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HOMOTOPY ANALYSIS METHOD FOR THERMOPHORETIC PARTICLE

DEPOSITION EFFECT ON MAGNETOHYDRODYNAMIC MIXED CONVECTIVE HEAT

AND MASS TRANSFER PAST A POROUS WEDGE IN THE PRESENCE OF SUCTION

UDC 536.24R. Kandasamy and I. Muhaimin

Homotopy analysis method is used to analyze the effect of thermophoretic particle deposition on
magnetohydrodynamic mixed convection flow with heat and mass transfer over a porous wedge. An
explicit analytical solution is obtained which is valid throughout the solution domain and is consistent
with numerical results.
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Introduction. Thermophoresis is a phenomenon which causes small particles to be driven away from a hot
surface toward a cold one. This phenomenon has many practical applications in removing small particles from gas
streams, in determining exhaust gas particle trajectories from combustion devices, and in studying the particulate
material deposition on turbine blades.

Goren [1] was one of the first to study the role of thermophoresis in laminar flow of a viscous incompressible
fluid. He used the classical problem of flow over a flat plate to calculate the deposition rates and showed that
substantial changes in surface deposition can be obtained by increasing the difference between the surface and free
stream temperature. England and Emery [2] studied the thermal radiation effect of an optically thin gray gas
bounded by a stationary vertical plate. Raptis [3] investigates radiation effect on the flow of a micropolar fluid past
a continuously moving plate.

In addition, the study of magnetohydrodynamic (MHD) viscous radiating flows has important industrial,
technological, and geothermal applications, such as high-temperature plasmas, cooling of nuclear reactors, fluid
metal fluids, MHD accelerators, and power generation systems. Mbeledogu and Ogulu [4] investigated the heat and
mass transfer of unsteady MHD natural convection flow of a rotating fluid past a vertical porous flat plate in the
presence of radiative heat transfer. Alam et al. [5] studied the effects of variable suction and thermophoresis on
steady MHD combined free-forced convective heat and mass transfer flow over a semi-infinite permeable inclined
plate in the presence of thermal radiation. Hossain and Takhar [6] analyzed the effect of radiation, using the
Rosseland diffusion approximation, on mixed convection along a vertical plate with uniform free stream velocity
and surface temperature. Duwairi and Damesh [7, 8], Duwairi [9], and Damesh et al. [10] studied the effect of
radiation and heat transfer in different geometries for various flow conditions.

Thermophoretic deposition of radioactive particles is considered to be one of the important factors causing
accidents in nuclear reactors. Goldsmith and May [11] were the first to study the thermophoretic transport involved
in simple one-dimensional flow for the purpose of measuring the thermophoretic velocity. Thermophoresis in natural
convection with variable properties for a laminar flow over a cold vertical flat plate was studied by Jayaraj et
al. [12]. Selim et al. [13] explored the effect of surface mass flux on mixed convective flow past a heated vertical flat
permeable plate with thermophoresis. The first analysis of thermophoretic deposition in geometry of engineering
interest appears to be that of Hales et al. [14]. They solved the laminar-boundary-layer equations for simultaneous
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Fig. 1. Flow diagram along the wall of the wedge: 1) wedge; 2) porous wall.

aerosol and steam transport to an isothermal vertical surface situated adjacent to a large body of an otherwise
quiescent air-steam-aerosol mixture. Recently, Chamkha and Pop [15] studied the effect of thermophoretic particle
deposition in a free-convection boundary layer from a vertical flat plate embedded in a porous medium.

A few representative fields of interest in which combined heat and mass transfer with thermophoresis effect
plays an important role are: design of chemical processing equipment, formation and dispersion of fog, distribution
of temperature and moisture over agricultural fields and groves of fruit trees, damage of crops due to freezing, food
processing, and cooling towers. In particular, the study of heat and mass transfer with thermophoretic particle
deposition is of considerable importance for chemical and hydrometallurgical industries. Of particular importance
is an understanding of combined heat and mass transfer by mixed convection from a heated flat surface embedded
in a fluid-saturated porous medium [16]. Numerical results of solution of this problem were reported by Murthy
and Singh [17]. However, to our knowledge, no one has reported an analytical solution for this problem. In this
paper, we employ the homotopy analysis method (HAM) [18–23] to give such an explicit analytical solution.

