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Abstract The problem of steady, laminar, mixed con-
vection boundary-layer flow over a vertical cone em-
bedded in a porous medium saturated with a nanofluid
is studied, in the presence of thermal radiation. The
model used for the nanofluid incorporates the effects
of Brownian motion and thermophoresis with Rosse-
land diffusion approximation. The cone surface is
maintained at a constant temperature and a constant
nanoparticle volume fraction. The resulting governing
equations are non-dimensionalized and transformed
into a non-similar form and then solved by Keller box
method. A comparison is made with the available re-
sults in the literature, and our results are in very good
agreement with the known results. A parametric study
of the physical parameters is made and a representa-
tive set of numerical results for the local Nusselt and
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Sherwood numbers are presented graphically. Also,
the salient features of the results are analyzed and dis-
cussed.
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radiation

1 Introduction

Fluid flow and heat transfer in porous media received
considerable interest during the last several decades.
This is primarily because of the numerous applica-
tions of flow through porous medium, such as stor-
age of radioactive nuclear waste, transpiration cool-
ing, separation processes in chemical industries, fil-
tration, transport processes in aquifers, groundwater
pollution, geothermal extraction, fiber insulation, etc.
Theories and experiments of thermal convection in
porous media and state-of-the-art reviews, with spe-
cial emphasis on practical applications are presented
in the recent books by Nield and Bejan [1], Vafai [2],
Pop and Ingham [3], Ingham and Pop [4] and Bejan
et al. [5]. Yih [6, 7] examined coupled heat and mass
transfer by free convection over a truncated cone in
porous media. Cheng [8] studied natural convection
heat and mass transfer from a vertical truncated cone
in a porous medium saturated with a non-Newtonian
fluid with variable wall temperature and concentration.
Cheng [9] also analyzed Soret and Dufour effects on
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natural convection boundary layer flow over a vertical
cone in a porous medium with constant wall heat and
mass fluxes.

On the other hand, nanofluids are prepared by dis-
persing solid nanoparticles in base fluids such as wa-
ter, oil, or ethylene glycol. These fluids are used in
an innovative way to increase thermal conductivity
and, thereby, heat transfer. Unlike heat transfer in con-
ventional fluids, the exceptionally high thermal con-
ductivity of nanofluids provides for exceptional heat
transfer, a unique feature of nanofluids. Advances in
device miniaturization have necessitated heat transfer
systems that are small in size, light mass, and high per-
formance. Several authors have tried to establish con-
vective transport models for nanofluids. The compre-
hensive references on nanofluid can be found in the
recent book by Das et al. [10] and in the review pa-
pers by Buongiorno [11], Bianco et al. [12], and Nield
and Kuznetsov [13–17]. Xuan et al. [18] have exam-
ined the transport properties of nanofluid and have ex-
pressed that thermal dispersion, which takes place due
to the random movement of particles, takes a major
role in increasing the heat transfer rate between the
fluid and the wall. This requires a thermal dispersion
coefficient, which is still unknown. Brownian motion
of the particles, ballistic phonon transport through the
particles and nanoparticle clustering can also be the
possible reason for this enhancement is presented by
Keblinski and Phillpot [19]. Das et al. [20] has ob-
served that the thermal conductivity for a nanofluid
increases with increasing temperature. They have also
observed the stability of Al2O3–water and CuO–water
nanofluids. Experiments on heat transfer due to natural
convection with nanofluid have been studied by Putra
et al. [21] and Wen and Ding [22]. They have observed
that heat transfer decreases with increase in concentra-
tion of nanoparticles. The viscosity of this nanofluid
increases rapidly with the inclusion of nanoparticles
as the shear rate decreases. Chamkha et al. [23] have
studied mixed convection MHD flow of a nanofluid
past a stretching permeable surface in the presence
of magnetic field, heat generation or absorption, ther-
mophoresis, Brownian motion and suction or injection
effects. Chamkha et al. [24] have also analyzed nat-
ural convection past a sphere embedded in a porous
medium saturated by a nanofluid. Gorla et al. [25] have
studied the boundary layer flow of a nanofluid on a
stretching circular cylinder in a stagnant free stream.
Also, Gorla et al. [26] have analyzed mixed convection

