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Abstract This work is devoted to study the combined effects of thermal radiation and ther-
mophoresis on heat and mass transfer by mixed convection over a vertical rotating cone
in a fluid saturated porous medium. The governing non-linear partial differential equations
are transformed into a system of coupled non-linear ordinary differential equations using
similarity transformations and then solved numerically using the Runge–Kutta method and
Newton–Raphson method. The numerical results are compared and found to be approxi-
mately better than previously published results, Hering and Grosh (ASME J Heat Transf
85:29–34, 1963) and Himasekhar et al. (Int Commun Heat Mass Transf 16:99–106, 1989)
as special cases of the present work. The local tangential and azimuthal skin friction coef-
ficients, dimensionless wall thermophoretic velocity, local Nusselt and Sherwood numbers
are presented graphically for different values of Darcy number, thermophoretic coefficient,
thermal radiation parameter, and discussed to depict interesting features of the solutions.
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List of symbols

Symbols
C Dimensional concentration
cp Specific heat at constant pressure
D Molecular diffusivity
F Tangential velocity
g Gravitational acceleration
K Permeability of the porous medium
k Thermophoretic coefficient
k∗ Mean absorption coefficient
ke Effective thermal conductivity
L Characteristic length
qr Radiative heat flux
r Radius of the cone
T Dimensional temperature

Greek symbols
α The cone apex half angle
βC Coefficient of concentration expansion
βT Coefficient of thermal expansion
μ Dynamic viscosity
ν Kinematic viscosity
η Similarity variable
� Angular velocity of the rotation
φ Non-dimensional concentration
θ Non-dimensional temperature
ρ Fluid density
σ ∗ Stefan–Boltzmann constant parameter
Da−1 = ν

K� sin α
Inverse Darcy number

gs = Gr
Re2

Mixed convection parameter

Gr = gβT (Tw−T∞)L3 cosα

ν2
Grashof number

Re = �L2 sin α
ν

Local Reynolds number
Pr = μcp

ke
Prandtl number

Sc = ν
D Schmidt number

N = βC (Cw−C∞)
βT (Tw−T∞)

Buoyancy ratio

Nt = T∞
Tw−T∞ Temperature difference parameter

R = 4σ ∗(Tw−T∞)3

νk Radiation parameter
Vt = −k Pr

Nt+θ
∂θ
∂y Thermophoretic velocity

Vtw = −k Pr
1+Nt θ ′(0) Non-dimensional wall thermophoretic deposition velocity

1 Introduction

Problems of coupled heat and mass transfer from different geometries embedded in porous
media have great importance in numerous engineering and industrial processes such as ther-
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Thermophoresis effect on heat and mass transfer from a rotating… 1411

mal insulation, underground energy transportation, drying of porous solids. Moreover they
are used to enhanced oil recovery and cooling of nuclear reactors. A few models on these
processes are designed in chemical processing equipment, cooling towers, food process,
harm of crops due to freezing, desalination, refrigeration and air conditioning, consolidated
heat exchangers, solar power collectors, etc. References of comprehensive literature surveys
concerning the topic of porous media can be found in Nield and Bejan [1], Vafai [2], Pop
and Ingham [3], and Ingham and Pop [4]. Chamkha and his co-authors [5–8] reported many
interesting studies of simulation heat and mass transfer over different types of geometries
embedded in porous media. Recently, Makanda et al. [9] studied convection of viscoelastic
fluid from a cone embedded in a porous medium with viscous dissipation. Further, a phe-
nomenon which origins small particles to be vigorous away from a hot surface and towards
a cold one is well-known as thermophoresis. Aerosol particles, like dust, when suspended
in a gas with a temperature gradient, experience a force in the trend to the temperature gra-
dient. Thermophoretic velocity is the velocity achieved by the particles and thermophoretic
force is the force practiced by the suspended particles attributable to the temperature gradi-
ent. The quantities of thermophoretic force and thermophoretic velocity are commensurate
with the temperature gradient and based on thermal conductivity of aerosol particles, ther-
mophoretic coefficient, heat capacity of the gas and the transporter gas. Small amount of
micron sized particles are located on cold surfaces attributable to thermophoresis. In this
procedure, the dissonance of particles from hot placement also takes place and a particle-free
layer is developed around hot objects. This phenomenon has several sensible applications in
filtration in gas cleaning, microelectronics manufacture, scattering the particulate material
deposition turbine blades and particle surfaces created by condensation of the vapor-gas mix-
tures. However, thermophoresis phenomenon was first introduced by Tyndall [10] when he
observed a dust free zone in a dusty gas around a hot body. Hales et al. [11] have analyzed the
thermophoretic deposition in geometry of engineering by studying the aerosol transport in a
naturally-convected boundary layer. Garg and Jayaraj [12] have examined the thermophoretic
deposition of aerosol particles due to the impingement of laminar slot jet over an inclined
plate. Chiou [13] reported similarity solutions to study the effects of thermophoresis on sub-
micron particle deposition from a forced laminar boundary layer flow onto an isothermal
moving plate in a stationary incompressible fluid. Tsai and Liang [14] have obtained self-
similar solutions for boundary layer flows to improve a rational correlation for estimating
the influence of thermophoresis on aerosol deposition from laminar flow system. Chamkha
and Pop [15] investigated the effect of thermophoresis particle deposition on heat and mass
transfer by free convection from a vertical flat plate embedded in a fluid saturated in a porous
medium. Walsh et al. [16] have analyzed the thermophoretic deposition of aerosol particles
from mixed laminar tube flow with a cooled surface. Chamkha et al. [17] studied the heat
and mass transfer by free convection flow over a flat surface embedded in a porous medium
in the presence of thermophoretic effect. EL-Hakiem et al. [18] discussed the combined heat
and mass transfer with the effects of thermophoresis on non-Darcy natural convection in a
fluid saturated porous medium with thermal radiation effect. Muhaimin et al. [19] consid-
ered the problem of two-dimensional mixed convection flow of viscous fluid with heat and
mass transfer with the thermophoresis effect. Ganesan et al. [20] analyzed the influence of
thermophoresis in a doubly stratified free convective flow along a vertical plate.

