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Abstract This paper is concerned with the unsteady two-dimensional boundary layer flow of an

incompressible Williamson fluid over an unsteady permeable stretching surface with thermal radi-

ation. Effects of electric and magnetic fields are considered. The nonlinear boundary layer partial

differential equations are first converted into the system of ordinary differential equations and then

solved analytically. Effects of physical parameters such as Weissenberg number, unsteadiness

parameter, suction parameter, magnetic parameter, electric parameter, radiation parameter,

Prandtl number and Eckert number on the velocity and temperature are graphically analyzed.

The expressions of skin friction coefficient and local Nusselt number are presented and examined

numerically.
� 2016 Faculty of Engineering, Alexandria University. Production and hosting by Elsevier B.V. This is an

open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Magnetohydrodynamic (MHD) is a study of the interaction of
electrically conducting fluids and electromagnetic forces. The
MHD fluid was first introduced by Swedish Physicist, Alfven

[1]. Hartman and Lazarus [2] studied the effects of a transverse
uniform magnetic field in the flow of incompressible viscous
fluid between two infinite insulating parallel plates. In recent
years, the study of magnetohydrodynamic flow of an electri-

cally conducting fluid past a heated surface has attracted the
attention of many researchers. This is because of its consider-
able applications in many engineering problems such as

plasma studies, petroleum industries, MHD power generators,
cooling of nuclear reactors, the boundary layer control in aero-
dynamics and crystal growth. Extensive literature on the MHD
flows in presence of applied magnetic field exists now. For

example Rashidi et al. [3] considered the MHD flow of nano-
fluid induced by a rotating disk. Shahzad et al. [4] analyzed the
hydromagnetic flow of Maxwell over a bidirectional stretching

surface with variable thermal conditions. Turkyilmazoglu [5]
analyzed the exact solution of magnetohydrodynamic viscous
fluid by a rotating disk. Hayat et al. [6] discussed the buoyancy
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Nomenclature

u; v axial and transverse velocity components (m/s)

x axial coordinate (m)
y transverse coordinate (m)
q density (kg m�3)
r electrical conductivity (m/s)

K thermal conductivity (W K�1 m�1)
T temperature (K)
l0 viscosity (kg m�2 s�1)

t kinematic viscosity (m2 s�1 )
C time constant
qr radiative heat flux

cp specific heat (m2 s�2)
r� Stefan-Boltzmann constant
B0 magnetic field
J joule current

E0 electric field
k1 mean absorption coefficient
Uw stretching velocity

Vw suction/injection parameter
T0 reference temperature

Tw surface temperature

T1 ambient temperature
a; c rate constants
w stream function
h dimensionless temperature

f dimensionless velocity
We Weissenberg number
M magnetic parameter

Ec Eckert number
Re Reynolds number
Pr Prandtl number

E1 local electric parameter
A dimensionless suction/injection parameter
S unsteadiness parameter
Rd radiation parameter

sw wall shear stress
qw rate of heat flux
Cf skin friction coefficient

Nux Nusselt number
Ciði ¼ 1� 5Þ constants
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driven MHD flow of thixotropic fluid. They also examined the
effects of thermophoresis and Joule heating in this investiga-

tion. An applied magnetic field effect in natural convection
flow of nanofluid is studied by Sheikholeslami et al. [7]. Dan-
dapat and Mukhopadhyay [8] discussed the stability character-

istics of a thin conducting liquid film flowing and a non-
conducting plane in the presence of electromagnetic field.
Hayat et al. [9] investigated the series solution of magnetohy-

drodynamic axisymmetric flow of third grade fluid between
porous disks with heat transfer. Unsteady magnetohydrody-
namic mixed convection stagnation point flow of viscoelastic
fluid towards a vertical surface is discussed by Ahmad and

Nazar [10]. Magnetohydrodynamic Jeffery–Hamel nanofluid
flow through non-parallel walls is investigated analytically by
Hatami et al. [11]. They used different base fluids and nanopar-

ticle. Sheikholeslami et al. [12] considered the effect of MHD
in an inclined L-shape enclosure filled with nanofluid. Entropy
analysis for a MHD nanofluid flow over a stretched surface is

analyzed by Abolbashari et al. [13]. Rashidi et al. [14] made an
analytical method for solving MHD convective and slip flow/-
due to a rotating disk.

