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The consequence of thermal radiation in laminar natural convective hydromagnetic flow of viscous
incompressible fluid past a vertical cone with mass transfer under the influence of chemical reaction with
heat source/sink is presented here. The surface of the cone is focused to a variable wall temperature
(VWT) and wall concentration (VWC). The fluid considered here is a gray absorbing and emitting, but
non-scattering medium. The boundary layer dimensionless equations governing the flow are solved by
an implicit finite-difference scheme of Crank–Nicolson which has speedy convergence and stable. This
method converts the dimensionless equations into a system of tri-diagonal equations and which are then
solved by using well known Thomas algorithm. Numerical solutions are obtained for momentum, tem-
perature, concentration, local and average shear stress, heat and mass transfer rates for various values
of parameters Pr, Sc, k, D, Rd are established with graphical representations. We observed that the liquid
velocity decreased for higher values of Prandtl and Schmidt numbers. The temperature is boost up for
decreasing values of Schimdt and Prandtl numbers. The enhancement in radiative parameter gives more
heat to liquid due to which temperature is enhanced significantly.
� 2017 Published 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/).
Introduction

Numerical investigations of convection stimulated by the effect
of buoyancy forces ensuing from thermal diffusion have always
been significant attention to many researchers. Every natural con-
vection process occurs in nature or in any scientific and engineer-
ing applications. Many researchers examined natural convection
boundary layer flow of an electrically conducting fluid in the exis-
tence of MHD because of its relevances [1–5]. Inclusion of radiation
field completely reliable with the fluid, called radiative hydrody-
namics. Further, the radiative flows are commonly occurred in dif-
ferent engineering and ecological growth, e.g., heating and cooling
compartments, relic energy burning, and desertion from vast open
water tanks, planetary moves, and astral power tools [6–10].

Several authors developed similarity solutions for two-
dimensional axi-symmetric problems of natural convection lami-
nar flow over a vertical cone under steady state situation. General
relations for similarity solutions on isothermal axi-symmetric and
vertical cone problems have been established by Merk and Prins
[11,12]. Hering and Grosh [13] showed that similarity solutions
exist for steady free convection flow over vertical cone with vari-
able surface temperature, and it varies as a power-law function
of the distance from the apex along the cone ray. Numerical solu-
tions of the transformed boundary layer equations were obtained
for both an isothermal and linear surface temperature at the
Prandtl number Pr = 0.7. Also noticed that the velocity and temper-
ature in the case of an isothermal surface are higher by 22% than
the corresponding values of these parameters in the case of linear
surface temperature distribution.

Hering [14] extended the problem of Hering and Grosh [3] for
low-Prandtl-number fluids and obtained numerical solutions for
liquid metals. He concluded that the boundary layer thickness is
greater for low-Prandtl-number fluids. Kafoussias [15] analyzed
the effects of mass transfer on a free convective flow past a vertical
cone surface embedded in an infinite, incompressible, and viscous
fluid. Vajravelu and Nayfeh [16] methodically described the con-
vection flow and heat transfer in a viscous heat generating fluid
near a cone and wedge with variable surface temperature and
internal heat generation or absorption. The governing flow and
heat transfer equations are solved numerically by using a variable
order, variable step size finite-difference method. Abd El-Naby
et al. [17] obtained the solutions for the effects of radiation on an
unsteady magneto hydrodynamic free convection flow past a
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Fig. 1. Physical model and coordinate system.

Table 1
Comparison of steady-state local skin friction and local Nusselt number values at X =
1.0 with those of Chamkha [39] for full cone, for various values of Pr when n ¼ 0,
M ¼ 0;N ¼ 0 and Rd ¼ 0.

