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Abstract

The analytical solutions for the steady momentum and heat transfer of a non-reacting Newtonian viscous
incompressible laminar fluid flow in a channel filled with saturated porous media with isothermal and isoflux
heating walls were reported. The problem was studied under the viscous dissipation and suction/injection. The
effects of various emerging parameters involved in the steady solution of the problem are discussed using
contour graphs. It was revealed that with the imposition of suction/injection (Re # 0) on the walls, the velocity
close to the wall suction of the channel increases faster as compared to the opposite wall injection as Da
increases as well as the ratio of viscosities M decreases. It was further shown that the fluid temperature is more
influenced in isothermal process if either the Darcy number Da, or Brinkman number Br, or wall suction
Reynolds number, Re or the three parameters are increased and either the ratio of viscosity M, or Peclet number
Pe, or the wall injection Reynolds number, Re or the three parameters are decreased. With the same imposition
in isoflux heating process, the fluid temperature distribution is more enhanced with increase in values of Pe or Br
and decrease in values of M or wall suction/injection Reynolds numbers Re or the two emerging parameters
respectively, while the effect of Darcy number Da on the flow results in an anomalous phenomenon in
temperature distribution in the presence of suction Reynolds number Re.
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1. Introduction

Considerable attention has been given to the study of transport phenomena in a laminar flow in the channel filled
with saturated porous media by the scientists, engineers and experimentalists in recent years because it is often
observed in the field of electronics cooling system, solid matrix heat exchanger, geothermal system, nuclear
waste disposal, microelectronics heat transfer equipment, coal and grain storage, petroleum industries, and
catalytic converters. Convective heat transfer through a porous media has been a subject of great interest for the
last three decades. The problems of natural convection flow through porous medium past a plate had been solved
(Kim and Vafai 1989 and Harris, Ingham and Pop 1997). Also, the analytical solutions for unsteady free
convection in porous media were discussed (Magyari, Pop and Keller 2004) while the magnetic current in porous
media was considered (Raptis and Perdikis 1983 and Geindreau and Auriault 2002). The flow of an
incompressible viscous fluid past an infinite plate oscillating with increasing or decreasing velocity amplitude of
oscillation was investigated (Turbatu, Buhler, and Zierep 1998). On the other hands, flow through porous
medium have numerous engineering and geophysical applications processes, for example, in chemical
engineering for filtration and purification; in agriculture to study the underground water resources; in petroleum
technology to study the movement of natural gas, oil and water through the soil reservoirs. In view of these
applications, many researchers have studied this area with keen interest (Raptis and Kafoussias 1982, Sattar 1993
and Kim 2004).

For the fluids, which are important in the theory of lubrication, the heat generated by the internal
friction and the corresponding rise in temperature do affect the thermal conductivity of the fluid. The
investigation of the effect of temperature dependent viscosity and thermal conductivity on the unsteady MHD
convective heat transfer past a semi-infinite vertical porous moving plate with variable suction had been carried
out (Saddeek and Salama 2007) while the variable viscosity and thermal conductivity on the heat and mass
transfer characteristics in mixed convection about a wedge in saturated porous media was studied (Hassanien,
Essawy and Moursy 2003). It was discussed that the process of suction and blowing also has its importance in
many engineering activities (Labropulu, Dorrepaal and Chandna 1996) such as in the design of thrust bearing
and radial diffusers, and thermal oil recovery. Suction is applied to chemical processes to remove reactants.
Blowing is used to add reactants, cool the surface, prevent corrosion or scaling and reduce the drag. Also, the
heat transfer characteristics of a steady, incompressible, magneto-micropolar fluid flowing past an isothermal
stretching sheet with suction and blowing through a porous medium in the presence of radiation and variable
viscosity was studied (Elbarbary and Elgazery 2004). The unsteady free convection and mass transfer boundary
layer flow past an accelerated infinite vertical porous flat plate with suction was considered (Dass, Mohanty,
Panda and Sahoo 2008) when the plate accelerates in its own plane. The governing equations are solved both