1. Mathematical Model. We consider a wedge plate embedded in a saturated porous medium as shown
in Fig. 1. In Fig. 1, v0 is the velocity of suction if v0 < 0 and is the velocity of injection if v0 > 0. The plate may be
permeable (vw �= 0) or impermeable (vw = 0). The surface of the plate is maintained at a constant temperature Tw

higher than the ambient temperature T∞, and, at the same time, the concentration of a constituent decreases from
Cw at the wall to C∞ sufficiently away from the wall. Let the x axis be taken along the direction of the wedge, and the
y axis normal to it. Fluid suction or injection is imposed at the wedge surface (see Fig. 1). The temperature gradient
in the y direction is much higher than that in the x direction, and hence only the thermophoretic velocity component
which is normal to the surface is of importance. Invoking the Boussinesq and boundary-layer approximations, we
write the governing equations based on the Forchheimer formulation as

∂u

∂x
+
∂v

∂y
= 0; (1)

u
∂u

∂x
+ v

∂u

∂y
= ν

∂2u

∂y2
+ U

dU

dx
−

(σB2
0

ρ
+
ν

K

)
(u− U) − F√

K
(u2 − U2)

+ [gβ(T − T∞) + gβ∗(C − C∞)] sin
Ω
2

; (2)

u
∂T

∂x
+ v

∂T

∂y
= α

∂2T

∂y2
, u

∂C

∂x
+ v

∂C

∂y
= D

∂2C

∂y2
− ∂ (VTC)

∂y
. (3)

The boundary conditions are

u = 0, v = vw, T = Tw, C = Cw at y = 0,

u = U(x), T = T∞, C = C∞ at y → ∞.
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Here u and v are the velocity components in the x and y directions, respectively, ν is the kinematic viscosity,
g is the acceleration due to gravity, ρ is the density of the fluid, β is the thermal-expansion coefficient, β∗ is the
volumetric-expansion coefficient, T , Tw, and T∞ are the temperature of the fluid in the thermal boundary layer, the
plate temperature, and the fluid temperature in the free stream, respectively, C, Cw, and C∞ are the corresponding
concentrations, α is the thermal conductivity of the fluid, D is the effective diffusion coefficient, B0 is the constant
magnetic field strength, σ is the electric conductivity, K is the permeability of the porous medium, Ω is the angle of
inclination of the wedge, VT = −(kν/T ) ∂T/∂y is the thermophoretic velocity, k is the thermophoretic coefficient,
and F is an empirical constant (Forchheimer number). The third and fourth terms on the right side of Eq. (2)
represent the resistance proportional to the first power of the velocity (Darcy law) and the resistance proportional
to the second power of the velocity (porous inertia), respectively. For F = 0, the expression for the force of resistance
reduces to the Darcy law.

Following [24], we make the change of variables

η(x, y) = y

√
(1 +m)U

2νx
, ψ(x, y) =

√
2Uν x
1 +m

f(x, η).

The potential-flow velocity can be expressed as

U(x) = Axm, β1 = 2m/(1 +m),

where A is a constant and β1 = Ω/π is the Hartree pressure gradient parameter.
The continuity equation (1) implies the existence of the stream function ψ(x, y)

u =
∂ψ

∂y
, v = −∂ψ

∂x
.

Let us transform Eqs. (2) and (3) to a system of ordinary differential equations. For this, we introduce the
following dimensionless parameters and variables: θ is the temperature, ϕ is the concentration, Gr is the Grashof
number, Ec is the Eckert number, N is the buoyancy ratio, Rex is the Reynolds number, Rek is the local Reynolds
number, Pr is the Prandtl number, M∗ is the magnetic parameter, Fn is the Forchheimer number, Sc is the
Schmidt number, S is the injection or suction parameter, λ is the porosity parameter of the medium, and τ is the
thermophoretic parameter:

θ =
T − T∞
Tw − T∞

, ϕ =
C − C∞
Cw − C∞

, Gr =
νgβ(T − T∞)

U3
, Ec =

c2

cp(Tw − T∞)
(k2)2m/(1−m),

N =
β∗(Cw − C∞)
β(Tw − T∞)

, Rex =
Ux

ν
, Rek =

U
√
K

ν
, Pr =

ν

α
, M∗ =

σB2
0

ρa
, (4)

Fn =
FU

√
K

ν
, Sc =

ν

D
, S = fw = −vw

√
(1 +m)x

2νU
, λ =

α

KU
, τ = −k(Tw − T∞)

Tr

(cp is the heat capacity at constant pressure). Equations (2) and (3) become

∂3f

∂η3
= −f ∂

2f

∂η2
− 2m

1 +m

(
1 −

(∂f
∂η

)2)
− 2(Nϕ+ θ)

