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EFFECT OF THERMOPHORESIS PARTICLE DEPOSITION ON AN UNSTEADY FREE
CONVECTIVE HEAT AND MASS TRANSFER IN A WALTERS-B FLUID PAST A SEMI
INFINITE VERTICAL PLATE WITH RADIATION AND HEAT SINK/SOURCE
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Abstract : The effect of thermophoresis particle deposition on an unsteady free convective heat and mass
transfer in a radiating Walters-B fluid along a semi-infinite vertical plate with heat sink/source is analyzed. The
governing boundary layer equations are solved by an efficient, accurate and unconditionally stable finite
difference scheme of the Crank-Nicolson type. The behavior of the velocity, temperature and concentration,
the local skin-friction, Nusselt number and Sherwood number are computed for variations in the governing
parameters.
Keywords: Finite difference method, semi-infinite vertical plate, Thermophoresis effect, Walters-B fluid,
Unsteady flow, Radiation effect.
Introduction : When a temperature gradient is
established in gas, small particles suspended in the
gas migrate in the direction of decreasing
temperature.
This
phenomenon
called
thermophoresis. Hence when a cold wall is placed in
the hot particle-laden gas flow, the thermophoretic
deposition plays an important role in a variety of
applications such as the production of ceramic
powders in high temperature aerosol flow reactors,
the production of optical fiber performs by the
modified chemical vapor deposition (MCVD) process
and in a polymer separation. Walker et al. [1]
calculated the deposition efficiency of small particles
due to thermophoresis in a laminar tube flow. The
effect of wall suction and thermophoresis on aerosolparticle deposition from a laminar boundary layer on
a flat plate was studied by Mills et al. [2]. Ye et al. [3]
analyzed the thermophoretic effect of particle
deposition on a free standing semiconductor wafer in
a clean room.
The study of heat and mass transfer in nonNewtonian fluids is of great interest in many
operations in the chemical and engineering process
including coaxial mixers, blood oxygenators, milk
processing, steady-state tubular reactors and capillary
column inverse gas chromatography devices mixing
mechanism bubble-drop formation processes
dissolution
processes
and
cloud
transport
phenomena. The Walters-B viscoelastic model [4]
was developed to simulate viscous fluids possessing
short memory elastic effects and can simulate
accurately many complex polymeric, biotechnological
and tribological fluids. Roy and Chaudhury [5]
investigated heat transfer in Walters-B viscoelastic
flow along a plane wall with periodic suction using a
perturbation method including viscous dissipation
effects.
Mathematical Formulation : An unsteady twodimensional laminar free convective flow of a
viscoelastic fluid past a radiate semi-infinite vertical
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plate is considered. The x-axis is taken along the plate
in the upward direction and the y-axis is taken
normal to it. Initially, it is assumed that the plate and
the fluid are at the same temperature
concentration level

C∞′ everywhere

T∞′

and

in the fluid. At

time, t ′ >0, Also, the temperature of the plate and the

Tw′

concentration level near the plate are raised to
and

Cw′

respectively and are maintained constantly

thereafter. Then, under the above assumptions, the
governing
boundary
layer
equations
with
Boussinesq’s approximation are
∂u ∂v
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The initial and boundary conditions are

t′ ≤ 0: u = 0, v = 0,T ′ = T∞′ , C′ = C∞′
t′ > 0: u = 0, v = 0, T ′ = Tw′, C′ = Cw′
u = 0,T ′ = T∞′ , C′ = C∞′
u → 0,T ′ →T∞′ , C′ → C∞′

at y = 0
at x = 0

(5)

as y →∞

Where u, v are velocity components in x and y
directions respectively, t ′ - the time, g – the
acceleration due to gravity, β - the volumetric

β * - the volumetric
coefficient of expansion with concentration, Q0 -heat
absorption coefficient, ρ - the density of the fluid
coefficient of thermal expansion,

and D - the species diffusion coefficient,

qr -the radiation heat flux.
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By using the Rosseland approximation the radiative
heat flux q• is given by
'
4σ# ∂T &
q• = −
(6)
3k $ ∂y
Where σ# is the Stefan-Boltzmann constant and k $is
the mean absorption coefficient. It should be noted
that by using the Rosseland approximation, the
present analysis is limited to optically thick fluids. If
temperature differences within the flow are
significantly small, then equation (6) can be
'
linearized by expandingT & into the Taylor series
about T(&, which after neglect higher order terms
takes the form:
'
*
'
T & ≅ 4 T(& T & − 3 T(& (7)
In view of equations (6) and (7), equation (3) reduces
to:
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In the equation (4), the thermophoretic velocity