The effect of radiation on flow and heat transfer is impor-

tant in the framework of space technology and processes
involving high temperature. In the presence of a magnetic field,
the radiative flows of an electrically conducting fluid with high

temperature are encountered in electrical power generation,
solar power technology, astrophysical flows, nuclear engineer-
ing applications and other industrial areas. The flows of vis-

cous and non-Newtonian fluids through various aspects and
thermal radiation have been examined by some researchers.
For instance, Rashidi et al. [15] analytically studied the

MHD mixed convective heat transfer in flow of incompressible
viscoelastic fluid past a permeable wedge with thermal radia-
tion. Bhattacharyya et al. [16] analyzed the effects of thermal
radiation in micropolar fluid flow and heat transfer over a por-

ous shrinking surface. Makinde and Ogulu [17] presented a
numerical study for the effect of temperature dependent viscos-
ity in free convective flow past a vertical porous plate. Here the

influences of magnetic field, thermal radiation and a first order
homogeneous chemical reaction are considered. Hayat et al.
[18] investigated the effect of Joule heating in the flow of

third-grade fluid over a radiative surface. Motsumi and
Makinde [19] reported the numerical solutions for the effect
of thermal radiation and viscous dissipation in boundary layer

flow of nanofluids towards a permeable moving flat plate.
Makinde [20] analyzed the hydromagnetic mixed convection
heat and mass transfer flow of an incompressible Boussinesq
fluid past a vertical porous plate with constant heat flux and

thermal radiation. Shahzad et al. [21] studied the heat and
mass transfer characteristics in three-dimensional flow of an
Oldroyd-B fluid with thermal radiation.

The aim of present study wasand discussion are included to
explore the hydromagnetics effects in the boundary layer flow
of Williamson fluid over an unsteady permeable stretching

sheet. Mathematical analysis has been carried out in presence
of thermal radiation and Ohmic dissipation. This paper is
structured as follows. The flow problem is formulated in Sec-
tion two. Sections three and four deal with the series solutions

and convergence analysis respectively. The series solutions are
developed through homotopy analysis method [22–32]. Results
and discussion are included in Section five and Section six con-

sists of conclusions.

2. Mathematical formulation

Here the two-dimensional boundary layer flow of an incom-
pressible electrically conducting Williamson fluid flow over
unsteady porous stretching surface is considered. The flow is

due to stretching sheet from a slit with the application of
two equal and opposite forces in such a manner that the veloc-
ity field in flow direction is linear (see Fig. 1). Frictional heat-

ing in view of viscous dissipation is taken into account. The



Figure 1 Physical model of boundary layer over a stretching sheet.
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fluid considered has viscoelastic properties. The flow region is
exposed by taking uniform transverse magnetic field

B
!¼ 0;B0; 0ð Þ and uniform electric field E

!¼ 0; 0;�E0ð Þ. The
fluid subject to such fields is electrically conducting. Note that

the magnetic field is weaker than the electric field and magnetic

field obeys the Ohm’s law ~J ¼ r E
!þ ~V� B

!� �
, where ~J is the

Joule current, r is the electrical conductivity and ~V is the fluid
velocity. The induced magnetic field and Hall effect are
neglected. The relevant flow equations through conservation

laws of mass, linear momentum and energy after using bound-
ary layer approximations yield the following [18,33,34]:
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Here u and v are the velocity components in the x and y
directions respectively, q is the fluid density, r is the electrical

conductivity of fluid, K is the thermal conductivity, T is the
temperature of fluid, cp is the specific heat, m is the kinematic

viscosity, C is the time constant and qr is the radiative heat
flux. By employing the Rosseland approximation, we have

qr ¼ � 4r�

3k1

@T4

@y
; ð4Þ

where r� is the Stefan-Boltzmann constant and k1 is the mean

absorption coefficient. Through Taylor’s series we have

T4 ffi 4T3
1T� 3T4

1, where T1 is the ambient temperature

and energy equation now reduces to the following expression:
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The subjected boundary conditions for the present study
are [18]

u x; 0ð Þ ¼ Uw; v x; 0ð Þ ¼ Vw; Tðx; 0Þ ¼ Tw;

u ! 0; T ! T1; as y ! 1; ð6Þ
where Vw is given by

Vw ¼ � m0

1� ctð Þ1=2
: ð7Þ

It expresses the mass transfer at surface with Vw < 0 for
injection and Vw > 0 for suction. Moreover, the stretching
velocity Uw x; tð Þ and the surface temperature Tw x; tð Þ are
Uw x; tð Þ ¼ ax