1 +m
GrRex sin

Ω
2

+
2x

1 +m

(∂f
∂η

∂2f

∂x ∂η
− ∂f

∂x

∂2f

∂η2

)
+

2
m+ 1

(M∗ + λ)
(∂f
∂η

− 1
)

+
2

m+ 1
Fx√
K

((∂f
∂η

)2

− 1
)
,

∂2θ

∂η2
= −Pr

∂θ

∂η
+

2Pr
1 +m

θ
∂f

∂η
+ Pr

2x
1 +m

(∂f
∂η

∂θ

∂x
− ∂f

∂x

∂θ

∂η

)
, (5)

∂2ϕ

∂η2
= − Sc

(
f − τ

∂θ

∂η

)∂ϕ
∂η

+
2 Sc

1 +m
ϕ
∂f

∂η
+

2xSc
1 +m

(∂f
∂η

∂ϕ

∂x
− ∂f

∂x

∂ϕ

∂η

)
+ Sc τ

∂2θ

∂η2
ϕ.
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The boundary conditions are written as

η = 0:
∂f

∂η
= 0,

f

2

(
1 +

x

U

dU

dx

)
+ x

∂f

∂x
= −v0

√
(1 +m)x

2νU
, θ = 1, ϕ = 1,

η → ∞:
∂f

∂η
= 1, θ = 0, ϕ = 0.

(6)

Equations (5) with boundary conditions (6) can be represented as

∂3f

∂η3
+

(
f +

1 −m

1 +m
ξ
∂f

∂ξ

)∂2f

∂η2
− 1 −m

1 +m
ξ
∂2f

∂ξ ∂η

∂f

∂η
+

2(Nϕ+ θ)
1 +m

Gr Rex sin
Ω
2

− 2
m+ 1

ξ2(M∗ + λ)
(∂f
∂η

− 1
)
− 2
m+ 1

((∂f
∂η

)2

− 1
)( Rex

(Rek)2
Fn +m

)
= 0,

∂2θ

∂η2
+ Pr

(
f +

1 −m

1 +m
ξ
∂f

∂ξ

)∂θ
∂η

− 2Pr
1 +m

θ
∂f

∂η
− 1 −m

1 +m
ξ
∂θ

∂ξ

∂f

∂η
= 0,

∂2ϕ

∂η2
+ Sc

(
f − τ

∂θ

∂η

)∂ϕ
∂η

+ Sc
1 +m

1 −m

(∂ϕ
∂η

ξ
∂f

∂ξ
− ∂f

∂η
ξ
∂ϕ

∂ξ

)
(7)

− 2 Sc
1 +m

ϕ
∂f

∂η
− Sc τ

∂2θ

∂η2
ϕ = 0;

η = 0:
∂f

∂η
= 0,

(1 +m)f
2

+
1 −m

2
ξ
∂f

∂ξ
= fw, θ = 1, ϕ = 1,

η → ∞:
∂f

∂η
= 1, θ = 0, ϕ = 0.

Here fw = S is the suction parameter if fw > 0 and injection parameter if fw < 0, Fn is the dimensionless
inertial parameter (Forchheimer number), ξ = kx(1−m)/2 > 0 is the dimensionless distance along the wedge [24],
and f(ξ, η) is the dimensionless stream function. Obviously, if all terms with derivatives with respect to ξ are
retained, it is necessary to employ a numerical scheme suitable for partial differential equations for the solution of
the problem. In addition, because the streamwise solution depends on the derivatives with respect to ξ, a locally
autonomous solution cannot be obtained at an arbitrary specified point along the point. In this case, an implicit
marching numerical solution scheme is usually applied before the solution in the ξ direction, i.e., the solution is
calculated at the point ξi+1 when it is known at the point ξi. However, when the terms containing the derivatives
∂f/∂ξ, ∂θ/∂ξ, and ∂ϕ/∂ξ and their derivatives with respect to η are absent, the system of ordinary differential
equations for the functions f , θ, and ϕ with the parameter ξ takes place, and the procedure of its solution is
simplified. Furthermore, a locally autonomous solution can be obtained for any ξ. According to [24, 25], in the
present numerical solution of the problem, the shooting method is used. By virtue of the aforesaid, for ξ = 1,
Eqs. (7) are transformed to the equations

f ′′′ + ff ′′ +
2

1 +m
(1 − f ′2)