Local skin friction Local Nusselt number

Chamkha [39] Present values Chamkha [39] Present results

Pr f 00ð1;0Þ sX=Gr
3
4
L

�h0ð1;0Þ NuX=Gr
1
4
L

0.001 1.5135 1.4149 0.0245 0.0294
0.01 1.3549 1.3356 0.0751 0.0797
0.1 1.0962 1.0911 0.2116 0.2115
1 0.7697 0.7688 0.5111 0.5125
10 0.4877 0.4856 1.0342 1.0356
100 0.2895 0.2879 1.9230 1.9316
1000 0.1661 0.1637 3.4700 3.5186

Nomenclature

a, b constants
C0 concentration in the fluid [mol m�3]
CP specific heat [JKg�1K�1]
GrL Grashof number (thermal)
g gravitational force [ms�2]
k1 chemical reaction parameter (dimensional) [J]
L referal length [m]
n variationalpower law exponent in surface temperature
Nux heat transfer rate (local)
NuX local Nusselt number (non-dimensional)
Pr Prandtl number
Q0 heat generation and absorption coefficient (dimen-

sional) [Wm�3]
Rd radiation (dimensionless)
Sc Schmidt number
T temperature (non-dimensional)
t time (non-dimensional)
u momentum over x direction (dimensional) [ms�1]
v momentum over y direction (dimensional)
x spatial co-ordinate alongside the cone generator

(dimensional) [m]
y spatial co-ordinate perpendicular to cone generator

(dimensional) [m]
B0 magnetic field induction [telsa]
C0
1 concentration far-away from cone surface

D mass diffusivity [m2 s�1]
Grc Grashof number (mass)
k thermal conductivity [Wm�1 K�1]
k� mean absorption coefficient [m2]
m variationalpower law exponent in surface concentration
N ratio due to buoyancy force (non dimensional)
NuL heat transfer rate (average)
Nu average heat transfer rate (non-dimensional)
qr thermal radiation (dimensional)
R local radius (dimensionless)
r local radius of the cone [m]
T 0 Temperature [K0]

t0 Time [s]
U momentum along X direction (non-dimensional)
V momentum along Y direction (non-dimensional)
X spatial co-ordinate alongside the cone generator (non-

dimensional)
Y spatial co-ordinate perpendicular to cone generator

(non-dimensional)

Greek symbols
a thermal diffusivity [m2 s�1]
bc coefficient of volumetric expansion due to concentra-

tion [0k�1]
k Parameter of chemical reaction (non-dimensional)
r electrical conductivity [sm�1]
/ cone apex half-angle [rad]
Dt time step (non-dimensional)
DY grid size (Ydirection) (non-dimensional)
m kinematic viscosity [m2 s�1]
sX local shear stress (non-dimensional)
s average shear stress (non-dimensional)
b volumetric thermal expansion [0k�1]
D heat generation/absorption parameter

(non-dimensional)
q density [kg m�3]
r� Stefan-Boltzmann constant
�h0ð1;0Þ local Nusselt number
DX grid size (X direction) (non-dimensional)
l dynamic viscosity [kg m�1 s�1]
sx local shear stress
sL average shear stress

Subscripts
w wall condition
1 free-stream condition
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semi-infinite vertical porous plate in the presence of a transverse
uniform magnetic field. Thandapani et al. [18] discussed the influ-
ence of a magnetic field and thermal radiation on natural convec-
tion over a vertical cone subjected to a variable surface
temperature and they used Rosseland approximation to describe
the radiative heat flux in the energy equation and the set of non-
dimensional governing equations are solved by the finite-
difference method. The unsteady mixed convection flow from a



Fig. 2a. Transient velocity profiles at X = 1.0 for different values of Pr, Sc and N.

Fig. 2b. Transient velocity profiles at X = 1.0 for different values of k and D.