past a vertical wedge embedded in a porous medium
saturated by a nanofluid. Chamkha et al. [27] inves-
tigated the problem of steady mixed convection flow
of a nanofluid adjacent to an isothermal wedge em-
bedded in a saturated porous medium in the presence
of thermal radiation with Rosseland diffusion approxi-
mation. If confirmed and found consistent, they would
use nanofluids for application in thermal management.
Furthermore, suspensions of metal nanoparticles are
also being developed for other purposes, such as med-
ical applications including cancer therapy. The inter-
disciplinary nature of nanofluid research presents a
great opportunity for exploration and discovery at the
frontiers of nanotechnology. Also, the nanofluids are
widely used as coolants, lubricants, heat exchangers
and micro-channel heat sinks. Nanofluids usually con-
tain the nanoparticles such as metals, oxides or carbon
nanotubes; whereby these nanoparticles have unique
chemical and physical properties.

However, the thermal radiation effect on mixed
convection heat transfer in porous media is very im-
portant in high-temperature processes and has many
important applications such as space technology, geot-
hermal engineering, the sensible heat storage bed,
the nuclear reactor cooling system, and underground
nuclear wastes disposal. Yih [28, 29] studied radia-
tion effect on mixed convection over an isothermal
wedge/cone in porous media. Bakier [30] presented
an analysis of the thermal radiation effect on station-
ary mixed convection from vertical surfaces in sat-
urated porous media. Kumari and Nath [31] studied
the radiation effect on the non-Darcy mixed convec-
tion flow over a non-isothermal horizontal surface in a
porous medium. Chamkha and Ben-Nakhi [32] stud-
ied the mixed convection–radiation interaction along
a permeable surface immersed in a porous medium.
The problem of hydromagnetic heat transfer by mixed
convection from melting of a vertical plate in a liquid
saturated porous medium, taking into account the ef-
fects of thermal radiation, was investigated by Bakier
et al. [33].

Motivated by these studies, in this paper, the effect
of thermal radiation on mixed convection boundary-
layer flow over an isothermal vertical cone embed-
ded in a porous medium saturated with a nanofluid is
considered. The model used for the nanofluid incorpo-
rates the effects of Brownian motion and thermophore-
sis with Rosseland diffusion approximation. Numeri-
cal solutions of the boundary layer equations are ob-
tained and discussion is provided for several values of
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Fig. 1 Flow model and physical coordinate system

the nanofluid parameters governing the problem. The
dependency of local Nusselt number and local Sher-
wood number on these parameters are discussed.

2 Problem formulation

Consider the problem of the radiation effect on mixed-
convection boundary-layer flow of optically dense
viscous incompressible nanofluid over an isother-
mal vertical cone (with half angle γ ) embedded in
a saturated porous medium. The model used for the
nanofluid incorporates the effects of Brownian mo-
tion and thermophoresis. The uniform wall tempera-
ture of the cone Tw and uniform nanoparticle volume
fraction φw are higher than the ambient temperature
T∞ and ambient nanoparticle volume fraction φ∞, re-
spectively. The flow over the cone is assumed to be
two-dimensional, laminar, steady, and incompressible.
Figure 1 shows the flow model and the physical co-
ordinate system. The porous medium is assumed to
be uniform, isotropic and in local thermal equilib-
rium with the fluid. All fluid properties are assumed
to be constant. In the laminar sub-layer near the wall,
Brownian diffusion and thermophoresis are important
for nanoparticles of any material and size, see Buon-
giorno [11]. For nanofluids, in Cartesian coordinates
system of x and y the governing steady conserva-
tion of follows under the Boussinesq and the, thermal