1� ct
;Tw x; tð Þ ¼ T1 þ T0

ax

2m 1� ctð Þ2 ; ð8Þ

in which a and c are the rate constants with a > 0 and c P 0

(i.e. ct < 1). The stream function is defined as

g ¼
ffiffiffiffiffiffiffi
Uw

xm

r
y; w ¼

ffiffiffiffiffiffiffiffiffiffiffi
mxUw

p
fðgÞ; h ¼ T� T1

Tw � T1
; ð9Þ

and the velocity components by

u ¼ @w
@y

; v ¼ � @w
@x

: ð10Þ

Continuity equation is identically satisfied and the resulting
problems of f and h with associated boundary conditions can

be expressed as follows:

f 000 þ ff 00 � f 02 �S f 0 þ 1

2
gf 00

	 

þ 2Wef 00f 000 þM2 E1 � f 0f g ¼ 0;

ð11Þ

1þ 4

3
Rd

� �
h00 þ PrEcf 002 � Pr f 0h� fh0 þ S

2
gh0 þ 4hf g

� �

þWePrEcf 003 þM2PrEc f 0 � E1½ �2 ¼ 0; ð12Þ

fð0Þ ¼ A; f 0ð0Þ ¼ 1; f 0 1ð Þ ! 0; f 00 1ð Þ ! 0;

hð0Þ ¼ 1; hð1Þ ! 0: ð13Þ
The dimensionless parameters are defined as follows:
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We ¼ CU
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

a
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B0ax

;

A ¼ m0ffiffiffiffiffi
am

p

S¼ c

a
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1
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K
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w
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where We is the Weissenberg number, M is the magnetic
parameter, E1 is the local electric parameter, A is the suction
parameter, S is the unsteadiness parameter, Rd is the radiation

parameter, Pr is the Prandtl number and Ec is the Eckert
number. Expression of skin friction coefficient is

Cf ¼ sw
qU2

w

¼
sxy

y¼0

qU2
w

;

Re1=2x Cf ¼ f 00ð0Þ þWef 002ð0Þ� �
:

ð15Þ

The local Nusselt number is given by

Nux ¼ xqw
K Tw � T1ð Þ ¼ �

x Kþ 16r�T31
3k1

� �
@T
@y


y¼0

K Tw � T1ð Þ ;

Re�1=2
x Nux ¼ � 1þ 4

3
Rd

� �
h0ð0Þ; ð16Þ

in which Rex ¼ ax2

m 1�ctð Þ is the local Reynolds number.

3. Analytical solutions

The velocity fðgÞ and the temperature h gð Þ can be expressed in
the form of base functions

gk exp �ngð Þk P 0; n P 0
� � ð17Þ
as follows:

fmðgÞ ¼
X1
n¼0

X1
k¼0

akm;ng
k exp �ngð Þ; ð18Þ

hmðgÞ ¼
X1
n¼0

X1
k¼0

bkm;ng
k exp �ngð Þ; ð19Þ

where akm;n and bkm;n are the coefficients. Invoking the rule of

solution expressions, the initial guesses f0 and h0 and the aux-
iliary linear operators are

f0ðgÞ ¼ Aþ 1� exp �gð Þ; h0ðgÞ ¼ exp �gð Þ; ð20Þ

L fð Þ ¼ d3f

dg3
� df

dg
; L hð Þ ¼ d2h

dg2
� h; ð21Þ

satisfying the following properties:

Lf C1 þ C2 expðgÞ þ C3 exp �gð Þ½ � ¼ 0; ð22Þ

Lh C4 expðgÞ þ C5 exp �gð Þ½ � ¼ 0; ð23Þ
in which Ciði ¼ 1� 5Þ depict the arbitrary constants. If

p 2 ½0; 1� is the embedding parameter, �hf and �hh are the non-

zero auxiliary parameters, then zeroth order deformation

problems are constructed in the following forms:
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h i