Fig. 2c. Transient velocity profiles at X = 1.0 for different values of M and Rd.
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rotating vertical cone with a time dependent angular velocity
under the influence of transverse magnetic field was investigated
numerically by Takhar et al. [19]. Mahdy et al. [20,21] focused
attention to the steady laminar free convection flow along a wavy
cone and immersed in an electrically conducting fluid saturated
porous medium in the presence of a transverse magnetic field
and a vertical truncated cone with a Newtonian fluid having a vis-
cosity proportional to an inverse linear function of temperature.
Yih [22] presented numerical results for the radiation effects on
natural convection over an isothermal truncated cone with the
Rosseland diffusion approximation.

Suneetha et al. [23] attempted thermal radiation effects on
MHD flow past an impulsively started vertical plate in the presence
of heat source/sink by taking into account the heat due to viscous
dissipation. The governing boundary layer equations of the flow
field are solved by an implicit finite difference method of Crank-
Nicholson type. EL-Kabeir and Abdou [24] studied the effects of
chemical reaction, heat and mass transfer on MHD flow over a ver-
tical isothermal cone surface in micro polar fluids with heat gener-
ation/absorption effects and obtained numerical solutions by using
the fourth-order Runge-Kutta method with shooting technique.

Kishore et al. [25] presents a numerical study of thermal radia-
tion effects on the transient hydro magnetic natural convection
flow past a vertical plate embedded in a porous medium with mass
diffusion and fluctuating temperature about time at the plate, by
taking into account the heat due to viscous dissipation. The gov-
erning equations are solved by an implicit finite difference method
of Crank–Nicolson type. Mohideen et al. [26] discussed the com-
bined effects of thermal radiation and viscous dissipation on
unsteady, laminar, free convective flow with heat and mass
transfer over an incompressible viscous fluid past vertical cone
with variable surface temperature and concentration in the
presence of a transverse magnetic field applied normal to the sur-
face. Also El- Kabeir et al. [27] discussed the linear transformation
group approach to simulate the problem of heat and mass transfer
in steady, two-dimensional, laminar, boundary-layer flow of a
viscous, incompressible and electrically conducting fluid over a



Fig. 3a. Transient temperature profiles at X = 1.0 for different values of Pr, Sc and N.

Fig. 3b. Transient temperature profiles at X = 1.0 for different values of k and D.

Fig. 3c. Transient temperature profiles at X = 1.0 for different values of M and Rd.

Fig. 4a. Transient concentration profiles at X = 1.0 for different values of Pr, Sc
and N.
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Fig. 4b. Transient concentration profiles at X = 1.0 for different values of k and D.

Fig. 4c. Transient concentration profiles at X = 1.0 for different values of M and Rd.

Fig. 5a. Local skin friction coefficients for different values of Pr, Sc and N in transient
state.

Fig. 5b. Average skin friction coefficients for different values of Pr, Sc and N in
transient state.

308 P. Sambath et al. / Results in Physics 8 (2018) 304–315
vertical permeable cone surface saturated porous medium in the
presence of a uniform transverse magnetic field and thermal radi-
ation effects. Murti et al. [28] discussed the radiation and chemical
reaction effects on heat and mass transfer in non-Darcy non New-
tonian fluid over a vertical surface, the governing boundary layer
equations and boundary conditions are simplified by using similar-
ity transformations and are solved numerically by means of
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fourth-order Runge-Kutta method coupled with double-shooting
technique.

