 4.0),
B*(0< 8" <1.0), Nr(0.1 <Nt <2.5), Nb(0.1 <Nb<0.4)

and Le(1.0 < Le < 4.0). This section is devoted to analyze
effects of the assorted parameters 4 = 1.0, We = 0.5,
6 =02, Rd = 05, Nt = 05, Nb = 0.5, Le = 0.5,
A = 0.3, Ha = 0.5, involved in the flow problem on flow
fields. In the whole analysis these values are kept constant
except the varied parameters as shown in the figure legends.
Misra and Sinha [29], Valvano et al. [30] and Chato [31]
reported the following data for human blood at a tempera-
ture 7 = 310 K, p = 3.2 x 10~ kg/(m-s), C, = 14.65J/
(kg-K), k = 2.2 x 1072 J/(m-s-K), from this, we find that
the value of the Prandtl number Prz% for human blood is
21 (approximately). The numerical results are depicted in
the form of graphs and tables.

Table 2 points out the behavior of involved physical
parameters on skin friction coefficient, local Nusselt number
and local Sherwood number. It is seen that skin friction
1.0 S— -
0.9 :
08y /7 e 2=0.0 L
0.7
0.6
0.5
0.4
0.3
0.2
0.1

’

0

Ha=0.5,1.0,1.5,2.0

AU

0 05 10 15 20 25 30 35 40 45

n
(a) f'(n) against Ha

0 05 10 15 20 25 3.0 35 40

(b) 6(n) against Ha

Figure 3  (a) f/(n) against Ha and (b) 6(n) against Ha.
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coefficient

escalates for wedge angle parameter (3, viscosity

ratio parameter § *, unsteadiness parameter 4, and declines

for wedge

moving parameter A, local Weissenberg number

02} ‘1,7 .

7
0.1},
[

0
0

05 1.0 1.5 20 25 3.0 35 40 45 5.0
n

(a) f'(n) against We

1.0

0.8t
0.7}
0.6}
Eosf
0.4f
03}
0.2}
0.1f

1 1 1 1

Figure 4
against We.

05 10 15 20 25 3.0 35 40
n

(c) ¢(n) against We

(@) f'(n) against We, (b) 6(n) against We, and (c) ¢(n)

we and Ha. It is inspected that local Nusselt number boost
up for local Weissenberg number We, and Ha and a
shrinkage is observed for wedge angle parameter 3, wedge

6(n)

1 I 1 i i i

10 15 20 25 30 35 40
n

(a) f'(n) against B

—————— =00 |
103

0.4 B=0.1,0.2,0.3,0.4 1
03F .
0.2F 4
0.1F .
0 A
0 05 1.0 15 20 25 30 35 40
n
(b) 6(n) against 8
1.0 T T T T T T T
09F 035 i
—————— 2=0.0
0.8 F 4
0.30 2=0.3
07F \\ 0.25 .
06F  \y 020 _ -
= I \ ) |
= . L0121416
04} . 1
8/ B=0.1,0.2,0.3,0.4
03} N ]
N3
0.2F 4
0.1F 4
0 . . . . . ‘
0 05 1.0 1.5 20 25 3.0 35 40
n
(c) ¢(n) against
Figure 5  (a)f’(n) against 8, (b) 6(n) against 3, and (c) ¢(n) against 8.
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moving parameter A, viscosity ratio parameter (§ *, un
steadiness parameter 4. It is inspected that Sherwood
number increases for wedge moving parameter A, viscosity
ratio parameter § *, unsteadiness parameter 4, and a reverse
effect is noticed for wedge angle parameter 8 and local
Weissenberg number We.