On other side, investigations of radiative heat transfer play an apparent role in adjusting
and dominating the heat transfer process in polymer processing industry. The quality of final
product in the industry is based on the heat dominant factors. Additionally, the influences
of thermal radiation on flow and heat transfer phenomena are significant in the design of
several advanced energy convection systems acting at high temperature. The emission of hot
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walls and the operating fluid result in the form of thermal radiation. The radiation effects are
quite prominent in the design and production of pertinent equipment. Recent advancements
in supersonic flights, gas cooled nuclear reactors and nuclear energy plants, gas turbines and
space vehicles are several implementations of radiative heat transfer. The combined thermal
radiation and mixed convection from a permeable vertical surface in a non-Darcy porous
medium was examined by Murthy et al. [21]. Rashad [22] reported numerical solutions for
the effects of thermal radiation and thermophoresis particle deposition on heat and mass
transfer by steady free convection over vertical flat plate embedded in a porous medium.
Duwairi and Damseh [23] have considered the thermophoresis-thermal radiation interaction
on mixed-convection heat and mass transfer problem from vertical surfaces embedded in
saturated porous medium. Bakier and Gorla [24] analyzed the influences of radiation and
thermophoresis in a viscous fluid over a semi-infinite vertical plate. The problemofMHDflow
ofviscousfluid over an inclined surface in the presence of thermophoretic and radiation effects
was performed by Noor et al. [25]. Alam and Rahman [26] studied the effects of thermal
radiation and thermophoretic particle deposition on unsteady heat andmass transfer flow pass
an infinite inclined surfaces. Shehzad et al. [27] analyzed the effects of thermophoresis and
thermal radiation in two dimensional mixed convection boundary layer flow of Jeffrey fluid
over a linearly stretching surface. Shehzad et al. [28] also investigated the thermophoresis
particle deposition on heat andmass transfer bymixed convection three-dimensional radiative
flow of an Oldroyd-B fluid. Motsumi and Makinde [29] investigated the effect of thermal
radiation and viscous dissipation on convective flow of a nanofluid over a permeable moving
flat plate. Makinde and Tshehla [30] studied the effect of radiation on unsteady convective
hydromagnetic flow over a heated vertical plate with the Navier slip. Srinivasacharya et al.
[31] studied the thermal radiation effect on mixed convective heat and mass transfer flow
along a vertical wavy surface in a porous medium with variable properties.

The aim of the present investigation is to examine the effects of the thermophoresis and
thermal radiation on heat and mass transfer by mixed convection over a vertical rotating
cone embedded in saturated porous medium. The governing partial differential equations are
transformed into a similar form and then solved numerically using the Runge–Kutta method
and Newton–Raphson method. Graphical results for tangential and azimuthal skin friction
coefficients, wall thermophoretic velocity, local Nusselt number and Sherwood numbers
under the effect of different dimensionless groups are presented and discussed in detail.

