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Abstract

The motion of incompressible fluid of a variable fluid viscosity and variable thermal conductivity
with thermal radiation, Dufour, Soret with heat and mass transfer over a linearly moving porous
vertical semi-infinite plate with suction is investigated. The governing equations are transformed
into a system of coupled nonlinear ordinary differential equations using similarity transforma-
tions with dimensionless variables and solved numerically using shooting method with Runge-
Kutta fourth-order method and Newton-Raphson’s interpolation scheme implemented in MATLAB.
The result showed that with increase in Dufour and Soret parameter, fluid velocity increases and
temperature increases with increase in variation of Dufour while, temperature decreases with in-
crease in Soret. The effects of variable fluid viscosity, variable thermal conductivity, thermal radi-
ation, Soret, Dufour, Prandtl and Schmidt parameters on the dimensionless velocity, temperature
and concentration profiles are shown graphically.
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1. Introduction
Fluid flow problems of free convective, heat and mass transfer through a porous medium had been given atten-
How to cite this paper: Animasaun, I.L. and Oyem, A.O. (2014) Effect of Variable Viscosity, Dufour, Soret and Thermal

Conductivity on Free Convective Heat and Mass Transfer of Non-Darcian Flow past Porous Flat Surface. American Journal of
Computational Mathematics, 4, 357-365. http://dx.doi.org/10.4236/ajcm.2014.44030



http://www.scirp.org/journal/ajcm
http://dx.doi.org/10.4236/ajcm.2014.44030
http://dx.doi.org/10.4236/ajcm.2014.44030
http://www.scirp.org/
mailto:Onyekachukwu.oyem@fulokoja.edu.ng
mailto:reallityo@yahoo.co.uk
http://creativecommons.org/licenses/by/4.0/

[. L. Animasaun, A. 0. Oyem

tion due to its applications in many engineering problems such as nuclear reactor design, geothermal systems,
petroleum engineering applications, evaporation at the surface of a water body, control of pollutants in ground
water, energy transfer in a wet cooling tower, food processing cooler [1] [2], and the problem of heat and mass
transfer flow of a laminar boundary layer over a stretching sheet in a saturated porous medium has an important
application in the metallurgy and chemical engineering fields. Layek et al. [3] considered the effects of thermal
radiation and variable fluid viscosity on free convective flow and heat transfer past a porous stretching surface
while, Alharbi et al. [4] investigated the heat and mass transfer of MHD viscoelastic fluid flow through a porous
medium over a stretching sheet with chemical reactions, due to the importance of Soret (Thermal-diffusion) and
Dufour (Diffusion-thermo) effects on the fluids with very light molecular weight as well as medium molecular
weight. Darcy’s empirical flow model represents a simple linear relationship between flow rate and pressure
drop in a porous media; any deviation from the Darcy flow scenario is termed non-Darcy flow. Forchheimer [5]
carried out a research on flowing of gas through coal beds and his report showed that the relationship between
flow rate and potential gradient was non-linear at sufficiently high velocity and this non-linearity increased with
flow rate. He added a second order velocity term to represent the microscopic inertial effect, and modified the
Darcy equation into the Forchheimer equation, which was widely considered to describe the inertial effects due
to additional friction observed for high velocity flow, Darcy [6]. Alam, et al. [7], studied the effects of Dufour
and Soret on a two-dimensional steady MHD free convective and mass transfer flow past a semi-infinite vertical
porous plate in a porous medium numerically. Alam, et al. [8] furthered the research using Local similarity solu-
tion given by Scatter et al. [9] and Hashimoto [10] to transform the nonlinear partial equations governing the
problem to lower order of coupled ordinary differential equation.

In all of the above mentioned studies, fluid viscosity and fluid thermal conductivity were assumed to be con-
stant throughout the boundary layer. However, it is known that the physical properties of the fluid may change
significantly with temperature. For lubricating fluids, heat generated by the internal friction and the correspond-
ing rise in temperature affects the viscosity of the fluid and so the fluid viscosity can no longer be assumed con-
stant. The increase of temperature leads to a local increase in the transport phenomena by reducing the viscosity
across the momentum boundary layer and so the heat transfer rate at the wall is also affected greatly. External
heating such as the ambient temperature and high shear rates can lead to a high temperature being generated
within the fluid. This may have a significant effect on the fluid properties. It is a well known fact in fluid dy-
namics, that the property which is most sensitive to temperature rise is viscosity and thermal conductivity, Any-
akoha, [11]. For instance, the viscosity of water decreases about 240% when the temperature increases from
10°C to 50°C. The viscosity of air is 0.6924 x 10~ at 1000 K, 1.3289 at 2000 K, 2.286 at 4000 K and 3.625 at
8000 K as reported by Cebeci, et al. [12]. Mukhopadhyay [13] adopted Batchelor’s model of temperature de-
pendent fluid viscosity when he studied the effect of radiation and variable fluid viscosity on flow and heat
transfer along a symmetric wedge assuming constant thermal conductivity. Salem, et al. [14] investigated the
effects of variable properties on MHD heat and mass transfer flow near a stagnation point towards a stretching
sheet in a porous medium with thermal radiation and adopted the model of Prasad, et al. [15] for temperature
dependent viscosity and thermal conductivity and also incorporated the stagnation point velocity into their mo-
mentum equation.