Table 3 points out the behavior of involved physical
parameters on skin friction coefficient, local Nusselt number
and local Sherwood number. The skin friction coefficient
has no impact with increasing values of Pr, Nt, Nb, Rd,
Le. The result implies that the Nusselt number increases
with the increase in Prandtl number Pr but the increment of
thermophoresis parameter N#, Brownian motion parameter
Nb, Radiation parameter Rd, and Lewis number Le reduces
the local Nusselt number. An increase in the Sherwood
number by the increase in Brownian motion parameter Nb,
thermophoresis parameter Nt, Lewis number Le and
Brownian motion parameter Nb. But the enhancement of the
Prandtl number Pr and thermophoresis parameter N¢ reduces
the local Sherwood number.

6(m)
(=]

Nt=0.0, 0.1, 0.2, 0.3

0 0.5 1.0 15 20 25 3.0 35 40

1.0 —_—— —
0.9 ]
0 0.36 _
ol 0.34 |
ol 0.32 )

= osl 0.30F N\ \\ |

= 08 09 1.0 1.1
04F N=0.0,0.1,0.2, 0.3 y
] S\ P -
02f -
0.1} !

: .

0 05 10 15 20 25 30 35 40
n

(b) ¢(n) against Nt
Figure 6 (a) 6(n) against Nz and (b) ¢(n) against Nz.

3.1. The effect of viscosity ratio parameter

Figure 2(a), (b) are displayed to get insight of the
physical behavior of viscosity ratio parameter 8 * on
1.0

0.9
0.8
0.7
0.6

§ 0.5
0.4
0.3
0.2
0.1

0

0 0.5 1.0 .5 20 25 3.0 35 40
n

(b) ¢(n) against Nb

Figure 7 (a) 6(n) against Nb and (b) ¢(n) against Nb.

1.0 T T T T T T T
osbN T T p=00 ;
— B=05

0.6F E
=
h=¢ Le=0.5,1.0,1.5,2.0

0.4} !

A
N
w
02} N .
o~ ~N N
0 L L L ‘l S
0 0.5 1.0 1.5 2.0 25 3.0 3.5 4.0

Figure 8  ¢(n) against Le.
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velocity and temperature profiles. Both the Figures exhibit
that fluid velocity and the momentum boundary layer
thickness is higher for increasing values of § *. It is
important to note that 8 > 0 show the favorable pressure
gradient and 8 < 0 reveal an opposing pressure gradient.
Further, m=0 (8 =0) implies the fluid flow past a flat
plate (wedge angle of zero degree) and m=1 (8=1)
means the stagnation point flow (wedge angle of 90°). It is
also observed that the fluid velocity is higher for the flow
near stagnation point when compared with flow over a flat
plate.

3.2. The effect of Hartmann number

The effect of Hartmann number on momentum and
thermal boundary layers are disseminated in Figure 3(a)(b).
Physically, Ha > 0 stands for hydromagnetic flow and
Ha=0 depicts hydrodynamic flow. From Figure 3(a) we
clearly see that the velocity profiles in the flow field en-
hances with the increase of Ha. Moreover, the imposed
magnetic field creates Lorenz force which tends to deliver
resistance in momentum of liquid particles because of which
momentum boundary layer moves towards surface. It is
analyzed that the velocity boundary layer thickness de-
creases for higher Ha for both the cases i.e., flow over a
static and moving wedge. In view of physics, the Lorenz
force generated by the twin actions electric and magnetic
fields lessens the momentum boundary layer thickness by
resisting the transport phenomenon. Figure 3(b) displays the
impact of Ha on temperature profile. An increasing trend is
observed in this profile for both cases A=0 or A =0.3.

3.3. The effect of Weissenberg number

The behavior of local Weissenberg number on non-
dimensional velocity, temperature and concentration are
delineated in Figure 4(a)—(c). The profiles of /' () and
momentum boundary layer depreciates for higher estimation
of Weissenberg number in case of both static and moving

1.0

0.8

0.6

o(m)

0.4

0.2

Figure 9  6(n) against Rd.

wedge. Concentration distributions are boosted by enlarging
We are observed from Figure 4(c).