2 Problem formulation

We consider steady, laminar, two-dimensional viscous incompressible flow over a vertical
rotating cone in a fluid saturated porousmedium. Figure 1 shows physical configuration. Here
we consider curvilinear coordinate system to describe the flow configuration. The surface of
the cone is maintained with variable temperature and concentration, which are higher than
ambient fluid temperature and concentration. The fluid is considered to be gray, emitting
and absorbing but not scattering medium (see Brewster [32]). All the fluid and the porous
medium properties are assumed to be constant except the density in buoyancy force term
in the momentum equations. We assume that the fluid and the porous medium are to be
locally thermodynamic equilibrium with solid matrix. Using the above assumptions and
boundary layer and Boussinesq approximations the governing boundary layer equations for
conservation of mass, momentum, energy and species are as follows:
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Fig. 1 Physical configuration and coordinate system
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The corresponding boundary conditions

(i) On the surface of the cone (z = 0)

u = 0, v = r�, w = 0, (no slip at the surface)

T = Tw(x), C = Cw(x) (surface temperature and concentration) (6a)

(ii) In the free stream region z → ∞

u = 0, v = 0, T = T∞, C = C∞, (6b)
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where x-axis is along a meridional section, y-axis is along a circular section and the z-axis is
normal to the cone surface, u, v and w are the velocity components along the tangential (x),
circumferential or azimuthal (y) and normal (z) directions respectively, r is radius of the cone,
� is the angular velocity of the rotation, ρ is the fluid density, μ is the dynamic viscosity,
K is the permeability of the porous medium, cp is the specific heat at constant pressure, g is
the acceleration due to gravity, βt and βc are the thermal and concentration coefficients, α is
the cone apex half angle, ke is the effective thermal conductivity, qr is the radiative heat flux
and D is the molecular diffusivity.

According to Rosseland approximation, the radiative heat flux qr for an optically thick
boundary layer is;

qr = −4σ ∗

3k∗ ∇T 4 (7)

where k∗ and σ ∗ are respectively the mean absorption coefficient and the Stefan–Boltzmann
constant. The fluid-phase temperature differences within the flow are assumed to be suffi-
ciently small such that T4 may be expressed as a linear function of the temperature. This is
accomplished by expanding in a Taylor series about T∞ as follows

T 4 = T 4∞ + 4T 3∞(T − T∞) + 6T 2∞(T − T∞)2 + · · ·
and neglecting higher-order terms beyond the first degree, we get

T 4 ∼= 4T 3∞T − 3T 4∞ (8)

Using Eqs. (7) and (8), Eq. (4) reduces to
(
u

∂T

∂x
+ w

∂T

∂z

)
= ke

ρcp

∂2T

∂z2
+ 1

ρcp

16σ ∗T 3∞
3k∗

∂2T

∂z2
(9)

and the thermophoretic velocity vt which appear in Eq. (5) recommended by Talbot et al.
[33] is defined as

vt = −kυ
∂T

∂z
, (10)

where k is the thermophoretic coefficient whose value range from 0.2 to 1.2 (see Bakier and
Gorla [24]).

2.1 Non-dimensionalisation

To obtain the non-dimensional governing boundary layer equations we introduce the follow-
ing non-dimensional transformations:

η =
(

� sin(α)

υ

)1/2

z, u = x� sin(α) f (η), v = x� sin(α)G(η), r = x sin(α)

w = (υ� sin(α))1/2H(η), θ(η) = T − T∞
Tw − T∞

, φ(η) = C − C∞
Cw − C∞

Tw(x) − T∞ = (TL − T∞)x

L
, Cw(x) − C∞ = (CL − C∞)x

L
(11)

where (L) is the cone slant height, TL is the cone surface temperature and CL is the concen-
tration at the cone base (x = L). Substituting Eqs. (10) and (11) in Eqs. (1)–(3), (5) and (9),
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the following non-dimensional equations are obtained:

F = −1

2
H ′ (12)

H ′′′ − HH ′′ + H ′2

2
− Da−1H ′ − 2G2 − 2gs(θ + Nφ) = 0 (13)

G ′′ − HG ′ + H ′G − Da−1G = 0 (14)
1

Pr
θ ′′

(
1 + 4

3
R

)
+

(
1

2
H ′θ − Hθ ′

)
= 0 (15)