( Rex

(Rek)2
Fn +m

)
+

2(Nϕ+ θ)
1 +m

Gr Rex sin
Ω
2
− 2

1 +m
(M∗ + λ)(f ′ − 1) = 0,

θ′′ + Pr fθ′ − 2Pr
1 +m

θf ′ = 0, (8)

ϕ′′ + Sc(f − τθ′)ϕ′ − 2 Sc
1 +m

f ′ϕ− Sc τθ′′ϕ = 0

with the boundary conditions

η = 0: f = 2fw/(1 +m), f ′ = 0, θ = 1, ϕ = 1,

η → ∞: f ′ = 1, θ = 0, ϕ = 0.
(9)
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2. Numerical Solution. The system of nonlinear ordinary differential equations (8) with boundary condi-
tions (9) was solved by using the Gill method [25] and the shooting technique with prescribed parameters α, Ω, λ,
M∗, and τ . The computation was made with Matlab software. In most cases, a step size Δη = 0.001 was selected
to satisfy a convergence criterion of 10−7. The maximum value of η∞ for each set of the parameters α, Ω, γ, and τ
was determined so that, in the case of a successful iteration, the values of the unknowns on the boundary η = 0
changed with an error less than 10−7. The thermophoretic particle deposition in magnetohydrodynamic (MHD)
mixed convective heat and mass transfer over a porous wedge was studied for various values of suction at the wall
of the wedge.

3. Analytical Solution. The functions f(η), θ(η), and ϕ(η) can be expressed from the boundary conditions
(9) as follows:

f(η) =
+∞∑
n=0

An exp (−nγη), θ(η) =
+∞∑
n=1

Bn exp (−nγη), ϕ(η) =
+∞∑
n=1

Cn exp (−nγη).

Here An, Bn, and Cn are coefficients to be determined and γ > 0 is a constant. As the initial approximation, from
(9) it is straightforward to choose the functions

f0(η) = 1 + fw − exp (−γη),

θ0(η) =
exp (−γη) + exp (−2γη)

2
, ϕ0(η) =

exp (−γη) + exp (−2γη)
2

.

(10)

In addition, we define the auxiliary linear operators

L1 =
∂

∂η

( ∂2

∂η2
− 1

)
, L2 = exp (γη)

( ∂2

∂η2
− 1

)

with the following properties:

L1(C1 + C2 exp (η) + C3 exp (−η)) = 0, L2(C4(exp (−η) + C5 exp (η)) = 0

(C1, C2, . . . , C5 are constants of integration).
Next, we construct the so-called zero-order deformation equations

(1 − p)L1[F(η;P ) − f0(η)] = phfNf [F(η; p), θ(η; p), ϕ(η; p)],

(1 − p)L2[θ(η;P ) − θ0(η)] = phθNθ[F(η; p), θ(η; p)],

(1 − p)L3[ϕ(η;P ) − ϕ0(η)] = phϕNϕ[F(η; p), ϕ(η; p)]

with the boundary conditions

F(0; p) = fw,
∂ F(η; p)
∂η

∣∣∣
η=0

= 0, θ(0; p) = ϕ(0; p) = 1,

∂ F(η; p)
∂η

∣∣∣
η=∞

= 1, θ(0; p) = ϕ(0; p) = 0.

Here

Nf [F, θ, ϕ] =
∂3 F
∂η3

+ F
∂2 F
∂η2

+
2

1 +m

(
1 −

(∂ F
∂η

)2)( Rex

(Rek)2
Fn +m

)

+
2(Nϕ+ θ)

1 +m
GrRex sin

Ω
2
− 2

1 +m
(M∗ + λ)

(∂ F
∂η

− 1
)
,

Nθ[F; θ] =
∂2θ

∂η2
+ Pr F

∂θ

∂η
− 2Pr

1 +m
θ
∂ F
∂η

, (11)

Nϕ[F;ϕ] =
∂2ϕ

∂η2
+ Sc

(
F−τ ∂θ

∂η

) ∂ϕ
∂η

− 2 Sc
1 +m

∂ F
∂η

ϕ− Sc τ
∂2θ

∂η2
ϕ,

p ∈ [0, 1] is the embedding parameter and hf , hθ, and hϕ are auxiliary nonzero parameters. Obviously,
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F(η; 0) = f0(η), F′(η; 0) = f ′
0(η), θ(η; 0) = θ0(η), ϕ0(η; 0) = ϕ0(η) at p = 0,

F′(η; 1) = f ′(η), θ(η; 1) = θ(η), ϕ(η; 1) = ϕ(η) at p = 1. (12)

We expand the functions F(η; p), θ(η; p), and ϕ(η; p) in a Taylor power series at the point p = 0:

F(η; p) = F(η; 0) +
+∞∑
l=1

fl(η)pl, θ(η; p) = θ(η; 0) +
+∞∑
l=1

θl(η)pl,

ϕ(η; p) = ϕ(η; 0) +
+∞∑
l=1

ϕl(η)pl.