3.4. The effect of wedge angle parameter (3

Figure 5(a)—(c) indicates graphical variation in the ve-
locity, temperature and concentration for the various values
of the wedge angle parameter § along with distinct values of
A. It is noticed that the velocity, temperature and concen-
tration enhances for higher values of . From a physical
perceptive, the wedge angle parameter indicates the pressure
gradient. Thus, positive values of wedge angle parameter
correspond a favorable pressure gradient which enhances
the flow.

3.5. Impacts of thermophoresis parameter Nt on (a)
non-dimensional temperature and (b) concentration
fields

The effect of thermophoresis parameter N¢ on tempera-
ture and concentration are captured in Figure 6(a), (b). From
the figures it is revealed that the temperature and concen-
tration in the boundary layer has increasing behavior with an
increment of Nz. From physical point of view, thermopho-
resis is a force in which the small particles employees
physical force on other particles to move it away from hotter
surface and pushed toward a colder one, and so thermal and
the concentration boundary layer becomes thicker. There-
fore, higher values of Nt correspond to higher thermopho-
retic force due to temperature gradient, which causes a rapid
flow away from the wedge.

3.6. Impacts of Brownian motion parameter Nb on (a)
non-dimensional temperature and (b) concentration
fields

Figure 7(a), (b) divulge temperature and concentration
distribution for various values of Nb. It can view from
Figure 7(a) that the temperature and thermal boundary layer

------- B=0.0
B=0.5

Pr=0.72,17.0, 21.0

al

3 4 5 6 7 8 9 10
)

n
Figure 10  6(n) against Pr:
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6(n)
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n

(b) 6(n) against 4
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Figure 11
against 4.

05 10 15 20 25 30 35 40
n

(c) ¢(n) against A
(@) f'(n) against 4, (b) 6(n) against 4, and (c) ¢(n)

thickness are both escalates when Brownian motion
parameter rises. The reason is that the Brownian motion
exhibits heat conduction. Moreover, an enhancement in the
Brownian motion boost the random motion of the particles
accordingly the thermal boundary layer thickness grows. It
is depicted from Figure 7(b) that a decreasing trend for
growing values of Nb. As a result concentration boundary
layer decreases for higher Nb.

3.7. Impacts of Le on non-dimensional concentration
field

Figure 8 examines that the concentration is a decreasing
function of Le. The concentration and the corresponding
boundary layer thickness reduce by growing the values of
Le. Since stronger Lewis number intimates a weaker
Brownian diffusion coefficient which result relatively small
penetration depth for the concentration boundary layer.

3.8. Impacts of radiation parameter Rd on non-
dimensional temperature

The sketch between thermal fields versus horizontal axis
7 for varied values of the Radiation parameter Rd is shown
in Figure 9. It is evident from this sketch that the temper-
ature rises with an increase in thermal radiation parameter.
This is in agreement with the physical fact that the thermal
boundary layer thickness decreases with increasing Rd.

3.9. Impacts of Pr on non-dimensional temperature

Figure 10 displays the effect of Pr on dimensionless
temperature profile for wedge. Fluid temperature merely
reduces for increasing values of Pr. As expected, rate of
thermal diffusion is lowered as Pr increases. That is, higher
values of Pr lead to decrease in thermal boundary layer
thickness. Consequently falls. It is also noted that the tem-
perature is high for 3=0.5 case compared with the other
case.

3.10. The effect of unsteadiness parameter A

The variations of non-dimensional velocity, temperature
and concentration profiles for various values of the un-
steadiness parameter 4 are plotted in Figure 11(a)—(c). With
higher unsteadiness parameter, the fluid velocity show an
accelerating behavior near the solid boundary while a
reverse trend is noticed when we move along 1 within the
boundary layer regime for both the cases A=0 (static
wedge) and A=0.3 (moving wedge). It is also noticed that
the velocity and momentum boundary layer thickness are
higher for A = 0.3. We further observe that the fluid tem-
perature has declining nature for increasing A; also the
thermal boundary layer becomes thinner as in Figure 11(b).
As per physics, when unsteadiness parameter rises then the
wedge loses its heat and the fluid temperature decreases.
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