Vt

was given by Talbot et al. [6] as
VT = − kv

∇T
kv ∂T
=−
Tw
Tw ∂y

Where

Tw is some reference temperature, the value of

(9)

kv represents the thermophoretic diffusivity, and k is
the thermophoretic coefficient which ranges in value
from 0.2 to 1.2 as indicated by Batchelor and Shen [7]
and is defined from the theory of Talbot et al [6] by
2Cs (λg / λ p + Ct K n ) 1 + K n (C1 + C2 e −Cs / K n ) 

k=

(10)

(1 + 3Cm K n ) (1 + 2λg / λ p + 2Ct K n )

A A thermophoretic parameter τ can be defined (see
Mills et al and Tsai [8]) as follows;
k (Tw − T∞ )

τ=

(11)

T0

Typical

values

of • are 0.01, 0.05

and

0.1

k (Tw − T∞ )

corresponding to approximate values of

equal to 3k,15k and 30 k for a reference temperature
of

T0 =300 k.

(13)

On introducing the following non-dimensional
quantities
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The corresponding initial and boundary conditions
t ≤ 0 : U = 0, V = 0, T = 0, C = 0
at Y = 0
are t > 0 : U = 0, V = 0, T = 1, C = 1
U = 0, V = 0, C = 0
as X = 0 (17)
U → 0, V → 0, C → 0
as Y → ∞
Where N is the buoyancy ratio parameter, • is the
viscoelastic parameter and • is the thermophoretic
parameter, F is the Radiation parameter and • is the
Heat sink/source parameter.
To obtain an estimate of flow dynamics at the barrier
boundary, we also define several important rate
functions at Y = 0. These are the dimensionless wall
shear stress function, i.e. local skin friction function,
the local Nusselt number (dimensionless temperature
gradient) and the local Sherwood number
(dimensionless species, i.e. contaminant transfer
gradient) are computed with the following
mathematical expressions.
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−XGr 4  
−XGr 4  
3  ∂U 
∂
Y
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X
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CY=0
 ∂Y Y =0
(18)
We note that the dimensionless model defined by
Equations (13) to (16) under conditions (17) reduces to
Newtonian flow in the case of vanishing
viscoelasticity i.e. when • = 0
Solution of the Problem
In order to solve these unsteady, non-linear coupled
equations (13) to (16) under the conditions (17), an
implicit finite difference scheme of Crank-Nicolson
type has been employed. This method was originally
developed for heat conduction problems [9]. Prasad
et al [10] studied the combined transient heat and
mass transfer from a vertical plate with thermal
radiation effects using the CNM method. Here the
region of integration is considered as a rectangle with

(14) X max = 1 , Ymax = 14 and where Ymax corresponds to
Y••••which lies well outside both the momentum
(17)
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and thermal boundary layers. Hence, the choice of
the mesh sizes is verified as extremely efficient. The
local truncation error is O(∆t + ∆X + ∆Y ) •and
it tends to zero as •t, •X •and •Y••tend to zero. It
follows that the CNM scheme is compatible. Stability
(18)
and compatibility ensure the convergence.
2

(15)

Equations (1), (2), (3), (4) and (5) are reduced to the
∂U ∂U
following non-dimensional form
+
=0
∂X ∂ Y

2

2

(16)
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EFFECT OF THERMOPHORESIS PARTICLE DEPOSITION ON AN UNSTEADY FREE CONVECTIVE HEAT
Results and Discussion
In order to get a physical insight into the problem, a
parametric study is carried out to illustrate the effect
of various governing thermophysical parameters on
the velocity, temperature, concentration, skinfriction, Nusselt number and Sherwood number are
shown in figures and tables.

Conclusions : The present computations have shown
that an increase in • from 0 to 0.001, 0.003, 0.005, and
the maximum value of 0.007, clearly enhances the
velocity, Shear stress, local Nusselt number and the
local Sherwood number, but reduces the temperature
and concentration. Increasing •• clearly decreases
velocity and temperature but increases the
concentration.
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