(13)

Here

fl(η) =
1
l!
∂l F(η; p)
∂pl

∣∣∣
p=0

, θl(η) =
1
l!
∂lθ(η; p)
∂pl

∣∣∣
p=0

, ϕl(η) =
1
l!
∂lϕ(η; p)
∂pl

∣∣∣
p=0

.

We note that the convergence regions of series (13) depend on the auxiliary parameters hf , hθ, and hϕ. If the
parameters hf , hθ, and hϕ are chosen so that series (13) converge for p = 1, in view of (12), we have

f(η) = f0(η) +
+∞∑
l=1

fl(η), θ(η) = θ0(η) +
+∞∑
l=1

θl(η), ϕ(η) = ϕ0(η) +
+∞∑
l=1

ϕl(η). (14)

Differentiating Eqs. (11) m times with respect p, then setting p = 0, and finally dividing these equations by m!, we
obtain the so-called mth-order equations for fl, θl, and ϕl (for details, see [22, 23])

Lf [fl(η) − χlfl−1(η)] = hfRl(η), Lθ[θl(η) − χlθl−1(η)] = hθSl(η),

Lϕ[ϕl(η) − χlϕl−1(η)] = hϕWl(η)
(15)

with the boundary conditions

fl(0) = fw, f ′
l (0) = 0, θl(0) = ϕl(0) = 0, f ′

l (∞) = 1, θl(∞) = ϕl(∞) = 0. (16)

Here

Rl(η) = f ′′′
l−1(η) +

2
1 +m

( Rex

(Rek)2
Fn +m

)
− 2

1 +m

( Rex

(Rek)2
Fn +m

) l−1∑
n=0

f ′
n(η)f ′

l−1−n(η)

+
2

1 +m
(M∗ + λ) +

2(Nϕl−1(η) + θl−1(η))
1 +m

Gr Rex sin
Ω
2

− 2
1 +m

(M∗ + λ)
l−1∑
n=0

f ′
l−1−n(η) +

l−1∑
n=0

fn(η)f ′′
l−1−n(η),

Sl(η) = θ′′l−1(η) + Pr
l−1∑
n=0

[
fn(η)θ′l−1−n(η) − 2

1 +m
θl−1−n(η)f ′

n(η)
]
,

Wl(η) = ϕ′′
l−1(η) − Sc

l−1∑
n=0

[ 2
1 +m

ϕl−1−n(η)f ′
n(η) − τϕl−1−n(η)θ′′n(η)

]
+ Sc

l−1∑
n=0

(fn(η) − τθ′n(η))ϕ′
l−1−n(η),

χl =
{

0, l � 1,
1, l > 1.

The functions fl, θl, and ϕl which satisfy (15) and (16) have the form

fl(η) =
2l+1∑
l=1

al,k exp (−kγη), θl(η) =
2l+2∑
k=1

bl,k exp (−kγη), ϕl(η) =
2l+2∑
k=1

cl,k exp (−kγη) at m � 1,

254



where al,k, bl,k, and cl,k are coefficients. Substituting these expressions into (15) and (16), we obtain the recursive
formulas

al,k =
hf

k(k2 − 1)γ3
Γl,k + χlλl−1,k+2al−1,k, 1 � k � 2l+ 1, al,0 = −

2l+1∑
k=1

al,k,

bl,k =
hθ

(k2 − 1)γ2
Λl,k−1 + χlλl−1,kbl−1,k, 2 � k � 2l+ 2, bl,1 = −

2l+2∑
k=2

bl,k,

cl,k =
hϕ

(k2 − 1)γ2
Δl,k−1 + χlλl−1,kcl−1,k, 2 � k � 2l+ 2, cl,1 = −

2l+2∑
k=2

cl,k.