energy with Rosseland diffusion approximations and
nanoparticles equations including the dynamic effects
of nanoparticles can be written as (see Yih [34, 35]
and Nield and Kuznetsov [14]):
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where x and y denote the vertical and horizontal direc-
tions, respectively. u, v, T and φ are the x and y com-
ponents of velocity, temperature and nanoparticle vol-
ume fraction, respectively. K , β , DB and DT are the
permeability of the porous medium, volumetric expan-
sion coefficient of fluid, the Brownian diffusion coeffi-
cient and thermophoretic diffusion coefficient, respec-
tively. μ, ρf and ρp are the fluid viscosity, fluid den-
sity and the nanoparticle mass density, respectively.
g, σ , σs, and ar are the acceleration due to gravity,
the Stefan–Boltzmann constant, scattering coefficient,
and the Rosseland mean extinction coefficient, respec-
tively. α = k/(ρc)f and τ = (ρc)p/(ρc)f are the ther-
mal diffusivity of porous medium and the ratio of heat
capacities, respectively. k, (ρc)f and (ρc)p are ther-
mal conductivity, heat capacity of the fluid and the
effective heat capacity of nanoparticle material, re-
spectively. The last term on the right side of the en-
ergy equation (3) is the thermal radiation heat flux and
is approximated using the Roseland diffusion equa-
tion. Details of the derivation of Eqs. (3) and (4) are
given in the articles by Buongiorno [11] and Nield and
Kuznetsov [13–17].

The appropriate boundary conditions suggested by
the physics of the problem are

y = 0 : v(x,0) = 0, T = Tw, φ = φw, (5a)

y → ∞ : u = U∞, T = T∞, φ = φ∞, (5b)
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where Tw and φw are the wall temperature and wall
nanoparticle volume fraction, respectively. T∞ and
φ∞ are the free stream velocity, temperature and
nanoparticle volume fraction, respectively. We assume
that the boundary layer thickness is sufficiently thin in
comparison with the local radius of the cone. Hence,
the local radius to a point in the boundary layer can be
replaced by the radius of the cone r , i.e., r = x sinγ .
For cone flow, U∞ = Bxm is the velocity of the po-
tential flow outside the boundary layer. Here, B is a
prescribed constant and m = (γ /π − γ ) is the cone
angle parameter. The tabulated values γ and m are
given by Hess and Faulkner [36]. The cone angles of
15 °, 45° and 75° are discussed in this paper, therefore,
m = 0.0316314,0.2450773,0.6667277. It is conve-
nient to transform the governing equations into a non-
similar dimensionless form which can be studied as
an initial-value problem. This can be done by intro-
ducing the stream function: u = ∂ψ/∂y, v = −∂ψ/∂x

and using
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where Pex and Rax are the local Peclet and modified
Rayleigh numbers, respectively. χ is the mixed con-
vection parameter, ψ is the stream function, S is the
dimensionless stream function, f is the dimensionless
nanoparticle volume fraction, and θ is the dimension-
less temperature. Using the expressions in (6), we can
write Eqs. (1)–(5a), (5b) as
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where
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are the Lewis number, buoyancy ratio, Brownian mo-
tion parameter, thermophoresis parameter, conduction-
radiation parameter and the surface temperature ex-
cess ratio, respectively. It should be noted that χ = 0
(Pex = 0) corresponds to pure free convection while
χ = 1 (Rax = 0) corresponds to pure forced con-
vection. The entire regime of mixed convection cor-
responds to values of χ between 0 and 1. Most
nanofluids examined to date have large values for
the Lewis number Le > 1 (see Nield and Kuznetsov
[14]). For water nanofluids at room temperature with
nanoparticles of 1–100 nm diameters, the Brownian
diffusion coefficient DB ranges from 4 × 10−4 to
4 × 10−12 m−2/s. Furthermore, the ratio of Brownian
diffusivity coefficient to thermophoresis coefficient for
particles with diameters of 1–100 nm can be varied in
the ranges of 2–0.02 for alumina, and from 2 to 20
for copper nanoparticles (see Buongiorno [11] for de-
tails). Hence, the variation of non-dimensional param-
eters of nanofluids in the present study is considered
to vary in the mentioned range.