In this paper, we want to study the effects of variable fluid viscosity, variable thermal conductivity, Dufour
and Soret on free convective heat and mass transfer of non-Darcian flow past a porous flat surface taking into
account radiation effects using Rosseland approximation in modeling the radiative heat transfer.

2. Mathematical Formulation

A steady two-dimensional laminar free convection flow of viscous incompressible variable viscosity and varia-
ble thermal conductivity fluid along a porous vertical surface in the presence of suction and heat generation and
absorption is considered. The governing mass, momentum, energy and concentration equations takes the form of
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subject to the boundary conditions:
u=Bx" v=-v, T=C, C=C, at y=0 )
u—»0 T->T, 6 C—>C, a y—>w» (6)

where x and y represents coordinate axes along the continuous surface in the direction of motion and perpendi-
culartoitand u and v are the Darcian velocity components along x- and y-axis respectively, p isthe density,
g is the force of gravity, b* isthe empirical constant, x is the viscosity, 4 is the kinematic viscosity, By is the
coefficients of thermal expansion, B is the coefficient of volumetric expansion, K is the permeability of the
porous medium, « is the thermal conductivity, C, is the specific heat at constant pressure, q is the dimensional
heat absorption coefficient, C is the concentration, C_ is the ambient concentration, C, is the specific heat at
constant pressure, K; is the thermal diffusion ratio, T, is the mean fluid temperature and V,, is the suction veloc-
ity across the stretching sheet. In this research, we consider variable viscosity, where the fluid viscosity (T) is
assumed to vary as a linear function of temperature [16] and «* is the constant value of the coefficient of thermal
conductivity far from the sheetand & is a constants, x4 is the constant value of the coefficient of viscosity far
from the sheet and b a constant (b >0), Prasad et al. [17]. Thus,

w(T)=u'[1+b(T, -T)|x(T)=«"[1+5(T -T,)]. )
Using Rosseland approximation for radiation
—4o oT*
= 8
& = (®)

where ¢ is the Stefan-Boltzmann constant and k™ is known as the absorption coefficient. Assuming that the
temperature difference within the flow is such that T* may be expanded in a Taylor series and expanding T*
about T_ and neglecting higher orders, Equations (3) becomes
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E—w, 6—>0, ¢—>0 as y—>wo. (14)

Introducing the following dimensionless variables,

B - T-T, c-C,
f7=y,fﬁ; w=vu'xBf(n); 6= S : (15)

T.-T. C.-C.

Equations (10)-(14) reduce to a system of coupled nonlinear ordinary differential equations
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subject to
daf .. : :
E=1, f=f,; 0=1; ¢=1 at y=0 (19)
df ) )
E_)O’ 0—>0, ¢—>0 as y—>oo. (20)

3. Numerical Solution

The set of coupled ordinary differential Equations (16)-(18), subject to (19) and (20) was solved numerically
using Runge-Kutta fourth order technique along with shooting method was implemented using MATLAB. The
resultant initial value problem is solved by employing Runge-Kutta fourth order technique. The step size
An =0.05 is used to obtain the numerical solution with fifteen decimal place accuracy as the criterion of con-
vergence. From the numerical computation, Skin-friction coefficient, Nusselt Number and the Sherwood Num-
ber, which are respectively proportional to f”(0), 6'(0) and ¢'(0) are also sorted out and their values pre-
sented in a tabular form.

4. Results and Discussion

Figure 1 shows the velocity profiles for several values of & and ¢ using N=0.7, P.=0.72, Q=02 in
the presence of suction (fW =0.3). Velocity increases with an increase in temperature dependent viscosity &
and thermal conductivity & within 0<7 <6.88, while the velocity profiles to decreases with an increase in the
value of & and &, making the fluid move faster as shown in Table 1. From Figure 2, we can observe that in-
crease in temperature-dependent fluid viscosity and thermal conductivity parameters results in decrease in ther-
mal boundary layer thickness and temperature profile. The effect of variable viscosity and thermal conductivity
on mass transfer for different values of ¢ and & and fixed value of S; shows that mass transfer occurs at a
higher rate across the fluid flow of high viscosity and thermal conductivity than the lower thermal conductivity
in Figure 3. From Figure 4-6, Local Forchheimer increases as velocity decreases with increase in temperature
and concentration, see Table 2. While from Figures 7-9, we observe that as velocity increases, velocity of the
porous plate tends to decrease and D, increases with decreases in temperature and concentration see Table 3.