El-Kabeir and El-Sayed [29] studied the problem of heat and
mass transfer by free convection of a viscoelastic fluid past a verti-
cal isothermal cone surface in the presence of transverse uniform
magnetic field, and chemical reaction effect taking into account
the effects of viscous dissipation, Joule heating and thermal radia-
tion. The cone surface is maintained at constant temperature and
constant species concentration. The governing partial differential
equations are transferred into a system of ordinary differential
equations, which are solved numerically using a fourth order
Runge-Kutta scheme with the shooting method. Yih [30] discussed
heat and mass transfer effects with UWT/UWC, UHF/UMF also the
impacts of VWT/VWC and VHF/VMF. Bapuji et al. [31] studied the
the effects of unsteady incompressible flow past a vertical cone
with variable surface temperature varying as a power function of
distance from the apex of the cone and magnetic field applied nor-
mal to the surface. The dimensionless coupled partial differential
boundary layer equations are solved numerically using an efficient
and unconditionally stable finite-difference scheme of the Crank-
Nicolson type. The effects of radiation on free convection flow
and mass transfer past a vertical isothermal cone surface with a
chemical reaction in the presence of a magnetic field was investi-
gated by Afify [32]. Transient flow through heat and mass transfer
by rotating vertical cone with MHD effects was examined by
Chamkha and Al-Mudhaf [33]. Muthucumaraswamy and Ganesan
[34] considered radiation outcomes using infinite vertical plate.
Chamka et al. [35] discussed radiation effects on mixed convection
about a cone embedded in a porous medium filled with a nano-
fluid. Noghrehabadi et al. [36] discussed non-Darcy flow and natu-
ral convection over a vertical cone saturated with a nanofluid.
Mohiddin et al. [37] discussed the boundary layer flow in a non-
Darcian isotropic porous medium. Cheng [38] studied the heat
transfer embedded in a tridisperse porous medium. Nayak et al.
[39] executed the impact of chemical reaction in hydromagnetic
non-Newtonian fluid flow saturated through porous space. The
properties of time-dependent viscosity in third grade liquid has
been addressed by Nayak et al. [40]. In another attempt, Nayak
et al. [41] explored the analysis of wire coating for Oldroyd-8 con-
stant liquid flow. The characteristics of heat ans mass trans-
portation in time-dependent viscoelastic liquid flow over inclined
porous plate has been reported by Nayak et al. [42]. Recently the
following authors [43–53] discussed MHD flow with Casson fluid,
chemically reacting fluid, radiation dufour effects, non darcy flow,
visco elastic fluid flow over avertical cone, flat, vertical and wavy
plates.

The influence of a magnetic field and thermal radiation on nat-
ural convection over a vertical cone subjected to a variable surface
temperature and concentration has not received the attention of
researchers. Hence an attempt is made to study the above said
effects.
Fig. 5c. Local skin friction coefficients for different values of k, D, M and Rd in
transient state.
Mathematical analysis

Two-dimensional axi-symmetric, unsteady, laminar free con-
vective MHD flow of a viscous incompressible electrically conduct-
ing fluid past a vertical cone is considered. In addition, we
considered that the surface temperature and concentration are
non uniform under the influence of chemical reaction, heat gener-
ation/absorption.

The effects of viscous dissipation in energy equation and pres-
sure gradient along the boundary layer are negligible. There exists
first order chemical reaction between the fluid and the species con-
centration, the joule heating of the fluid (magnetic dissipation) is
neglected, the uniform transverse magnetic field is applied normal
to the cone surface, thermal radiation is present in the form of a
unidirectional flux qr in the y direction, i.e., transverse to the cone
surface. The radiative heat flux in the x direction is considered neg-
ligible in comparison with that in the y direction. The concentra-
tion C0 of the diffusing species is assumed to be very small in
comparison to the other chemical species far away from the sur-
face of the cone C0

1 hence the Soret and Dufour effects are
neglected. The fluid considered is a gray absorbing/emitting, but
non-scattering medium. Rosseland approximation is applied in
the energy equation for the radiative heat flux, the cone surface
and the surrounding fluid which is at rest are at the same temper-
ature T 0

1 and concentration C0
1. Then at time t0 > 0; the tempera-

ture of the cone surface is suddenly raised to T 0
wðxÞ ¼ T 0

1 þ axn

and the concentration near the cone surface is also raised to
C0
wðxÞ ¼ C0

1 þ bxm and both are maintained at the same level.
The coordinate system chosen (Fig. 1) is such that x measures

the distance along the surface of the cone and y measures the dis-
tance perpendicular to it. The governing boundary layer equations
of continuity, momentum, energy and concentration under Boussi-
nesq approximation are as follows:

Equation of continuity

@

@x
ðurÞ þ @

@y
ðvrÞ ¼ 0: ð1Þ

Equation of momentum

@u
@t0

þ u
@u
@x

þ v @u
@y

¼ gbðT 0 � T 0
1Þ cos/þ t

@2u
@y2

þ gbcðC 0 � C0
1Þ

� cos/� rB2
0u
q

: ð2Þ



Fig. 5d. Average skin friction coefficients for different values of k, D, M and Rd in
transient state.