Here

Γl,k = λl−1,k+2al−1,k+2(kγ)3+(Ncl−1,k+bl−1,k)Gr Rex sin
Ω
2

(kγ)+
2

1 +m

( Rex

(Rek)2
Fn +m

)
+

2
1 +m

(M∗+λ)+βl,k,

Λl,k = λl−1,k+1al−1,k(kγ)2 + θl,k, 1 � k � 2l+ 1,

Δl,k = λl−1,k+1al−1,k(kγ)2 + ϕl,k, 1 � k � 2l + 1.

By the definitions,

βl,k =
l−1∑
n=0

min (2l−2n,k)∑
s=max (1,k−2n−1)

[
(s− k)s2γ3 2

1 +m
bn,k−sal−1−n,s

− (s− k)sγ2 2
1 +m

an,k−sal−1−n,s − 2
1 +m

( Rex

(Rek)2
Fn +m

)
s2γ2an,k−sal−1−n,s

− 2
1 +m

(M∗ + λ)sγal−i−n,s

]
, 2 � k � 2l + 2, βl,1 = 0, βl,2l+1 = 0,

θl,k = Pr
m−1∑
n=0

min (2l−2n,k)∑
s=max (1,k−2n−1)

[
γsan,k−sbl−1−n,s − 2

1 +m
an,k−sbl−1−n,s

]
, 1 � k � 2l+ 1,

ϕl,k = Sc
m−1∑
n=0

min (2l−2n,k)∑
s=max (1,k−2n−1)

[
− 2

1 +m
an,k−scl−1−n,s − 2

1 +m
τbn,k−scl−1−n,s

+ γs(an,k−s − τbn,k−s)cl−1−n,s

]
, 1 � k � 2l + 1,

λl,k =

{
1, 1 � k � 2l+ 2,

0, k < 1, k > 2l+ 2.

Using the above recursive formulas, we can calculate all coefficients of approximation (10):

a0,0 = 1 + fw, a0,1 = −1, b0,1 = b0,2 = c0,1 = c0,2 = 1/2.

The corresponding approximations (14) of the Mth order are given by

f(η) = f0(η) +
M∑
l=1

fl(η) =
M∑
l=0

2l+1∑
k=0

al,k exp (−kγη),

θ(η) = θ0(η) +
M∑
l=1

θl(η) =
M∑
l=0

2l+2∑
k=1

bl,k exp (−kγη), ϕ(η) = ϕ0(η) +
M∑
l=1

ϕl(η) =
M∑
l=0

2l+2∑
k=1

cl,k exp (−kγη);

for M → +∞, they represent the analytical solution (8).
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Fig. 2 Fig. 3

Fig. 2. Temperature versus variable η for Rex = 3, Rek = 1, Gr = Fn = M∗ = N = 1, Sc = 0.62, S = 1,
γ = 1, M = 80, τ = 1, and Pr = 0.3 (1), 0.73 (2), and 3 (3); points correspond to numerical calculation
results, and curves to the analytical solution.

Fig. 3. Velocity versus variable η for Rex = 3, Rek = Gr = Fn = M∗ = N = 1, Sc = 0.62, Pr = 0.73,
γ = 1, M = 80, τ = 1, and S = 3 (1), 5 (2), and 8 (3); points refer to numerical calculation results and
curves to the analytical solution.

4. Validation of the Analytical Solution. In this section, we verify our analytical solutions by numerical
integration using the fourth-order Runge–Kutta method and Newton–Raphson technique. As the initial approxi-
mation of the numerical solutions we use the values of the functions f0, θ0, and ϕ0 defined by Eqs. (10). To satisfy
the boundary conditions at infinity, the integration distance η∞ was chosen equal 40 and was discretized into 10,000
intervals. The iterative integration procedure was repeated until the root-mean-square error for each discretized
Eq. (8) reached not more than 5 · 10−6.

We note that our explicit analytical solution contains the free parameters hf , hθ, hϕ, and γ which provides
convergence of series (14) (see [18–23]). The parameters used for the analytical solution are listed in Table 1
(Rex = 3, τ = 1, Pr = 0.71, and Sc = 0.62). Tables 2–4 gives analytical solutions of various orders of approximation
and numerical calculation results for Rex = 3, Rek = 1, Gr = 1, Fn = 1, N = 1, Pr = 0.73, Sc = 0.62, fw = 1, and
M∗ = τ = 1. From Tables 2–4, it follows that our analytical approximations agree well with the numerical ones as
long as the order of approximation is high enough.