φ′′ + Sc

(
1

2
H ′φ − Hφ′

)
+ Sc k Nt

Nt θ + 1

(
φ′θ ′ + φθ ′′ − Nt φθ ′2

Nt θ + 1

)
= 0 (16)

where Da−1 = υ
K� sin α

is the inverse of Darcy number, Gr = gβT (Tω−T∞)x3 cosα

υ2 is the

Grashof number, N = βc(Cw−C∞)
βt (Tw−T∞)

is the buoyancy ratio, Re = �x2 sin α
υ

is the local Reynolds

number, gs = Gr
Re2

is the mixed convection parameter, Pr = μCp
ke

is the Prandtl number,

Sc = υ
D is the Schmidt number, R = 4σ ∗T 3∞

kek
, Nt = Tw−T∞

T∞ , is the relative temperature
difference parameter.

The transformed boundary conditions are

H = 0, H ′ = 0, G = 1, θ = 1, φ = 1 at η = 0

H ′ = 0, G = 0, θ = 0, φ = 0 as η → ∞ (17)

The main objective of the present study is to find the parameters of physical interest in fluid
flow, heat and mass transport problems which are the local surface skin friction coefficients
in x (tangential) and y (azimuthal) directions, local Nusselt number and local Sherwood
number. These parameters are given by

C f x =
2μ

(
∂u
∂z

)
z=0

ρ(�0x sin α)2
C f y =

−2μ
(

∂v
∂z

)
z=0

ρ(�0x sin α)2
Nux =

−x
(

∂T
∂z

)
z=0

(Tw − T∞)
Shx =

−x
(

∂C
∂z

)
z=0

(Cw − C∞)
,

(18)

these parameters can be written in non-dimensional form as follows:
Skin friction coefficient in x-direction

C f xRe
1/2 = −H ′′(0) (19)

Skin friction coefficient in y-direction

2−1Re1/2C f y = −G ′(0) (20)

Local Nusselt number

Re−1/2Nux = −θ ′(0) (21)

Local Sherwood number

Re−1/2Shx = −φ′(0) (22)
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3 Numerical method of solution

The set of Eqs. (12)–(16) with boundary conditions (17) are solved by using shooting method
that uses Runge–Kutta method and Newton–Raphson method (see Srinivasacharya et al. [34]
and Mallikarjuna et al. [35]). In this, first Eqs. (12)–(16) are converted into a system of
differential equations of first order, by assuming H = X1,G = X4, θ = X6, φ = X8, we
get

H ′ = X2, H ′′ = X3, G ′ = X5, θ ′ = X7, φ′ = X9, (23)

H ′′′ = X1X3 − 1

2
X2
2 + Da−1X2 + 2X2

4 + 2gs(X6 + N X8), (24)

G ′′ = X1X5 − X2X4 + Da−1X4, (25)

θ ′′ = Pr

1 + 4R/3

(
X1X7 − 1

2
X2X6

)
, (26)

φ′′ = Sc

(
X1X9 − 1

2
X2X8

)

− SckNt

1 + X6Nt

(
X7X9 + X8 Pr

(1 + 4R/3)

(
X1X7 − 1

2
X2X6

)
− X8X2

7Nt

1 + Nt X6

)
(27)

with boundary conditions

X1(0) = 0, X2(0) = 0, X4(0) = 1, X6(0) = 1, X8(0) = 1,

X2(∞) = 0, X4(∞) = 0, X6(∞) = 0, X8(∞) = 0 (28)

We assume the initial conditions for X3(0), X5(0), X7(0) which are not given at z = 0 and
then the Eqs. (23)–(27) are integrated using fourth order Runge–Kutta method from η = 0
to ηmax over successive step lengths �η, where ηmax is η at ∞ and chosen large enough so
that the solution shows little further change for η larger than ηmax. We employed ODE45
solver in MATLAB® to solve these nine first ordered coupled nonlinear ordinary differential
equations. The accuracy of the assumed values for X3(0), X5(0), X7(0) is then checked by
comparing the calculated values of X2, X4, X6, X8 with given values at boundary conditions
(i.e., at η = ∞). If a difference exists, another set of initial values for X3(0), X5(0), X7(0)
are assumed and the process is repeated. In principle, a trial and error-method can be used to
determine these initial values, but it is tedious.