; ð25Þ
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The corresponding non-linear operators N f f̂ðg; pÞ
h i

and

N h f̂ðg; pÞ; ĥðg; pÞ
h i

are given below:
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h i

¼ 1þ 4

3
Rd

� �
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For p ¼ 0 and p ¼ 1, one can write

f̂ðg; 0Þ ¼ f0ðgÞ; ĥðg; 0Þ ¼ h0ðgÞ;

f̂ðg; 1Þ ¼ fðgÞ; ĥðg; 1Þ ¼ hðgÞ: ð29Þ
If p increases from 0 to 1; f̂ðg; pÞ and ĥðg; pÞ deform from

the initial solutions f0ðgÞ and h0ðgÞ to the final solutions fðgÞ
and hðgÞ respectively. Using Taylor series, we have

f̂ðg;pÞ ¼ f0ðgÞ þ
X1
m¼1

fmðgÞpm; fmðgÞ ¼
1

m!

@mf̂ðg;pÞ
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; ð30Þ
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@pm


p¼0

: ð31Þ

Note that the auxiliary parameters are properly
chosen such that the series (30) and (31) converge at p ¼ 1.

Therefore

fðgÞ ¼ f0ðgÞ þ
X1
m¼1

fmðgÞ; ð32Þ

hðgÞ ¼ h0ðgÞ þ
X1
m¼1

hmðgÞ: ð33Þ
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The mth-order deformation problems can be expressed as
follows:

Lf fmðgÞ � vmfm�1 gð Þ½ � ¼ �hfR f
mðgÞ; ð34Þ
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vm ¼ 0; m 6 1;

1; m > 1:

	
ð39Þ

The general solutions of Eqs. (34)–(36) in terms of special

solutions f�m; h
�
m

� �
are given by

fmðgÞ ¼ f�mðgÞ þ C1 þ C2 expðgÞ þ C3 exp �gð Þ;
hmðgÞ ¼ h�mðgÞ þ C4 exp gð Þ þ C5 exp �gð Þ:
4. Convergence of the derived solutions

The expressions given in (32) and (33) have the non-zero aux-
iliary parameters �hf and �hh. The auxiliary parameters are effi-

cient in adjusting and controlling the convergence. To obtain
the meaningful ranges of these parameters, the �hf and �hh-

curves are plotted up to 10th order of approximation given in

Fig. 2. By looking at the range of parameters the decisive val-
ues of �hf and �hh are �1:5 6 �hf < �0:53 and

�1:35 6 �hh < �0:4. Moreover, the convergence of series solu-
tions is analyzed and shown in Table 1. This can be seen from
Table 1 that series solutions converge up to 24th order of

approximation for velocity and 40th order of approximation
for temperature up to 4 decimal places.
5. Results and discussion

To observe the influences of all physical parameters on the
velocity and temperature profiles, the graphs are displayed in

Figs. 3–25. The numerical values of skin friction coefficient

Re1=2x Cf and the local Nusselt number Re�1=2
x Nux are presented

in Tables 2 and 3.
Fig. 3 is drawn to observe the influence of magnetic param-

eter on the velocity f0ðgÞ versus g. It is worth mentioning that
the velocity distribution decreases for the larger values of the
magnetic parameter M. In addition, the momentum boundary

layer thickness is reduced. Physically, increase in magnetic
force results in the enhancement of the Lorentz force which
resists the fluid flow. Consequently there is a decrease in the
velocity profile. Fig. 4 shows the variation of Weissenberg

number We on the velocity f0 gð Þ via g. It is found that the
velocity and momentum boundary layer thickness decrease

near the wall with an increased value of We. However it van-
ishes away from the wall. Fig. 5 is sketched for the effect of

suction parameter A on the velocity profile f0ðgÞ. The velocity

field decays near the wall and it almost vanishes away from the
wall. There is also a reduction in the momentum boundary
layer thickness. The similar characteristics are observed in

Fig. 6 for unsteadiness parameter on the velocity profile

f0 gð Þ. The behavior of the electric parameter E1 on the velocity

f0ðgÞ is presented in Fig. 7. We examined that the momentum
boundary layer increases near the wall with very small rate
for the larger values of the electric parameter E1 while it

increases more rapidly away from the stretching surface. This
analysis reveals that the effect of electric parameter is to shift
the streamlines away from the stretched boundary. It is

because of Lorentz force which reduces the frictional
resistance.