Journal of Natural Sciences Research WWWw.iiste.org
ISSN 2224-3186 (Paper) ISSN 2225-0921 (Online) JLINE |
Vol.5, No.7, 2015 “s E

analytically and numerically using finite difference scheme. It was shown that the flow phenomenon was
characterized with the help of flow parameters such as suction parameter, porosity parameter, Grashof number,
Schmidt number and Prandtl number and their effects on velocity, temperature and concentration distributions
are also studied. In many practical and experimental circumstances, free convection flows are generated adjacent
to surfaces dissipating heat at a prescribed heat flux rate. Exact solutions of incompressible Couette flow with
constant temperature and constant heat flux on walls was studied (Chaudharcy and Jain 2007) in the presence of
radiation. Their paper investigated a closed form solution for the transient free convection flow of a viscous fluid
between two infinite vertical parallel plates in the presence of radiation. The flow is set up due to free convective
currents occurring as a result of application of constant heat flux (CHF) at one wall and constant temperature on
the other wall. The governing partial differential equations have been solved exactly using the Laplace-transform
technique. The numerical values obtained from analytical expressions of velocity, temperature, skin-friction, and
Nusselt number have been presented graphically to study the behaviour of flow on momentum and thermal
boundary layer.

The study of the effects of nth order Arrhenius chemical reaction, thermal radiation, suction/injection
and buoyancy forces on unsteady convection of a viscous incompressible fluid past a vertical porous plate was
carried out (Makinde, Olanrewaju and Charles 2011). Their results revealed among others things that the fluid
velocity within the boundary layer decreases with increasing values of buoyancy forces and wall suction, and
increases with wall injection. The temperature profile decreases in the presence of radiation absorption and
increases with increasing rate of exothermic chemical reaction and reaction order. In addition, the chemical
species concentration within the boundary layer increases with increasing reaction and wall injection.

In all the above mentioned works, none was found to study the laminar flow of a non-reacting fluid
with viscous dissipation within a porous channel with two distinct horizontal permeable wall conditions, hence
the motivation.

2. MATHEMATICAL FORMULATION

We present in this work, the set of dimensional non-linear ordinary differential equations describing a
Newtonian viscous incompressible laminar flow with two distinct boundary conditions in the mathematical
models. We consider momentum and heat transfer equations by laminar flow for the steady state hydro-
dynamically and thermally developed situations which have unidirectional flow of a viscous combustible non-

reacting Newtonian fluid in the x-direction between permeable boundaries at ¥ =0 and y =a as in figure 1.

The channel is composed of a lower heated wall with surface constant temperature (isothermal) or constant heat
flux (isoflux) while the upper wall is isothermal. We follow closely and modify the models presented in Lamidi
and Ayeni [10].

In the following sections, the dimensionless non-linear steady-state momentum and energy balance
equations, which govern the problem is obtained as follows.
The continuity equation is given as

v _, 1)
dy
The Brinkman momentum equation with its boundary conditions is
_du d’u  u_ _ _
—= ——u+G, u(0)=0, u(a)=0 2
PV i “, 5K (0) (a) (2)

The dimensionless form of equation (2) is

2
du_pedn_ v _ u(0)=0, u(1)=0 3)

pe, 7L g 4T f ) @
Tdy o dy? dy
with the following boundary conditions

dT —
I'=1, or ?y:—%atyZO and T=1) at y=a (5)

The dimensionless form of equations (4) and (5) are respectively given as
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dy* dy dy
And

6 =0 4 0and 6=0
=V or dy at Y =U and = at y=1, (7)

where in the case described above a, B7, CP,DQ Gk, K,M,Peq,ReT,T,u,u,v,y, i L, P,0 are defined in
the nomenclature.

The X -axis is along the wall and in the horizontal direction and the f - axis normal towards it. The fluid is
Newtonian, viscous and incompressible.

The equation of continuity in (1), on integration, gives V = constant ( 14 , say) is the normal velocity of suction
or injection at the walls accordingly as VO <0 or VO >0 (permeable walls) respectively as

against Vo =0 (Lamidi and Ayeni [10]) which represents the case of impermeable walls. The channel's walls
are uniformly porous.