Fig. 6a. Local Nusselt number for different values of Pr, Sc and N in transient state.
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Equation of energy

@T 0

@t0
þ u

@T 0

@x
þ v @T 0

@y
¼ a

@2T 0

@y2
þ Qo

qcp
ðT 0 � T 0

1Þ: ð3Þ

Equation of concentration

@C 0

@t0
þ u

@C 0

@x
þ v @C 0

@y
¼ D

@2C0

@y2
� k1ðC 0 � C0

1Þ: ð4Þ

The boundary conditions dimensional form are given below

t0 6 0 : u ¼ 0; v ¼ 0; T 0 ¼ T 0
1;C

0 ¼ C0
1 for all x and y;

t0 > 0 : u ¼ 0;v ¼ 0; T 0ðxÞ ¼ T 0
1 þ axn;C0ðxÞ ¼ C 0

1 þ bxm at y ¼ 0;
u ¼ 0; T 0 ¼ T 0

1;C
0 ¼ C 0

1 at x ¼ 0;

u ! 0; T 0 ! T 0
1;C 0 ! C 0

1 as y ! 1:

ð5Þ
The expression @qr

@y in the energy equation is made simpler by

employing the Rosseland approximation:

qr ¼
�4r�
3k�

@T 04

@y
: ð6Þ

It should be noted that we bound our investigation to optically
thick fluids by using the Rosseland approximation. If the term
T 0 � T 0

1 inside the flow is adequately small, then the linear form

of Eq. (6) can be obtained by escalating T 04 by using the Taylor ser-
ies expansion about T 0

1 by omitting upper-order terms.
We obtain

T 04 � T 03
1T 0 � 3T 04

1: ð7Þ
Substituting Eqs. (6) and (7) in Eq. (3), we have

@T 0

@t0
þ u

@T 0

@x
þ v @T 0

@y
¼ a

@2T 0

@y2
þ Qo

qcp
ðT 0 � T 0

1Þ � 1
qcp

16r�T 03
1

3k�
@2T 0

@y2
:

ð8Þ
The local values of shear stress, heat transfer rate number and

mass transfer rate are given by

sx ¼ l @u
@y

� �
y¼0

; ð9Þ

Nux ¼
�x @T 0

@y

� �
y¼0

T 0
w � T 0

1
; ð10Þ

Shx ¼
�x @C0

@y

� �
y¼0

C0
w � C0

1
: ð11Þ

The time dependence values of the above are given by

sL ¼ 2l
L2

Z L

0
x

@u
@y

� �
y¼0

dx: ð12Þ

The average heat transfer coefficient is given by

h ¼ �2k
L2

Z L

0

x @T 0
@y

� �
y¼0

T 0
w � T 0

1
dx; ð13Þ

NuL ¼
Lh
k

¼ �2
L

Z L

0

x @T 0
@y

� �
y¼0

T 0
w � T 0

1
dx; ð14Þ

ShL ¼
Lk1
D

¼ �2
L

Z L

0

x @C0
@y

� �
y¼0

C0
w � C 0

1
dx: ð15Þ



Fig. 6b. Average Nusselt number for different values of Pr, Sc and N in transient
state.