5. Conclusion

In this paper, the effect of variable viscosity, thermal conductivity Dufour and Soret of non-Darcian flow on
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Table 1. Effects of variation of fand e. F =1, D, =10, R, =200, Jsrg=1,Jsr =1, P =0.72; N=0.7, D, =0.03,

Q=02, S,=022, S,=04, f,=03.

t*(0) 9'(0) ¢(0)
£=e=0.6 —0.0343522260960 —0.1256404123475 —0.2471488378751
£=¢=09 0.3408831718447 —0.1454447138872 —0.2637933183618
E=¢=12 0.6961089859273 —0.1563124614536 —0.2775192130596
E=¢=15 1.0376231064335 —0.1627665500804 —0.2893550276517
E=£=18 1.3688405712919 —0.1667112150215 —0.2998442208786

Table 2. Effects of variation of Fs. é=¢=1.2, F, =Varies, D,=1, R, =200, Jer =1, g1 =1, P.=0.72; N = 0.7,
D, =003, ©=0.2, S, =022, S, =04, f,=03.

f*(0) ¢'(0) #(0)
F, =0.25 1.5982219405481 —0.1939227238909 —0.3068601967619
F, =0.50 1.2183387091074 —0.1791338713672 —0.2949261129135
F, =0.75 0.9288260857833 —0.1668401750816 —0.2853885342185
F, =1.00 0.6961089859273 —0.1563124614536 —0.2775192130596
F, =125 0.5016432167961 —0.1470957327913 —0.2708685376390

Table 3. Effects of variation of D,. £é=¢=1.2, F =1, D,=Varies, R, = 200, Jsg = 1, Jos1 =1, P.=0.72; N = 0.7,
D, =0.03, =02, S =022, S =04, f,=03.

f*(0) 9'(0) ¢(0)
D, =0.25 —0.6948909153462 —0.0847901517352 —0.2322796609776
D, =0.50 0.0569874691501 —0.1248722156789 —0.2557853344647
D, =0.75 0.4441734747311 —0.1443460599340 —0.2689197433020
D, =1.00 0.6961089859273 —0.1563124614536 —0.2775192130596
D, =125 0.8772472106404 —0.1645105919899 —0.2836324649220
15 T T
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—£=¢=09
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T &=e15
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Figure 1. Velocity profiles for several values of £and e.
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Figure 2. Temperature profiles for several values of £and .
1 T T
——¢&=¢=06
0.9F —&=g =09
—g=g =12
0.8 ——&=g =15 |
0.7 T bEc=1s
& = £ = Varies
F.= =10
- S a _
0.6 Ry = 200
Fosf Jer=Jder=1 _
< Pr =0.72
0.4} N=0.7, m
D;=0.03,S =04
gande
0.3F ” Q=02 i
Sc =0.22
0.2F 1
0.1F 1
0 1
0 5 10 15
n
Figure 3. Concentration profiles for several values of £and e.
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Figure 4. Velocity profiles for several values of F..
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Figure 5. Temperature profiles for several values of Fs.
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Figure 6. Concentration profiles for several values of Fe.
14 , .
D,=0.25
12 D, =050 |
D, =0.75
D, = 1.00
1 —
D, =125
E=e=12
08 Fs=1.0D, = Varies |
£ R, =200
- Jer=Jde7=1
0.6 PGR_ 07621— i
Da r- Y
N=0.7,
D,=003,S =04
0.4 f r -
Q=02
X 3
4185<n<55 N S, =0.22
02f
0 I
0 5 10 15

n

Figure 7. Velocity profiles for several values of local Darcy D,.
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Figure 8. Temperature profiles for several values of local Darcy D,.
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Figure 9. Concentration profiles for several values of local Darcy D,.

free convective heat and mass transfer past a porous flat plate was investigated using Runge-Kutta method with
shooting method and Newton-Raphson technique. The procedure reveals accurately their effects and various so-
lution branches. It is observed that with an increase in temperature-dependent fluid viscosity and thermal con-
ductivity parameter, velocity increases, temperature decreases and concentration decreases across the flow re-
gion. Increasing Prandtl number as well as radiation parameter on the velocity boundary layer, reduces the ve-
locity field, and decreases temperature with increasing value of thermal radiation, thereby causing concentration
and Dufour to increase together with decrease in Soret parameter and slightly increases velocity. Our results and
procedures can be used as an effective tool to investigate nonlinear boundary-problems in science and engineer-

ing.
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