In order to unify the isothermal heating and isoflux heating at one condition, we may write

0=0 or d—9=—1 to Ad—0+39 C at y=0 )
dy dy
and
=0 at y=1, (9)

where 4, B and C are constants depending on the isothermal heating or isoflux heating.
For the isothermal heating: 4 =0,8B=1and C=0
while for isoflux heating: 4=1,B=0and C=-1

3.METHOD OF SOLUTION

The method of undetermined coefficients was used in solving the governing momentum and energy equations. In
addition, the summary of the result together with the corresponding contour graphical representation were
obtained using the symbolic algebraic computer programming software packages namely MAPLE and
MATLAB.

Now, using the method of undetermined coefficients, the solution of (3) could be easily

obtained as

u(y)=>be" +b,e* + Da, (10)

where
/ , 4M / 4M

_Re+ Rg +D7a Da ~ Da(e’z _1) A _Da(e”’l _1)

- 2M 4 - erll 2= erzl_erl/i
Now, using (10) in (6) we have

2
90 pel el e +rp, e ) (11)
dy dy

Solving for homogeneous and particular parts to get the general solution using the method of undetermined
coefficients, we have

0(y)=6.(y)+6,(y)

i.e

0(y) =b, +b, &’ 4 b (by e +b, e + by by ™), (12)

where
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4

n =(Pe—2r2)(Pe—2’”1), b, =—b,(B+APe), b, =bb.(APe+ B),

Pe

by, =bsb,(APe + B), by,

1
" APet B(l—&"%’
b, =— Ab,(r, + 1) — bb,(2Ar, + B) — b.b,(24r, — B)— Bb, + C,
by =Ab,(r, +1)+bb(2Ar, + B)+ bb,(2Ar, + B)+ Bb, — C,
b 1
Y be,(APe+ B(1—e"))’

b =Bb,, by, =Bbbs, by =Bbsb,,

4 RESULTS AND DISCUSSION

Velocity Profile

The dimensionless steady velocity distributions of the non-reacting laminar fluid flow in the channel filled with
saturated porous media with the imposition of wall suction/injection are illustrated in the contour graphs of
figures 2 to 6 to reveal the influence of the emerging parameters in equation (10).

It is revealed in figure 2, that the velocity profile of the fluid increases as Da increases due to the
decrease in the inhibitive influence of the permeability parameter in both cases of suction and blowing hence the
fluid flows quickly. It is also shown that the dimensionless velocity close to the suction wall of the channel
increases faster as compare to the opposite injection wall as Da increases with the imposition of suction
Reynolds number (Re = 5.0). In figure 3, it is observed that the imposition of suction/injection Reynolds number
has no significant effects on the fluid velocity for all values of viscosity ratio when the permeability is very small
as observed in Lamidi and Ayeni [10], This implies that the presence of suction/injection on the wall is
insignificant in aiding or altering the flow at a very low Darcy number (below 107).

In figure 4, the velocity is observed to decrease as M increases at higher Darcy number (Da = 0.1) in
the presence of suction/injection Reynolds number (Re = 5). This is physically true since an increase in viscosity
ratio is achieved by a decrease in the fluid viscosity which eventually leads to a decrease in fluid velocity as
shown in figure 4, however, it was noticed that the flow decays faster towards the suction wall. Figures 5 and 6
show the influences of wall suction/injection Reynolds numbers on fluid velocity within the channel. Figure 5

depicts the influence of injection (Re < 0) on the flow velocity in the boundary layer. It is revealed that

imposition of wall fluid injection increases the hydrodynamic boundary layer which indicates an increase in the
fluid velocity. However, the exact opposite behaviour is observed by the imposition of wall fluid suction

(Re > 0) in figure 6. As it is vividly observed in figure 5, the velocity profile rises as it moves away from the

injection wall, while in figure 6, as the suction Reynolds number increases; the maximum fluid velocity is
monotonically decreasing indicating the usual fact that suction stabilizes the boundary layer growth. This can be
physically interpreted by the fact that the suction is to take away the warm solute on the wall thereby decreasing
the velocity with a reduction in the intensity of the natural convection rate. It is evident here that the effect of
suction is to decrease the velocity and that of blowing is to increase the velocity. These results are consistent
with the physical situation.