Fig. 6c. Local Nusselt number for different values of k, D, M and Rd in transient
state.
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Using the following non-dimensional quantities:

X¼x
L
;Y¼y

L
ðGrLÞ

1
4; R¼ r

L
; where r¼xsin/;

V ¼vL
t
ðGrLÞ

�1
4 ; U¼uL

t
ðGrLÞ

�1
2 ; t¼tt0

L2
ðGrLÞ

1
2;

T¼ ðT 0 �T 0
1Þ

ðT 0
w�T 0

1Þ ; GrL¼gbðT 0
w�T 0

1ÞL3 cos/
t2

; Pr¼ t
a
;

C¼ ðC 0 �C0
1Þ

ðC 0
w�C 0

1Þ ; GrC ¼gbcðC 0
w�C 0

1ÞL3 cos/
t2

; Sc¼ t
D
;

N¼GrC
GrL

; D¼QoL
2

Cpl
ðGrLÞ

�1
2 ; k¼k1L

2

t
ðGrLÞ

�1
2 ;

M¼rB2
0L

2

l
Gr�1=2

L ; Rd¼ K �K
4r�T 03

1
:

ð16Þ

The non-dimensional form of the governing equations are given
below

Equation of continuity

@

@X
ðURÞ þ @

@Y
ðVRÞ ¼ 0: ð17Þ

Equation of momentum

@U
@t

þ U
@U
@X

þ V
@U
@Y

¼ @2U

@Y2 þ ðT þ NCÞ �MU: ð18Þ

Equation of energy

@T
@t

þ U
@T
@X

þ V
@T
@Y

¼ 1
Pr

1þ 4
3Rd

� �
@2T

@Y2 þ DT: ð19Þ

Equation of concentration

@C
@t

þ U
@C
@X

þ V
@C
@Y

¼ 1
Sc

@2C

@Y2 � kC: ð20Þ
Fig. 6d. Average Nusselt number for different values of k, D, M and Rd in transient
state.
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Initial and boundary conditions in non dimensional form are

t 6 0 : U ¼ 0; V ¼ 0; T ¼ 0; C ¼ 0 for all X and Y ;

t > 0 : U ¼ 0; V ¼ 0; T ¼ Xn and C ¼ Xm at Y ¼ 0;
U ¼ 0; T ¼ 0; C ¼ 0 at X ¼ 0;
U ! 0; T ! 0; C ! 0 as Y ! 1

ð21Þ

shear stress, heat transfer rate and mass transfer rate in non-
dimensional form given by

sX ¼ Gr
3
4
L

@U
@Y

� �
Y¼0

; ð22Þ

NuX ¼ X
TY¼0

�@T
@Y

� �
Y¼0

Gr
1
4
L; ð23Þ

ShX ¼ X
CY¼0

�@C
@Y

� �
Y¼0

Gr
1
4
L: ð24Þ

Dimensionless quantities for the average of skin-friction, Nus-
selt number and Sherwood number are

s ¼ 2Gr
3
4
L

Z 1

0
X

@U
@Y

� �
Y¼0

dX; ð25Þ

Nu ¼ 2Gr
1
4
L

Z 1

0

X
TY ¼ 0

�@T
@Y

� �
Y¼0

dX; ð26Þ

Sh ¼ 2Gr
1
4
L

Z 1

0

X
CY ¼ 0

�@C
@Y

� �
Y¼0

dX: ð27Þ
Fig. 7a. Local Sherwood number for different values of Pr, Sc and N in transient
state.
Solution procedure

The transient, non-linear, coupled PDE’s (17)–(20) along with
(21) are worked out by using Crank-Nicholson method. After
applying the method, the dimensionless equations converted to
the system of tri-diagonal equations. We solve them by using well
known Thomas algorithm by which we attain the desired solution
with convergence of this algorithm occurring in a brief period of
time and also it is unconditionally resistant to change. The integral
area is treated as a square or with Xmax (=1) and Ymax (=20) where
Ymax corresponds to Y ¼ 1which is located very well out side both
the momentum and thermal layers are located out side of both the
velocity and temperature periphery layers. The value for Y is taken
to be 20 by analyzing in detail and considered in order to satisfy
the ultimate and penultimate conditions of (20) and we observed
that it is fulfilled with accuracy up to within the tolerance limit
of 10�5.