The velocity, temperature, and concentration profiles obtained in the dimensionless form η are presented in
Figs. 2–5 for Pr = 0.73, which corresponds to air at a temperature 20◦C, and Sc = 0.62, which corresponds to
water vapor. These values of Pr and Sc are of great interest for studies of diffusion of chemical impurity in air. The
following parameter values of the model were chosen: Grashof number Gr = 1 (for Gr > 0 cooling), Eckert number
Ec = 0.001, buoyancy ratio N = 1, local Reynolds number Rek = 1, m = 0.0909 (for an angle of inclination of
the wedge Ω = 30◦), porosity parameter of the medium λ = 1, and Reynolds number Rex = 3. From Figs. 2–5, it
follows that the analytical solutions are in good agreement with the numerical calculation results.

5. Discussion of Results. The analytical solutions presented in Fig. 2 agree well with the numerical
calculation results and data given by Watanabe and Morioka [25]. It should be pointed out that Watanabe and
Morioka presented numerical results for the Prandtl number Pr in the range of 0.3–15.0. However, for Pr > 7,
a higher order of approximation is needed. Because of limited capacity of our computer, we were unable to give
sufficiently accurate analytical solutions for Pr > 7, although our analytical solution is valid for any combination
of Rex, Gr, Fn, N , Sc, fw, and τ if the parameters hf , hθ, hϕ, and γ are properly selected and the order of
approximation is high enough. Even though, our analytical solution agree well with numerical results for a wide
range of the governing parameters.

Figures 3–5 illustrate the effect of the suction parameter S > 0 on the velocity, temperature, and concen-
tration profiles, respectively. The imposition of wall fluid suction for this problem has the effect of reducing the
thicknesses of the thermal and concentration boundary layers, leading to an increase in the fluid velocity and a de-
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TABLE 1
Values of the Free Parameters of the Analytical Solution

fw hf hθ hϕ γ M

1 −0.4 −1.5 −1.5 1.2 60
0 −0.4 −1.5 −1.0 1.1 60

−1 −0.5 −1.5 −0.6 0.7 80
1 −0.3 −1.5 −1.0 1.2 80

−1 −0.6 −0.8 −0.6 1.0 100

TABLE 2

Values of f ′(η) Obtained for Approximations of Various Orders of the Analytical Solution
and by Numerical Calculations

η
Analytical solution Results

of numerical calculationsM = 10 M = 20 M = 40 M = 50 M = 60 M = 80 M = 100

0 0 0 0 0 0 0 0 0
0.1 0.6487 0.6484 0.6481 0.6482 0.6479 0.6478 0.6479 0.6481
0.2 0.8828 0.8828 0.8829 0.8827 0.8825 0.8825 0.8826 0.8827
0.3 0.9646 0.9644 0.9644 0.9642 0.9641 0.9641 0.9641 0.9643
0.4 0.9911 0.9612 0.9611 0.9611 0.9609 0.9608 0.9608 0.9610
1.0 0.9998 0.9998 0.9997 0.9997 0.9997 0.9997 0.9997 0.9998
2.0 0.9999 0.9999 0.9999 0.9999 0.9999 0.9999 0.9999 0.9999
3.0 0.9999 0.9999 0.9999 0.9999 0.9999 0.9999 0.9999 0.9999

TABLE 3

Values of θ(η) Obtained for Approximations of Various Orders of the Analytical Solution
and by Numerical Calculation

η
Analytical solution Results

of numerical calculationsM = 10 M = 20 M = 40 M = 50 M = 60 M = 80 M = 100

0 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
0.1 0.5116 0.5116 0.5114 0.5108 0.5107 0.5107 0.5110 0.5110
0.2 0.2597 0.2596 0.2595 0.2594 0.2595 0.2595 0.2597 0.2597
0.3 0.1316 0.1315 0.1314 0.1309 0.1310 0.1310 0.1312 0.1312
0.5 0.0323 0.0324 0.0321 0.0321 0.0320 0.0321 0.0323 0.0323
1.0 0.0006 0.0006 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005
2.0 0.0002 0 0 0 0 0 0 0
3.0 0.0001 0 0 0 0 0 0 0

TABLE 4

Values of ϕ(η) Obtained for Approximations of Various Orders of the Analytical Solution
and by Numerical Calculations