Of special significance for this problem are the lo-
cal Nusselt and Sherwood numbers. These physical
quantities can be defined as:
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Table 1 Comparison of values of −(1 + (4RdH
3/3))θ ′(χ,0) for various values of m and χ in the absence of nanoparticles volume

fraction, Brownian motion and thermophoresis effects (Nr = Nb = Nt = 0) for Rd = 0.5 and H = 1.1

χ Yih [28] Present results

m = 0.0316314 m = 0.2450773 m = 0.6667277 m = 0.0316314 m = 0.2450773 m = 0.6667277

0.0 1.0380 1.0380 1.0380 1.0380 1.0380 1.0380

0.1 0.9438 0.9444 0.9452 0.9438 0.9444 0.9452

0.2 0.8728 0.8751 0.8788 0.8728 0.8751 0.8788

0.3 0.8301 0.8357 0.8449 0.8301 0.8357 0.8449

0.4 0.8196 0.8301 0.8480 0.8196 0.8301 0.8480

0.5 0.8423 0.8589 0.8883 0.8423 0.8589 0.8883

0.6 0.8960 0.9191 0.9614 0.8960 0.9192 0.9615

0.7 0.9758 1.0054 1.0604 0.9758 1.0054 1.0605

0.8 1.0761 1.1117 1.1783 1.0761 1.1117 1.1784

0.9 1.1919 1.2328 1.3097 1.1920 1.2329 1.3097

1.0 1.3192 1.3648 1.4508 1.3193 1.3649 1.4509

Table 2 Comparison of values of −(1 + (4RdH
3/3))θ ′(χ,0) for various values of m and χ in the absence of nanoparticles volume

fraction, Brownian motion and thermophoresis effects (Nr = Nb = Nt = 0) for Rd = 5 and m = 0.1156458

χ Yih [28] Present results

H = 1.1 H = 2 H = 3 H = 1.1 H = 2 H = 3

0.0 2.3359 4.6459 7.9247 2.3359 4.6461 7.9256

0.1 2.1243 4.2194 7.1931 2.1243 4.2196 7.1944

0.2 1.9651 3.8845 6.6096 1.9651 3.8847 6.6107

0.3 1.8705 3.6658 6.1192 1.8706 3.6660 6.2160

0.4 1.8493 3.5834 6.0547 1.8500 3.5823 6.0523

0.5 1.9038 3.6463 6.1209 1.9038 3.6463 6.1196

0.6 2.0282 3.8475 6.4246 2.0283 3.8476 6.4293

0.7 2.2113 4.1676 6.9427 2.2114 4.1677 6.9435

0.8 2.4404 4.5822 7.6197 2.4405 4.5823 7.6209

0.9 2.7040 5.0684 8.4213 2.7041 5.0685 8.4226

1.0 2.9929 5.6076 9.3114 2.9931 5.6080 9.3172
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where qw and mw are the heat transfer and mass

transfer, respectively at the cone surface are given

by:
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3 Numerical method and validation

The governing equations (7), (8) and (9) with the
boundary conditions (10a), (10b) are non-linear partial
differential equations. The system of Eqs. (7)–(9) are
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Table 3 Comparison of values of −(1 + (4RdH
3/3))θ ′(χ,0) for various values of m and χ in the absence of nanoparticles volume

fraction, Brownian motion and thermophoresis effects (Nr = Nb = Nt = 0) for H = 3 and m = 0.4241237