Temperature Profile

A graphical representation of the numerical results is illustrated in figures 7 through 25 to show the influence of
the Darcy number, Da, Ratio of viscosities, M, Peclet number, Pe, Brinkman number, Br and suction/injection
Reynolds number, Re on a non-reacting fluid flow of equation (12) in the saturated porous channel with the two
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distinct horizontal thermal boundary conditions - isothermal and isoflux processes. Figures 7 to 11 depicts the
influence of Darcy number Da and ratio of viscosities M on the flow temperature profile. In figure 7 with
isothermal process, temperature is observed to increase as Da increases. In addition, another observation from
this figure shows a sharp decay in the fluid temperature near the suction wall in comparison to the gentle decay
near the wall with injection. This is physically true since the wall suction takes away the warm solute on the wall
thereby causing decay in the temperature of the fluid towards the plate. Also, temperature increase due to the
growth of Darcy number is as a result of velocity increase which increases the viscous dissipation and hence the
fluid temperature.

In figure 8 with isoflux boundary conditions, it was shown that the temperature profile is independent
of the Darcy number. This agrees with the result of Lamidi and Ayeni [10] where the suction/injection effect is
absent. Temperature profile in figure 9 show-cases the effect of ratio of viscosities, M, in the case of
suction/injection walls with isothermal boundary condition. Here, the temperature is described as a decreasing
function of the ratio of viscosities, M. From this figure, it is observed that the temperature is higher near the
heated wall when M is very small. This is because as the suction/injection of the fluid through the channel wall
increases, the wall is cooled down and in consequence, the viscosity of the flowing fluid increases. Therefore,
there is a gradual decrease in fluid temperature as well as fluid velocity when compared with Lamidi and Ayeni
[10].

In the case of figure 10 with isoflux process, increase in M also causes a steady attainment in fluid
temperature due to the imposition of wall suction. It is also noticed that at a relatively higher values of M, the
dependence of temperature on M is observed to decrease with it. This is because the fluids with large ratio of
viscosities M, have low thermal diffusivity which causes low heat penetration and a reduced thermal boundary
layer. Figure 11 shows the simultaneous effects of Darcy number, Da and ratio of viscosities, M for isothermal
boundary condition, this confirms that the temperature increases with increase in Darcy number while it
decreases with increase in ratio of viscosities M.

It is further shown in the case of isoflux boundary condition in figure 12, the simultaneous effects of
the Darcy number, Da and ratio of viscosities, M in the presence of suction/injection Re, here it is displayed that
the temperature decreases with increase in ratio of viscosities, M whereas an anomalous phenomenon is noticed
as Da increases. It is seen that the temperature profile initially exhibits the usual behaviour of increasing as Da
increases before finally decreases with increase in Da. The range of Da for which this anomalous phenomenon is
noticed depends on the value of suction Reynolds number (Re = 5.0). This is expected since Re >> Da means
that suction exerts a greater influence on temperature. Such an anomalous phenomenon is not observed in the
absence of wall suction/injection (Lamidi and Ayeni [10]).

The temperature of the flow field is affected by the variation of Peclect number, Pe in the presence of
wall suction/injection. In both isothermal and isoflux cases, these variations are shown in figures 13 and 14
respectively. Figure 13 is a plot of temperature fields within the channel for different values of Peclet number,
Pe. This figure displays that the Peclet number decreases the temperature at all points of the flow fields with the
usual trend of faster decay of the temperature near the suction wall. With the increase in Peclet number, the
thermal conduction in the flow is lowered and the viscosity of the flowing fluid becomes higher. In consequence,
the molecular motion of the fluid elements is lowered therefore the flow field suffers a decrease in temperature
as Peclect number is increased. It is also discovered in this figure that the imposition of wall suction reduces the
rate of decrease in fluid temperature with increase in Pe.