η
Analytical solution Results

of numerical calculationsM = 10 M = 20 M = 40 M = 50 M = 60 M = 80 M = 100

0 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
0.1 0.5272 0.5272 0.5271 0.5270 0.5267 0.5267 0.5267 0.5267
0.2 0.2753 0.2753 0.2752 0.2752 0.2750 0.2750 0.2750 0.2750
0.3 0.1450 0.1452 0.1451 0.1451 0.1451 0.1451 0.1451 0.1451
0.4 0.0743 0.0742 0.0741 0.0741 0.0741 0.0741 0.0741 0.0742
1.0 0.0010 0.0011 0.0010 0.0009 0.0008 0.0008 0.0008 0.0007
2.0 0.0002 0.0001 0 0 0 0 0 0
3.0 0.0001 0.0001 0 0 0 0 0 0
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Fig. 4 Fig. 5

Fig. 4. Temperature versus variable η for Rex = 3, Rek = Gr = Fn = M∗ = N = 1, Sc = 0.62, Pr = 0.73,
γ = 1, M = 80, τ = 1, and various values of the parameter S (notation the same as in Fig. 3).

Fig. 5. Concentration versus variable η for Rex = 3, Rek = Gr = Fn = M∗ = N = 1, Sc = 0.62, Pr = 0.73,
γ = 1, M = 80, τ = 1, and various values of the parameter S (notation the same as in Fig. 3)

Fig. 6 Fig. 7

Fig. 6. Concentration versus variable η for Rex = 3, Rek = Gr = Fn = M∗ = N = 1, S = 1, Pr = 0.73,
γ = 1, M = 80, τ = 1, and various values of Sc: 1) Sc = 0.22 (hydrogen); 2) Sc = 0.62 (water vapor);
3) Sc = 0.78 (ammonia); points refer to numerical calculation results and curves to the analytical solution.

Fig. 7. Concentration versus variable η for Rex = 3, Rek = Gr = Fn = M∗ = N = 1, Sc = 0.62, Pr = 0.73,
γ = 1, M = 80, S = 1, and τ = 0.1 (1), 1 (2), and 2 (3); points refer to numerical calculation results and
curves to the analytical solution.

crease in its temperature and concentration. However, the imposition of wall fluid injection has the opposite effect,
namely, decreases the fluid velocity and increases its temperature and concentration. The change in the thickness of
the concentration layer is caused by two effects: 1) direct action of suction, leading to a decrease in the thickness of
the concentration boundary layer; 2) indirect action of suction, leading to a decrease in the thickness of the thermal
boundary layer, resulting in a higher temperature gradient and, hence, an increase in the thermophoretic force.

The effect of the Schmidt number on the concentration profile is shown in Fig. 6. It is seen that the
concentration of the fluid decreases with increasing Schmidt number. The effect of the concentration buoyancy
leads to an insignificant decrease in the fluid velocity.

The effect of the thermophoretic parameter τ on the concentration field is shown in Fig. 7. It is seen that
fluid concentration decreases with increasing thermophoretic parameter. In particular, the effect of increasing the
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Fig. 8. Velocity versus variable η for Rex = 3, Rek = Gr = Fn = N = 1, Sc = 0.62, Pr = 0.73, γ = 1,
M = 80, S = 1, τ = 1, and M∗ = 0.5 (1), 1 (2), and 3 (3); points refer to numerical calculation results
and curves to the analytical solution.

thermophoretic parameter τ is limited by a decrease in the concentration with a slight increase in the slope of the
concentration profiles at the wall. This is true only for small Schmidt numbers, for which the Brownian diffusion
effect is large compared to the convection effect. However, for large Schmidt number (Sc > 100) the diffusion effect
is minimal compared to the convection effect and, therefore, the thermophoretic parameter τ is expected to alter
the concentration boundary layer significantly. This is consistent with the data of Goren [1] on the thermophoresis
of aerosol particles in a flat plate boundary layer.

Figure 8 presents typical velocity profiles for various values of the magnetic parameter. The effect of the
transverse magnetic field on the electrically conducting fluid gives rise to a resistance type force called the Lorentz
force, which slows down the fluid motion and leads to a decrease in the temperature and concentration.

Conclusions. Using the homotopy analysis method, we obtained an explicit, totally analytic, uniformly
valid solution of the system of three fully coupled, highly nonlinear similarity equations describing heat and mass
transfer by mixed convection in a porous medium. The validity of the analytical solution was verified by numerical
results. To the best of authors knowledge, such kind of analytical solution has never been reported. In the mixed
convection regime, thermophoretic particle deposition in the presence of a magnetic field has a substantial effect
on the flow field and, thus, on the heat and mass transfer rate from the plate to the fluid. This explicit analytical
solution might find wide application in engineering.
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