Alternatively, we used Newton–Raphson method to accurately find the initial values of
X3(0), X5(0), X7(0) and then integrate Eqs. (23)–(27) by using fourth order Runge–Kutta
method. This process is continued until the agreement between the calculated and the given
condition at η = ∞ is within the specified degree of accuracy 10−5.
Grid Independence Test In order to check the effects of step size (�η) we found the Nus-
selt number and Sherwood number with four different step sizes as �η = 0.1, �η =
0.01, �η = 0.001.We observe from Table 1 that the results are independent with the step
size (�η). Hence a step size �η = 0.01 is selected to be satisfactory for a convergence
criterion of 10−6 in all cases.

We also validate our code by comparing the present results with earlier existing results. In
the absence of mass transfer with thermophoresis, thermal radiation and inverse Darcy para-
meter the nonlinear ordinary differential equations (23)–(27) with corresponding boundary
conditions (28) exactly coincides with those of Hering and Grosh [36] and Himasekhar et
al. [37]. The comparison results found very good agreement with earlier existing results as
shown in Tables 2 and 3, respectively.
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Table 1 Grid-independence for
Da−1 = 10, gs = 30, N =
1, Pr = 0.71, Sc = 0.22, k =
0.2 and Nt = 0.1

�η (Step size) −θ
′(0) −φ′(0)

0.1 1.1525415257 0.8100362157

0.01 1.1525445441 0.8100362559

0.001 1.1525445682 0.8100362892

Table 2 The values of−H′′(0),−G′(0) and− θ
′(0) for different values of gs for Pr= 0.7, Da−1 = 0, R = 0

and N = 0 (in the absence of concentration equation)

Gr/Re2 −H′′(0) −G′(0) − θ
′(0)

Hering and
Grosh [36]

Present
work

Hering and
Grosh [36]

Present
work

Hering and
Grosh [36]

Present
work

0 1.0205 1.0203 0.61592 0.61583 0.42852 0.42842

1.0 2.2078 2.2075 0.85076 0.85080 0.61202 0.61213

100 46.052 46.0523 2.4738 2.47382 1.7946 1.79459

Table 3 The values of −H′′(0), −G′(0) and − θ
′(0) for different values of Pr for gs = 0.1, Da−1 = 0, and

N = 0 (in the absence of concentration equation)

Pr −H′′(0) −G′(0) − θ
′(0)

Himasekhar
et al. [37]

Present
work

Himasekhar
et al. [37]

Present
work

Himasekhar
et al. [37]

Present
work

1.0 1.1282 1.12824 0.6437 0.64374 0.5457 0.54573

2.0 1.1120 1.11203 0.6335 0.63347 0.7450 0.74502

10 1.0702 1.07018 0.6202 0.62021 1.4106 1.41066

4 Results and discussion

In order to get a clear insight of the physical problem, numerical results for the local skin
friction coefficients in the tangential and azimuthal directions, local Nusselt number, local
Sherwood number, and wall thermophoretic velocity are presented with the help of graphical
illustrations. The results are given through a parametric study showing the effects different
dimensionless parameters, namely, of Darcy number and thermal radiation parameter R, and
thermophoretic coefficient k. These conditions are intended for the value of Prandtl number
(Pr) is taken to be 0.71 which corresponds to air and the value of Schmidt number (Sc) is
chosen to represent hydrogen at 25 ◦C and 1 atm. The dimensionless buoyancy parameter
gs take the value 30, which corresponds to the problem entire mixed convection regime, and
the corresponding parameter N takes the value both aiding and opposing flows. The results
of this parametric study are shown in Figs. 2, 3, 4, 5, 6, 7, 8, 9, 10 and 11.

Figures 2, 3, 4, 5 and 6 depict the variations of tangential skin-friction coefficient
(or −H′′(0)) and azimuthal skin-friction coefficient (or −G(0)), local Nusselt number (or
− θ

′(0)), local Sherwood number (or−φ′(0)), and dimensionless wall thermophoretic veloc-
ity (or Vtw) with different values of Darcy number Da for both aiding and opposing flows
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Fig. 2 Tangential skin-friction (Cfx) for different values inverse Darcy number (Da−1)

Fig. 3 Azimuthal skin-friction (Cfy) for different values of inverse Darcy number (Da−1)

(N > 0 and N < 0), respectively. It is known that the presence of a porous medium in the
flow presents a reluctance to flow. Thus, this reluctant force tends to decelerate the motion of
the fluid along the cone surface. As the result of a causing a deceleration in the flow with an
increase in the inverse Darcy number Da induces a significant reduction in both the tangen-
tial skin-friction coefficient−H′′(0) and wall thermophoretic velocity Vtw and a pronounced
enhancement in the azimuthal skin-friction coefficient−G(0), local Nusselt number− θ