χ Yih [28] Present results

Rd = 0 Rd = 5 Rd = 10 Rd = 0 Rd = 5 Rd = 10

0.0 0.7686 7.9248 11.1798 0.7686 7.9256 11.1814

0.1 0.6997 7.1980 10.1538 0.6997 7.1989 10.1562

0.2 0.6496 6.6302 9.3510 0.6497 6.6315 9.3554

0.3 0.6228 6.2657 8.8340 0.6229 6.2676 8.8411

0.4 0.6222 6.1413 8.6624 0.6222 6.1446 8.6666

0.5 0.6480 6.2739 8.8444 0.6480 6.2782 8.8538

0.6 0.6975 6.6486 9.3755 0.6975 6.6532 9.3814

0.7 0.7661 7.2317 10.1966 0.7661 7.2329 10.1984

0.8 0.8491 7.9692 11.2361 0.8480 7.9705 11.2231

0.9 0.9427 8.8239 12.4412 0.9427 8.8257 12.4434

1.0 1.0440 9.7658 13.7655 1.0440 9.7674 13.7709

solved numerically using an implicit finite difference
scheme known as the Keller box method as described
by Cebeci and Bradshaw [37]. The computations were
carried out with �χ = 0.01 and �η = 0.01 (uniform
grids). The value of η∞ = 50 is found to be sufficiently
enough to obtain the accuracy of |θ ′(0)| < 10−5.

In order to validate the numerical results, compar-
isons with the previously published results of Yih [28]
for the case of Newtonian fluid are made when Rd =
Nr = Nb = Nt = 0. These comparisons are presented
in Tables 1, 2 and 3. From these tables we see the ex-
cellent agreement between our results and the avail-
able results in the literature. Table 4 shows the numer-
ical results obtained by variable grid with initial step
size �η1 = 0.01 and variable grid parameter of 1.01.

4 Results and discussion

In this section, representative numerical results are dis-
played with the help of graphical illustrations. Compu-
tations were carried out for various values of physical
parameters such as the buoyancy ratio Nr, the Brown-
ian motion parameter Nb, the thermophoresis parame-
ter Nt, the free stream velocity exponent m, the surface
temperature parameter H , the radiation–conduction
parameter Rd, the Lewis number Le, and the mixed
convection parameter χ .

Figures 2a and 2b show the effects of the buoy-
ancy ratio parameter Nr on the local Nusselt number

Table 4 Comparison of values of −(1 + (4RdH
3/3))θ ′(χ,0)

for various values of m and χ in the absence of nanoparticles
volume fraction, Brownian motion and thermophoresis effects
(Nr = Nb = Nt = 0) for Rd = 0.5, H = 1.1 and m = 0.0316314

χ Yih [28] Present results
(uniform grid)

Present results
(variable grid)

0.0 1.0380 1.0380 1.0380

0.1 0.9438 0.9438 0.9439

0.2 0.8728 0.8728 0.8729

0.3 0.8301 0.8301 0.8302

0.4 0.8196 0.8196 0.8194

0.5 0.8423 0.8423 0.8422

0.6 0.8960 0.8960 0.8958

0.7 0.9758 0.9758 0.9757

0.8 1.0761 1.0761 1.0760

0.9 1.1919 1.1920 1.1918

1.0 1.3192 1.3193 1.3192

and the local Sherwood number, for the entire range
of the mixed convection parameter 0 ≤ χ ≤ 1 for var-
ious values of Nr. It is seen that an increase in the
buoyancy ratio enhances both the local Nusselt and
the Sherwood numbers. Moreover, the parameter Nr

appears only in the momentum boundary layer equa-
tion (7). Buoyancy is principally a macroscale effect.
The buoyancy influences the velocity and the tempera-
ture fields, however, has a minor effect on nanoparticle
diffusion. This explains the minor influence of buoy-
ancy on volume fraction nanoparticle profiles. How-
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a

b

Fig. 2 Effect of Nr on a the local Nusselt number and b the
local Sherwood number

ever, for χ = 1 (forced convection limit), the flow
is uncoupled from the thermal and volume fraction
buoyancy effects and therefore, there is no change in
the local Nusselt and Sherwood numbers for all val-
ues of Nr. From the definition of χ , it is observed
that an increase in the value of the parameter Rax /Pex