Figs. 8 and 9 display the effect of magnetic parameter M
and Weissenberg number We on the temperature profile

hðgÞ. It is noted that the temperature profile increases near
the wall at the small rate whereas it rises more rapidly for
the region 0:5 6 g 6 2:5 and it almost vanishes for g > 2:5.
The variation of temperature distribution with the change of
Weissenberg number We is predicted in Fig. 9. A reduction
of temperature profile hðgÞ and the thermal boundary layer
Figure 2 �h-curves of f00ð0Þ and h0ð0Þ at 10th order of

approximation.



Table 1 Convergence of homotopy solutions when We ¼ 0:1;

S ¼ 0:2;A ¼ 0:3;E1 ¼ 0:3;Rd ¼ 0:3;M ¼ 0:1;Pr ¼ 1, and

Ec ¼ 0:5.

Order of approximation �f 00ð0Þ �h0ð0Þ
1 1.272 0.9338

5 1.541 0.8597

10 1.563 0.8555

24 1.551 0.8662

30 1.551 0.99211

40 1.551 0.99051

50 1.551 0.99051

Figure 3 Variation of velocity component f0ðgÞ versus g for

magnetic parameter M.

Figure 4 Variation of velocity component f0 gð Þ versus g for

Weissenberg number We.

Figure 5 Variation of velocity component f0ðgÞ versus g for

suction parameter A.

Figure 6 Variation of velocity component f0 gð Þ versus g for

unsteadiness parameter S.

Figure 7 Variation of velocity component f0ðgÞ versus g for

electric parameter E1.
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thickness is observed. The temperature profile hðgÞ for various
values of suction parameter A is plotted in Fig. 10. It is appar-
ent that an increase in suction parameter A reduces the temper-
ature profile hðgÞ and thermal boundary layer thickness.

Fig. 11 is presented to examine the effect of unsteadiness
parameter S on the temperature profile h gð Þ. The temperature
profile and the thermal boundary layer are decreased near the
wall while it drops out of the sight of the stretching plate. The
fluctuation of the radiation parameter Rd on temperature dis-
tribution is seen in Fig. 12. Study of the graph shows that the

effect of radiation parameter Rd shows an increase in both the



Figure 8 Dimensionless temperature profile hðgÞ versus g for

magnetic parameter M.

Figure 9 Dimensionless temperature profile hðgÞ versus g for

various values of Weissenberg number We.

Figure 10 Dimensionless temperature profile hðgÞ versus g for

various values of suction parameter A.

Figure 11 Dimensionless temperature profile hðgÞ versus g for

various values of unsteadiness parameter S.

Figure 12 Dimensionless temperature profile hðgÞ versus g for

various values of radiation parameter Rd.

Figure 13 Dimensionless temperature profile hðgÞ versus g for

various values of E1.
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temperature profile hðgÞ and the thermal boundary layer thick-
ness. Fig. 13 describes that there is higher temperature and the
higher thermal boundary layer thickness for the larger values

of the electric parameter E1. It is examined that the tempera-
ture profile near the wall increases with small rate. Addition-
ally it increases immediately away from the wall and it

disappears near to g P 6. Figs. 14 and 15 exhibit the outcomes



Figure 14 Dimensionless temperature profile hðgÞ versus g for

various values of Prandtl number Pr.

Figure 15 Dimensionless temperature profile hðgÞ versus g for

various values of Eckert number Ec.

Figure 16 Variations of velocity f0ðgÞ and f00ðgÞ versus g for

several values of magnetic parameter M.

Figure 17 Variations of velocity f0 gð Þ and f00ðgÞ versus g for

several values of Weissenberg number We.

Figure 18 Variations of velocity f0ðgÞ and f00ðgÞ versus g for

several values of suction parameter A.

Figure 19 Variations of temperature hðgÞ and temperature

gradient h0ðgÞ versus g for several values of magnetic parameterM.
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of Prandtl number Pr and Eckert number Ec on the tempera-
ture profile. The temperature profile and the thermal boundary
layer are reduced with an increase in Prandtl number Pr. From

Fig. 14 it is very clear that the Prandtl number indicates the
ratio of momentum diffusivity to the thermal diffusivity.
Therefore Prandtl number Pr controls the relative thickening
of the momentum and the thermal boundary layer in the heat

transfer process. Fig. 15 represents the graph of temperature
profile for various values of Eckert number Ec. Due to the fric-
tional heating, the thermal boundary layer thickness is

increased through the influence of Eckert number.