′(0),
and Sherwood number,−φ′(0) for both aiding and opposing flows. This means that the pres-
ence of porous medium causes higher restriction to the fluid, which diminishes the primary
fluid flow and boosts the secondary of the fluid flow.
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Fig. 4 Local Nusselt number (Nu) for different values of inverse Darcy number (Da−1)

Fig. 5 Local Sherwood number (Sh) for different values of inverse Darcy number (Da−1)

The effect of the thermal radiation R on the tangential skin-friction coefficient −H′′(0),
azimuthal skin-friction coefficient −G(0), local Nusselt number − θ

′(0), local Sherwood
number −φ′(0), and wall thermophoretic velocity Vtw is respectively shown in Figs. 7, 8,
10 and 11. From these figures, it can be seen that increasing in the thermal radiation leads to
a significant reduction in the local Nusselt number − θ

′(0). This behavior produces a more
pronounced enchantment in the local skin-friction coefficients, local Sherwood number or
the wall thermophoretic velocity. The reason for this trend can be explained as follows, the
specific effect of the radiation parameter R is to enhance the temperature gradient at the cone
surface and thereby contribute to decrease the heat transfer rate. However, larger values of R
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Fig. 6 Wall thermophoretic velocity (Vtw) for different values of inverse Darcy number (Da−1)

Fig. 7 Tangential skin-friction (Cfx) for different values of radiation parameter (R)

imply smaller values of local Nusselt number. This may be related to the fact that the raise of
the values of R implies more interaction of radiation with the thermal boundary layers and
consequently the heat absorption intensity of the fluid boosts.

On other hand, it can be seen from Figs. 2, 3, 4, 5, 6, 7, 8, 9, 10 and 11 that positive values
of the buoyancy ratio N correspond to aiding flow while negative values of N correspond to
opposing flow. In addition, an increment in the values of N has a tendency to promote the
buoyancy effects due to concentration difference. This produces more flow along the cone
surface causing the local skin-friction coefficients,Nusselt andSherwood numbers to enhance
as shown in Figs. 2, 3, 4, 5, 7, 8, 9 and 10. This increase in the skin-friction coefficients occurs
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Fig. 8 Azimuthal skin-friction (Cfy) for different values of radiation parameter (R)

Fig. 9 Local Nusselt number (Nu) for different values of radiation parameter (R)

at the expense of the wall thermophoretic velocity, which decrease strongly as N increases
as evident from Figs. 7 and 11. Furthermore, it is noted that a rise in the thermophoretic
coefficient k clearly induces a marked drop in both the wall thermophoretic velocity and
local Sherwood number, while an insignificant behavior occurs in both the local skin-friction
coefficients, Nusselt number.
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Fig. 10 Local Sherwood number (Sh) for different values of radiation parameter (R)

Fig. 11 Wall thermophoretic velocity (Vtw) for different values of radiation parameter (R)

5 Conclusion

The problem of coupled heat andmass transfer bymixed convection of a Newtonian fluid past
a rotating vertical cone embedded in a porous medium velocity in the presence of the thermal
radiation and thermophoresis effects is analyzed. The governing equations were developed
and transformed into a similar form. The similarity equations were solved numerically shoot-
ing method that uses Runge–Kutta method and Newton–Raphson method. The numerical
results are obtained in excellent agreement with the previously published work available
in the literature on a special case of the general problem. The effects of the various rele-
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vant parameters namely the Darcy number, thermal radiation parameter and thermophoretic
coefficient on the local skin friction coefficients in the tangential and azimuthal directions,
wall thermophoretic velocity, local Nusselt Sherwood numbers are shown graphically and
discussed. From the obtained results of the problem, it was found that an increasing in the
values of Darcy number resulted in a pronounced increase in the azimuthal skin-friction coef-
ficient, local Nusselt and Sherwood numbers, for both aiding and opposing flows whereas
the opposite results are observed in both the tangential skin-friction coefficient and wall ther-
mophoretic velocity significantly. Moreover, Increases in the thermal radiation parameter
causes an enhancement in local skin-friction coefficients, local Sherwood number or the wall
thermophoretic velocity, whereas the opposite trend happened with the local Nusselt number.
Finally, both the wall thermophoretic velocity and local Sherwood number are reduced as
the thermophoretic coefficient increased, while unaffected behavior is noted for the local
skin-friction coefficients and Nusselt number.
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