In figure 14, a contrary view to figure 13 is also noticed, in the case of isoflux heating. It is shown that
the fluid temperature is an increasing function of Peclet number, Pe. It is presented in figure 15 for isothermal
heating process that, the fluid temperature increases with an increase in Brinkman number Br, but the
temperature field is enhanced near the wall suction at a higher Br. This explains that the dimensionless
temperature close to the wall suction increases as Brinkman number increases. In the case of isoflux heating
process, in figure 16, the fluid temperature increases as Br increases and is higher near the wall injection of the
channel. This investigated the effect of viscous dissipation in the presence of suction/injection walls with isoflux
process that the dimensionless temperature is greater nearer the wall injection as Brinkman number increases. It
is also revealed that the temperature is fast becoming steadier at a lower temperature near the wall with suction
in the channel. The simultaneous effects of Br and M on the temperature profile in the case of isothermal and
isoflux boundary conditions are respectively displayed in figures 17 and 18, these clearly show that temperature
profiles increase with increase in Br and decrease in M.

In figures 19 to 25, the contour graphs present the variations in the dimensionless temperature of the
flow field due to the change of suction/injection Reynolds number, Re keeping other parameters of the flow field
constant. Figures 19 to 22 display the variation of temperature due to fluid blowing (figures 19 and 20) and
suction (figure 21 and 22) in an isothermal and isoflux cases respectively. In figure 19, it is displayed that the
fluid temperature decreases with increase in wall injection Re. It is further seen that there is a gentle decay in
temperature near the wall with injection. This indicates that the thermal boundary layer thickness decreases as

11
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injection Re increases. The action of fluid injection is to fill the space immediately adjacent to the wall with fluid
having nearly the same temperature as that of the wall, thus the injected flow forms an effective insulating layer
by decreasing the heat transfer from the channel wall. It is noted that blowing (injection) retards the flux of heat
to the wall injection, thus as expected, blowing causes a reduction in heat transfer, as a result of this, the
temperature decreases with increase in the wall injection (figure 20).

It is observed in figure 21, that the temperature is known to increase if suction rate increases. In
addition, a sharp decay is discovered in the temperature field near the wall suction thus suction serves the
function of bringing large quantities of ambient fluid into the immediate neighbourhood of the wall surface. As a
consequence of the increased heat-consuming ability of this augment flow, the temperature drops quickly as we
proceed away from the wall. It is also observed that increase in wall suction evidently decreases the
temperature field of the fluid (figure 22). This is because as the suction of the fluid through the channel wall
increases, the channel is cooled down and in consequence, there is a gradual decrease in fluid temperature.
However the temperature becomes steadier near the wall suction.

Figures 23 and 24 show the simultaneous effects of blowing (injection) Re and ratio of viscosities, M
on the temperature fields at a fluid section within the channel. From the figures, it is confirmed that temperature
is a decreasing function of both emerging parameters in the isothermal as well as the isoflux cases. Finally, it is
shown in the case of isoflux boundary condition in figure 25, the simultaneous effects of the suction Reynolds
number, Re and ratio of viscosities, M, confirmed here that the temperature profile decreases with increase in
suction Reynolds number, Re and ratio of viscosities, M.

5. CONCLUSION

The effects of suction/injection Reynolds number, Peclet number, Darcy number, Brinkman number and
viscosity ratio on a non-reacting Newtonian viscous incompressible laminar fluid flow in a permeable channel
filled with saturated porous media with horizontal isothermal and isoflux heating walls have been investigated.
This study agrees well with the conclusion of Lamidi and Ayeni [10] and further concludes as follows:

1. The introduction of suction/injection has controlling and significant effects on the flow when the
permeability is high thereby distorted the symmetric nature of the flow considered by Lamidi and
Ayeni [10].

2. The effect of suction/injection is insignificant at a very low Darcy number Da as M increases.

3. The wall suction/injection Reynolds number, Re has more significant influence on the flow
temperature near the walls of the channel in case of isothermal heating process in comparison
to the isoflux cases.

4. The effect of Darcy number Da on the flow temperature distribution results in an anomalous
phenomenon in the presence of suction Reynolds number Re in the case of isoflux heating process.
The range of Da for which this anomalous phenomenon is noticed depends on the value of suction
Reynolds number.

