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Similarity Solutionsfor Free Convection Between
Two Parallel Porous Walls at Different Temperatures
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Abstract: Problem statement: A two dimensional steady laminar free convectivenflof viscous
incompressible fluid between two parallel porouslsvia consideredApproach: Using the similarity
variable, the partial differential equations weeduced to ordinary differential equations. The dedp
ordinary differential equations were solved nunedhcusing shooting method. The effect of various
physical parameters, such as the Prandtl numbash®@f number, permeability parameter and ratio of
the free stream velocity to parallel wall parameiarthe boundary layer velocity and skin-friction
coefficient were investigatedResults: Some of the several important findings of the itsswere (i)

the fluid velocity increased as either of the Godshumber, permeability parameter, ratio of free
stream velocity parameter to parallel wall paramet@as increased. (i) The fluid temperature
decreased as either of the Grashof number, ratiibeef stream velocity parameter to parallel wall
parameter increased and increased as permealziligyneter was increased. (iii) Skin friction incieeas
owing to an increase in Grashof number, ratio ek fistream velocity parameter to parallel wall
parameter and decrease with increasing permeapditgmeter. In this study, a similarity solutiom fo
free convective flow between two parameter poroafiswsituated a distance L apart was considered.
Numerical results were presented to illustratedétails of the flow, skin-friction characteristiasd
their dependence on the flow conditions and fluioperties Conclusion: In particular, we found that,
the fluid velocity increased as either of the Godshumber, permeability parameter, ratio of free
stream velocity parameter to parallel wall paramef&s increased.
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INTRODUCTION solutions of the full equations. The numerical sols
indicate the criticality of the system by local icp
There are several situations where forced anéhcreases in the reaction rate wreeanda were small.
natural convection occur with relatively comparableAsymptotic solutions valid at large distances
significance. This case is referred to as mixeddownstream were obtained and these we shown to be
convection heat transfer. Accurate knowledge of theessentially different in character between the sase
overall convection heat transfer is important innjna wheno = 0 and wherw. # 0. A singularity was seen to
fields, including heat exchangers, hot water aneast  developed at a finite distance down stream wheh bot
pipes heaters, refrigerators and electrical comasct = 0 ando = 0 and this was analyzed. Kafoussians
Because of its industrial importance, this clashedt (1989) studied heat transfer flow through a vergope
transfer has been the subject of many experimenthl medium bounded by a semi infinite horizontal plate.
analytical studies (Bassam and Abu-Hijleh, 2002). observed that when the permeability parameter k
Chaudhary and Merkin (1994) discussed the fregncreased the temperature of the fluid increases.
convection boundary layer flow on a vertical suefac Sharma and Singh (2008) investigated the effects
which results when there was an exothermic catalytiof variable thermal conductivity and heat source(si
chemical reaction on that surface. The system wes s on flow of a viscous incompressible electrically
to be governed by the two dimensionless chemicatonducting fluid in the presence of uniform transee
parameterse and o which were measures of the magnetic field and variable free stream near a
activation energy and heat of reaction respectjva¥y stagnation point on a non-conducting stretchingeshe
well as the Prandtl and Schmidt numbers. A serieThe equations of continuity, momentum and energy
solution was obtained valid near the leading edgee® were transformed into ordinary differential equatio
plate and this was continued downstream by nuniericaand solved numerically using shooting method. The
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velocity and temperature distributions were disedss MATERIALSAND METHODS
numerically and presented through graphs. Skiridnc
coefficient and the Nusselt number at the sheeewerMathematical formulation of the problem: Consider
derived, discussed numerically and then numericah two-dimensional steady laminar free convectiomvfl
values for various values of physical parameterewer of a viscous incompressible fluid between two pafal
presented through tables. It was observed that fluiporous walls situated a distance L apart. The 3-&xi
velocity decreases due to increase in the Hartmantaken along the wall and y-axis is transverse ® th
number fori<l while reverse effect is observed whenparallel walls. The fluid is injected into the lomweall
2>1 and there was boundary layer formation whenl. at y = 0 and is sucked through the upper wall with
Prasad and Kulachi (1984) discussed numericaliniform velocity, under the usual Boussineq's and
solutions for two-dimensional steady, free conwmtti boundary layer approximation, the governing equetio
for rectangular cavity with constant heat flux oneo for conservation of mass, momentum and energy
vertical wall, the other vertical wall being isothwlly  respectively are as follows:
cooled. The horizontal walls were insulted. Results
were presented in terms of streamlines and isotherm ou A
local and average Nusselt numbers at the heateldd wapx gy
and the local heat flux at the cooled wall flowtpats
were observed to be quite different from thosehia t P 2