causes the mixed convection parameter χ to decrease.
Thus, small values of Rax /Pex correspond to values
of χ close to unity which indicate almost pure forced
convection regime. On the other hand, high values of
Rax /Pex correspond to values of χ close to zero, indi-
cate almost pure free convection regime. Furthermore,
moderate values of Rax /Pex represent values of χ be-
tween 0 and 1 which correspond to the mixed convec-
tion regime. For the forced convection limit (χ = 1),
it is clear from Eq. (7) that the velocity in the bound-
ary layer is uniform. However, for smaller values of χ

a

b

Fig. 3 Effect of Nb on a the local Nusselt number and b the
local Sherwood number

(higher values of Rax /Pex) at a fixed value of Nr, the
buoyancy effect increases.

Figures 3a and 3b illustrate the changes in the local
Nusselt number −(1 + (4RdH

3/3))θ ′(χ,0) and local
Sherwood number −f ′(χ,0) for various values of the
Brownian motion parameter Nb for the entire range of
the mixed convection parameter 0 ≤ χ ≤ 1, respec-
tively. It can be seen that as the Brownian motion
parameter Nb increases both the local Nusselt num-
ber and local Sherwood number. In nanofluid systems,
owing to the size of the nanoparticles, Brownian mo-
tion takes place, and this can enhance the heat trans-
fer properties. This is due to the fact that the Brownian
diffusion promotes heat conduction. The nanoparticles
increase the surface area for heat transfer. Nanofluid is
a two phase fluid where the nanoparticles move ran-
domly and increase the energy exchange rates. How-
ever, the Brownian motion reduces nanoparticle diffu-
sion. The increase in the local Sherwood number as
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a

b

Fig. 4 Effect of Nt on a the local Nusselt number and b the
local Sherwood number

Nb changes is relatively small. This is due to the large
value of Le. In addition, when the mixed convection
parameter χ is changed from 0 to 1, the local Nus-
selt and Sherwood numbers initially decrease reaching
corresponding minimum values in the range 0 ≤ χ ≤ 1
and then increase gradually. This phenomenon of a
minimum in the local Nusselt number (or Sherwood
number) has been explained in the work of Hsieh et al.
[38] for the problem of mixed convection flow over a
vertical flat plate.

Figures 4a and 4b depict the influence of the ther-
mophoresis parameter Nt on Nu and Sh, respectively.
It can be seen that the thermophoresis parameter, Nt

appears in the thermal and concentration boundary
layer equations. As we note, it is coupled with the
temperature function and plays a strong role in deter-
mining the diffusion of heat and nanoparticle concen-
tration in the boundary layer. An increase in the val-

a

b

Fig. 5 Effect of m on a the local Nusselt number and b the local
Sherwood number

ues of the thermophoresis parameter Nt results in in-
creasing the values of −(1 + (4RdH

3/3))θ ′(χ,0) and
−f ′(χ,0).

Figures 5a and 5b show representatively the ef-
fects of the free stream velocity exponent (cone an-
gle parameter) m on the local Nusselt number −(1 +
(4RdH

3/3))θ ′(χ,0) and on the local Sherwood num-
ber −f ′(χ,0) in the entire range for the mixed con-
vection parameter (0 ≤ χ ≤ 1). From these figures we
see that an increase in the free stream velocity ex-
ponent m causes enhancements in both the heat and
mass transfer, and as result in the local Nusselt and the
Sherwood numbers: This is true for the entire range
0 < χ < 1. However, it is noticed that the effect of m
on the local Nusselt and the Sherwood numbers are al-
most negligible for the free convection limit (χ = 0).
This phenomenon is consistent with and also reported
by Kumari and Gorla [39] in their work on combined
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a

b

Fig. 6 Effect of H on a the local Nusselt number and b the
local Sherwood number

convection along a non-isothermal wedge in a porous
medium.