Results and discussion

In order to prove the accuracy of our numerical results, the pre-
sent results for the steady-state flow at X = 1.0 are compared with
available solutions from the open literature. The numerical values
of the local skin friction sX and the local Nusselt number NuX for
different values of the Prandtl number with M = 0, N = 0 and
Rd ¼ 0 are compared with the results of Chamkha [32] in Table 1.

Velocity, temperature, and concentration profiles at the upper
edge of the cone i.e., at X = 1.0 for different values of Prandtl num-
ber Pr, Schmidt number Sc, the buoyancy ratio parameter N are
shown through Figs. 2((a)–(c))–4((a)–(c))). It is found from
Fig. 2a that the momentum boundary layer thickness increases
for the fluids with Pr ¼ 0:71 and decreases for Pr ¼ 6:7. As the Sch-
midt number increases, the velocity and concentration decrease.
This causes the concentration buoyancy effects to decrease yield-
ing a reduction in the fluid velocity and velocity boundary layer.
An increase in the buoyancy ratio parameter N leads to an increase
in the velocity, i.e., as N increases, the combined buoyancy force
also increases; therefore, the velocity increases near the surface
of the cone as we move away from the surface of the cone, the tem-
perature decreases for all the values of N.

Fig. 2b displays the effect of the chemical reaction parameter k
on the velocity profiles, the presence of the chemical reaction sig-
nificantly affects the velocity profiles. As chemical reaction
increases, the considerable reduction in the velocity profiles is
observed. The boundary layer thickness decreases with an increase
in the chemical reaction parameter k and the presence of heat gen-
eration and absorption parameter D increases the velocity profiles.
Fig. 2c depicts that the enhanced magnetic field, and radiation gen-
erates opposite force to the flow, is called Lorentz force. This force
declines the velocity boundary layer thickness; it is also evident
from the figure that the increase in thermal buoyancy parameter
causes the increase in the velocity profiles of the fluid for both heat
generation and absorption cases.

In Fig. 3a, we observe that the temperature decreases with
increasing values of Prandtl number Pr. It is also observed that
the thermal boundary layer thickness is maximum near the surface
of the cone and decreases with increasing distances from the lead-
ing edge and finally approaches to zero. It is justified due to the fact
that thermal conductivity of fluid decreases with increasing
Prandtl number Pr and hence decreases the thermal boundary
layer thickness and the temperature profiles. As the Schmidt num-
ber increases, the temperature increases. As we move away from
the surface of the cone, the temperature decreases for all the values
of the buoyancy ratio parameter N.

Fig. 3b depicts that the temperature increases for higher values
of D and smaller values of D also the thermal boundary layer thick-
ness increases. Fig. 3c shows that the increasing radiation parame-
ter makes the fluid thick and ultimately causes the temperature



Fig. 7b. Average Sherwood number for different values of Pr, Sc and N in transient
state.

Fig. 7c. Local Sherwood number for different values of k, D, M and Rd in transient
state.

Fig. 7d. Average Sherwood number for different values of k, D, M and Rd in
transient state.
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and the thermal boundary layer thickness to decrease hence we
observe the decrease in temperature profiles for the presence of
magnetic field and radiation effects.

Fig. 4a shows that the concentration buoyancy effects to
decrease yielding a reduction in the fluid velocity and concentra-
tion. i.e. the concentration increases when Pr increases and
decreases for increasing Sc and N. The velocity increases near the
surface of the cone. Thus for higher values of buoyancy ratio
parameter N the fluid cools rapidly and concentration field
decreases with increasing value of buoyancy ratio parameter N.
Fig. 4b shows the effect of the chemical reaction parameter k and
heat generation absorption parameter D on concentration profiles
the presence of the chemical reaction, heat generation and absorp-
tion significantly affects the concentration profiles as k and D
increases, the concentration decreases. It is evident that the
increase in D and k alters the concentration boundary layer thick-
ness but does not alter the momentum boundary layer.