5. The effects of Peclet number on the flow temperature distributions in the channel are opposite in
isothermal and isoflux heating cases.
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Nomenclature
We give the definition of the physical parameters that feature in this problem and except otherwise stated, these
parameters will assume the definitions given.

a channel width
cp specific heat at constant pressure
G applied pressure gradient
k fluid thermal conductivity
K permeability of the porous mediu
q fluid flux rate
T, wall temperature
T absolute temperature
u fluid velocity
v normal velocity to the wall
Vo suction velocity
X axial coordinate
y transverse coordinate
Greek Symbols
)7 fluid viscosity
U, effective viscosity in the Brinkman term
P fluid density

Dimensionless Group

y= Y dimensionless transverse coordinate
a
u= (,L;lu2 dimensionless velocity
a
_Mu . .. .
y=— kinematic viscosity
o,
M= M, . . ..
=— ratio of viscosities
Y7
K
Da=— Darcy number
a
G*a’ )
Br = Brinkman number
qu
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Figure 7: Contour graph of temperature
0(y) at various values of Da with
Re=5.0,Br=03,Pe=7.1,M=1.0
(isothermal) for equation (12)

Figure 8: Contour graph of temperature
0(y) at various values of Da with
Re=5.0,Br=03,Pe=7.1,M=1.0
(isoflux) for equation (12)
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0(y) at various values of M with 0(y) at various values of M with
Re=5.0,Br=0.3,Pe=7.1,Da=0.1 Re=5.0,Br=0.3,Pe=7.1,Da=0.1
(isothermal) for equation (12) (isoflux) for equation (12)
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Figure 11: Contour graph of temperature
0(y) at various values of Da and M with
Re=5.0,Br=0.3,Pe=7.1,y=0.5
(isothermal) for equation (12)

Figure 12: Contour graph of temperature
0(y) at various values of Da and M with
Re=5.0,Br=03,Pe=7.1,y=0.5
(isoflux) for equation (12)
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Figure 13: Contour graph of temperature
0(y) at various values of Pe with
Re=5.0,Br=03,M=1.0,Da=0.1

(isothermal) for equation (12)
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Figure 15: Contour graph of temperature
0(y) at various values of Br with
Re=5.0,Pe=7.1,M=1.0,Da=0.1

(isothermal) for equation (12)
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Figure 14: Contour graph of temperature
0(y) at various values of Pe with
Re=5.0,Br=03,M=1.0,Da=0.1

(isoflux) for equation (12)
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Figure 16: Contour graph of temperature
0(y) at various values of Br with
Re=5.0,Pe=7.1,M=1.0,Da=0.1

(isoflux) for equation (12)
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Figure 17: Contour graph of temperature Figure 18: Contour graph of temperature
0(y) at various values of Br and M with 0(y) at various values of Br and M with
Re=5.0,Pe=7.1,Da=0.1,y=0.5 Re=5.0,Pe=7.1,Da=0.1,y=0.5
(isothermal) for equation (12) (isoflux) for equation (12)
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Figure 19: Contour graph of temperature

0(y) at various values of injection Re

with Br=0.3, Da=0.1,Pe=7.1,

M = 1.0 (isothermal) for equation (12)

Figure 20: Contour graph of temperature
0(y) at various values of injection Re
with Br=0.3, Da=0.1,Pe=7.1,

M = 1.0 (isoflux) for equation (12)
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Figure 21: Contour graph of temperature
0(y) at various values of suction Re
with Br=0.3, Da=0.1,Pe="7.1,
M = 1.0 (isothermal) for equation (12)
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Figure 23: Contour graph of temperature
0(y) at various values of injection Re
M with Br=0.3,Da=0.1,Pe=17.1,
y = 0.5, (isothermal) for equation (12)
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Figure 22: Contour graph of temperature

0(y) at various values of suction Re
with Br=0.3,Da=0.1,Pe="7.1,
M = 1.0 (isoflux) for equation (12)
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Figure 24: Contour graph of temperature

0(y) at various values of injection Re and

M with Br=0.3, Da=0.1, Pe=7.1,

y = 0.5, (isoflux) for equation (12)
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