Figures 6a and 6b present the effect the surface tem-
perature parameter H on the values of the local Nus-
selt and the Sherwood numbers in the entire range of
the mixed convection parameter 0 ≤ χ ≤ 1, respec-
tively. It can be observed from these figures that the
values of both the local Nusselt and the Sherwood
numbers increase as the value of H increases: This is
true in the entire range 0 < χ < 1. However, the ef-
fect of H is almost negligible on the local Sherwood
number; but more pronounced with the local Nusselt
number.

Figures 7a and 7b display the effects of the Lewis
number Le on the local Nusselt number and on the lo-
cal Sherwood number for the entire range of the mixed
convection parameter 0 ≤ χ ≤ 1, respectively. It is ob-
served that, an increase in the Lewis number Le causes

a

b

Fig. 7 Effect of Le on a the local Nusselt number and b the
local Sherwood number

a reduction in the local Nusselt number and an en-
hancement in the local Sherwood number.

Figures 8a and 8b show the effect of the radiation-
conduction parameter Rd on the local Nusselt num-
ber for both cases of Newtonian and nanofluids in
the entire range of the mixed convection parame-
ter 0 ≤ χ ≤ 1, respectively. It is found that the lo-
cal Nusselt number and the Sherwood number in-
crease with increasing value of Rd for χ = 0 (pure-
convection heat transfer), the local Nusselt number
is proportional only to the wall temperature gradient
−(1 + (4RdH

3/3))θ ′(χ,0). For the case of large H

and Rd (radiation effects are very much pronounced),
although −(1 + (4RdH

3/3))θ ′(χ,0) is low as shown
in Figs. 2b and 3b, the local Nusselt number is large.
This is due to the fact that the local Nusselt num-
ber is found to be more sensitive to H and Rd than
−f ′(χ,0), as revealed in Eqs. (12) and (13). More-
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a

b

Fig. 8 Effect of Rd on a the local Nusselt number and b the
local Sherwood number

over, for χ = 1 (forced convection limit), the flow is
uncoupled from the thermal and volume fraction buoy-
ancy effects, and therefore, the local Sherwood num-
ber does not depend on Rd.

5 Conclusions

Numerical solutions of steady mixed convection flow
of a nanofluid over a vertical cone embedded in a sat-
urated porous medium in the presence of thermal radi-
ation with Rosseland diffusion approximation are pre-
sented. The model used for the nanofluid incorporates
the effects of Brownian motion and thermophoresis.
The entire regime of mixed convection is included,
as the combined convection parameter varies from 0
(pure free convection) to 1 (pure forced convection).
The transformed non-linear system of equations is

solved using the Keller box method. A comparison be-
tween the present (for some special cases) with previ-
ously published results are found to be in very good
agreement. The numerical results are presented for the
local Nusselt and the Sherwood numbers with various
values of the buoyancy ratio, the Brownian motion pa-
rameter, the thermophoresis parameter the free stream
velocity exponent, the radiation–conduction parame-
ter, the surface temperature parameter, and the Lewis
number. It was found that the local Nusselt number
increases when any of the parameters; buoyancy ra-
tio, the Brownian motion, the thermophoresis, the free
stream velocity exponent, the radiation–conduction,
the surface temperature, and the Lewis number in-
crease. In addition, the local Sherwood number in-
creases as the buoyancy ratio, Brownian motion pa-
rameter, Lewis number, free stream velocity exponent,
radiation-conduction parameter or the surface temper-
ature parameter increase. But quite the opposite is seen
as the thermophoresis parameter increases. Further-
more, both the local Nusselt and the Sherwood num-
bers decrease initially, reaching to a minimum for the
intermediate value of the mixed convection parameter,
and then increase gradually. Moreover, it is shown that
the effects of the Lewis number, and the thermophore-
sis parameters are more pronounced on the local Sher-
wood number than on the local Nusselt number. How-
ever, the effects of the radiation–conduction parame-
ter and the surface temperature parameter are signifi-
cantly stronger on the local Nusselt number than that
on the local Sherwood number.
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