Figure 20 Variations of temperature hðgÞ and temperature

gradient h0ðgÞ versus g for several values of suction parameter A.

Figure 21 Variations of temperature hðgÞ and temperature

gradient h0ðgÞ versus g for several values of radiation parameter

Rd.

Figure 22 Velocity profiles for viscous and Williamson fluids.

Figure 23 Temperature profiles for viscous and Williamson

fluids.

Figure 24 Velocity profiles with and without suction for viscous

and Williamson fluids.

Figure 25 Temperature profiles with and without suction for

viscous and Williamson fluids.
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Fig. 16 represents the effects of magnetic parameter M on

the velocity f0ðgÞ and f00ðgÞ. Initially when there is no effect

of the magnetic parameter at the edge then the velocity is max-
imum at g ¼ 0. The velocity profile decreases near the wall and
it vanishes far away from the wall when the magnetic param-

eter M is increased. On the other hand f00 gð Þ decreases near
the wall and has opposite behavior in the region 0:5 6 g 6 2
and eventually approaches to zero. Fig. 16 illustrates that

f00ðgÞ at the wall is negative. Physically, it means that the sur-
face exerts a drag force on the fluid particle and the reverse
sign implies the opposite. Fig. 17 is plotted to investigate the

effect of Weissenberg number We on the velocity f0ðgÞ and



Table 2 Numerical values of skin friction coefficients Re1=2x Cf

for different values of physical parameters.

We A S M E1 �Re1=2x Cf

0.1 0.2 0.2 0.7 0.1 1.271

0.2 1.177

0.23 1.087

0.1 0.2 0.2 0.7 0.1 1.271

0.3 1.321

0.4 1.373

0.1 0.2 0.2 0.7 0.1 1.271

0.3 1.298

0.4 1.324

0.1 0.2 0.2 0.7 0.1 1.271

0.8 1.314

0.9 1.359

0.1 0.2 0.2 0.7 0.1 1.271

0.2 1.234

0.3 1.197
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the f00ðgÞ. It is revealed that the velocity profile is decreasing

function of Weissenberg numberWe. It decreases more rapidly
near the wall and approaches to zero away from the wall. The

f00ðgÞ near the wall decreases at higher rate whereas it has

reverse behavior for 0:5 < g < 2:5 and has merging behavior

for g > 2:5. The graph of velocity field f0ðgÞ for various values
of suction parameter A is drawn in Fig. 18. The horizontal
Table 3 Numerical values of Nusselt number Re�1=2
x Nux for

different values of physical parameters.

We A S M E1 Rd Pr Ec Re�1=2
x Nux

0.1 0.2 0.2 0.7 0.1 0.3 1 0.5 0.7962

0.2 0.7872

0.3 0.7212

0.1 0.2 0.2 0.7 0.1 0.3 1 0.5 0.7962

0.3 0.8237

0.4 0.8516

0.1 0.2 0.2 0.7 0.1 0.3 1 0.5 0.7962

0.3 0.8669

0.4 0.9314

0.1 0.2 0.2 0.7 0.1 0.3 1 0.5 0.7962

0.8 0.7752

0.9 0.7520

0.1 0.2 0.2 0.7 0.1 0.3 0.1 0.5 0.7962

0.2 0.8287

0.3 0.8614

0.1 0.2 0.2 0.7 0.1 0.3 1 0.5 0.7962

0.4 0.7582

0.5 0.7248

0.1 0.2 0.2 0.7 0.1 0.3 1 0.5 0.7962

1.1 0.8382

1.2 0.8782

0.1 0.2 0.2 0.7 0.1 0.3 1 0.5 0.7962

0.6 0.7541

0.7 0.7120
velocity attains maximum value at g ¼ 0 for all values of suc-
tion parameter A and it decreases with high rate by increasing

value of g and finally it vanishes. The magnitude of f00ðgÞ is an
increasing function of suction parameter A. This is because of
the drag force which the surface applied on the fluid. Varia-

tions of dimensionless temperature hðgÞ and the temperature

gradient h0 gð Þ for different values of magnetic parameter are
shown in Fig. 19. Temperature increases with increasing mag-

netic parameter M, whereas the same behavior is noted for the
temperature gradient near the wall and has reversed behavior
for 0:5 < g < 3 and finally vanishes for larger values of g.
Fig. 20 elucidates the effect of suction parameter A on the tem-

perature hðgÞ and the temperature gradient h0ðgÞ. Here the
temperature is decreasing function of A. Also we noted that

the magnitude of temperature gradient increases near the wall
and for some values of g it shows the decreasing behavior.
Effect of radiation parameter Rd on the temperature profile

hðgÞ and the temperature gradient h0ðgÞ is displayed in
Fig. 21. The temperature profile is increasing function of Rd.