Fig. 4c depicts the effect of magnetic field parameter and ther-
mal radiation parameter on the concentration profiles The species
concentration is highest at the cone surface and decreases to zero
far away from the surface of the cone and the concentration
boundary layer thickness decreases with a decrease in the mag-
netic field parameter M and radiation parameter Rd.

Figs. 5a and 5b illustrates the effects of Pr, Sc and N on the local
and average skin friction. The local and average skin friction
decreases for the increase in Pr and Sc. When Pr less than unity
thermal diffusivity is will exceed momentum diffusivity, with
increasing Pr values there is also a decrease in heat transfer rate
whereas the skin friction is consistently boosted. Increasing Sch-
midt number which implies a decrease in mass diffusivity of the
species is observed to suppress skin friction and heat transfer rates
whereas it enhances the mass transfer rates. For Sc = 0.6 species
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diffusion rate exceeds the momentum diffusion rate and vice versa
for Sc = 2.66.

For Sc = 1 both diffusion rates are the same and the momentum
and concentration boundary layer thicknesses equal in the regime.
The local and average skin friction increases for higher values of
buoyancy ratio parameter N. Figs. 5c and 5d shows the effects of
chemical reaction parameter k heat generation and absorption
parameter D, magnetic parameter M and thermal radiation param-
eter Rd on the local and average skin friction. Stronger thermal
radiation accelerates the flow but reduces heat transfer rate hence
the local and average skin friction got decreased due to the pres-
ence of magnetic field, and radiation where as it increases for the
higher values of heat generation absorption parameter D chemical
reaction parameter k.

Figs. 6a and 6b shows the effects of Pr, Sc and N on the local and
average Nusselt number. As Pr, Sc increases the local and average
Nusselt number decreases and it increases as N increases. Since
the positive buoyancy force acts like a favorable pressure gradient,
the fluid is accelerated which results in thinner momentum and
thermal boundary layers. Consequently, the Nusselt number and
wall temperature increases with N.

Figs. 6c and 6d indicates the effects of chemical reaction param-
eter k heat generation and absorption parameter D, magnetic
parameter M and thermal radiation parameter Rd on the local
and average Nusselt number. The local and average Nusselt num-
ber decreases for higher values D, k, M and Rd.

Figs. 7a and 7b depicts the effects of Pr, Sc and N on the local and
average Sherwood number. The local and average Sherwood num-
ber increases when Sc and N increase but decreases for higher val-
ues of Pr. Figs. 7c and 7d shows the effects of chemical reaction
parameter k heat generation and absorption parameter D, mag-
netic parameterM and thermal radiation parameter Rd on the local
Sherwood number (mass transfer rate) and average Sherwood
number, the local and average Sherwood number is considerably
reduced in the presence of magnetic field and with increasing Rd
values and D but the presence of chemical reaction increases the
local and average Sherwood number.
Conclusions

The main findings are summarized as follows:

� The velocity increases for smaller values of Pr, Sc, M, k and Rd
but larger values of N, D lead to its decrement.

� The temperature increases for smaller values Pr, N, M, k and Rd
but it retard for larger values of Sc and D.

� Concentration increases with an increase in Pr, M and Rd and it
retards for the increasing values of Sc, N, D and k.

� An increase in the heat generation results in an increasing
velocity and temperature within the boundary layer.

� The local and average skin-friction decrease with the increasing
values of Pr, Sc, M, k and Rd but increases for N and D.

� The local and average Nusselt number decreases with the
increasing values of Pr, Sc, D, M, k, M and Rd but increase for N.

� The local and average Sherwood number are weaker for larger
values of Pr, D, M, and Rd but stronger in the case of higher Sc,
N, k.
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