As the radiation is an external source which causes to increase
the fluid temperature the magnitude of the temperature gradi-

ent h0 gð Þ is decreasing function of radiation parameter Rd. The

opposite behavior is seen in the region 0:8 6 g 6 3 and ulti-
mately it vanishes away from the wall when g > 3. Fig. 22 is
displayed for the velocity comparison of viscous fluid and

the Williamson fluid. It is observed that the velocity is higher
in case of viscous fluid when compared with the Williamson
fluid. Fig. 23 is plotted for the comparative study of tempera-

ture in the viscous and Williamson fluids. It is found that the
temperature field is greater for viscous fluid than Williamson
fluid. Fig. 24 represents the comparison of velocity profile with
and without suction for viscous and Williamson fluids. It can

be seen from this figure that viscous fluid has higher velocity
profile in comparison with the Williamson fluid. This observa-
tion holds in presence/absence of suction. It is also noted that

the velocity in absence of suction is more than the presence of
suction for both viscous and Williamson fluid cases. Fig. 25
demonstrates that temperature distribution for Williamson

fluid case is higher in absence of suction. Numerical values

of skin friction coefficient Re1=2x Cf for different values of Weis-

senberg number We, suction parameter A, unsteadiness
parameter S, magnetic parameter M and electric parameter
E1 are computed in Table 2. Analysis of the Table shows that

suction parameter A, unsteadiness parameter S and magnetic
parameter M rise the rate of wall shear stress. Hence the rate
of wall shear stress can be reduced for the smaller values of

the suction parameter A, unsteadiness parameter S and mag-
netic parameter M. On the other hand the effect of Weis-
senberg number We and the electric parameter E1 reduced
the rate of wall shear stress. Therefore the larger values of

We and E1 can be used to decrease the rate of wall shear stress.
Table 3 presents the numerical values of local Nusselt number
for various values of Weissenberg number We, suction param-

eter A, unsteadiness parameter S, magnetic parameter M and
electric parameter E1. Tabulated values show that the effect
of suction parameter A, unsteadiness parameter S, electric

parameter E1 and Prandtl numberPr enhances the rate of heat
transfer across the stretching sheet to the fluid. Since the rate
of heat transfer is higher for larger values of A;S;E1 and Pr,
these parameters can be used as the cooling factor. However

the rate of heat transfer is reduced for the larger values of
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the Weissenberg number We, magnetic parameter M, radia-
tion parameter Rd and the Eckert number Ec.

6. Concluding remarks

Effects of electric and magnetic fields in the boundary layer
flow of Williamson fluid over an unsteady stretching surface

are analyzed. The presented analysis leads to the following
main results:

� The magnetic parameter M, Weissenberg number We and
suction parameter A attain the maximum velocity at g ¼ 0
and the velocity decreases most rapidly with the increasing

values of g.
� Momentum and thermal boundary layer thickness decrease
with an increase in suction parameter A.

� Influence of Weissenberg number We, suction parameter A,
unsteadiness parameter S and the electric parameter E1 on
temperature profile hðgÞ is qualitatively similar.

� Effects of E1 and Pr on temperature profile hðgÞ are quite

opposite.

� Velocity field f 0ðgÞ is a decreasing function of magnetic
parameter M whereas the temperature profile hðgÞ is an

increasing function of magnetic parameter M.
� An increase in suction parameter A, unsteadiness parameter
S and magnetic parameter M enhances the skin friction

coefficient Re1=2x Cf while the increase in Weissenberg num-

ber We and electric parameter E1 decreases the skin friction

coefficient Re1=2x Cf .

� The local Nusselt number increases for larger suction

parameter A, unsteadiness parameter S, electric parameter
E1 and Prandtl number Pr.
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