. . . u ou_ 1op,6 0°u Y
case of a cavity with both vertical walls at consta u_—+v_—=-———+v—+gB(T-T,)-—u (2)
temperatures. Specifically, symmetry in the flowidi ox dy pox 0y K
is absent and any increase in applied heat flux vaas
accompanied by linearly proportional increase ie th 0T VﬂzLazT 3)
temperature on the heated wall. Also, for low Ptnd ox dy pc,dy’
number, the heat transfer rate based upon the mean
temperature difference is higher as compared tQynere:
experimental results for the isothermal case. Healtj,v
transfer results, further indicate that the averfdgsselt
number is correlated by a relation of the form Nu =
constantR;"A"where R" is the Rayleigh number and c

A the height to-width ratio of the cavity. Mahamathid v
Gaur (2009) investigated the effects of linearlyyieg T
viscosity and thermal conductivity on steady freep
convective flow of a viscous incompressible fluldry K Permeability of the porous medium
an isothermal vertical plate in the presence of bekk. B Coefficient of thermal expansion
The governing equations of continuity, momentum andk,y = Cartesian coordinate along x and y axes.
energy were transformed into coupled and non-linear N
ordinary differential equations using similarity The boundary conditions of the problem under
transformation and then solved using Runge-Kuttgonsideration are:
fourth order method with shooting technique. They _ 0 0, T=T —0
showed that the velocity and temperature of thalflu =~ = ™ DL A
decrease with the increase in Prandtl number. Skin¥~U. T- T, y-e
friction coefficient decrease while rate of heatnsfer
increases with the decrease in the heat sink\.Nhere: )
Mahapatra and Gupta (2001) reported MHDY% = Free stream velocity
stagnation point flow towards isothermal stretching!~ = Free stream temperature
sheet and pointed that velocity decreases/increasdss= Temperature of the horizontal wall
with the increase in magnetic field intensity wiese
stream velocity is smaller/greater respectivelyntttze
stretching velocity.

From the existing literature non has studiede fre
convective flow between parallel porous walls
maintained at different temperatures. Thereforés th _lﬂ_lum =uwd7um (5)
study will be devoted to it. pox K dx
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= Fluid velocity in the x,y direction

= pressure

Thermal conductivity

Specific heat capacity at constant pressure.
Kinematic viscosity

Fluid temperature

Density of the fluid

(4)

In the free- stream velocity,& u(x) = bx where b
is the free stream velocity parameter. Equation 2
becomes:
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Eliminating % between Eg. 2 and 5, we get:
0% u
oy’

Method of solution: Introducing the stream function
y(x,y) as define by:

ou _

_um dLLo
ay dx

ou
u—+v

ax

+gB(T—1;)+%(w-u)(6)

u=2¥ angv=-2% (7)
oy 0X
The similarity variablen = (c/v)2y and

W(x,y) = (v)* xf(n) (8)

Where:

¢ = The parallel wall parameter
n = The similarity variable

v = Kinematic viscosity

y = The stream function and the dimensionles

temperature is given as:
T-T
e(n) = - 9
(n) T T 9)
Equation 7-9 into Eq. 3 and 6, we get:
fU4+fF T —(F ) 24Gro+A(y—f) +y?=0 (20)
0 +Prfo =0 (11)

where the Grashof numbe@r:m, the

c*x

permeability parameterA:Ki, the ratio of the free
c

stream velocity parameter to parallel wall paramete

y:g, the Prandtl numbePr:C"T“. It is noted that
Eq. 1 is identically satisfied. The corresponding

boundary conditions are reduced to:

f(0)=0
=1

f(0)= 0
B(w) = 0

)=y 8(0) 12)

The governing boundary layer and thermal

integration. The basic idea of shooting method for
solving boundary value problem ordinary differehtia
equations is to try to find appropriate initial dition

for which the computed solution “hit the target” that
the boundary conditions at other points are satisfi
Furthermore, the higher order non-linear differainti
Eqg. 10 and 11 are converted into simultaneous finea
differential equations of order first and they &ugher
transformed into initial valued problem applyingeth
shooting method incorporating fourth order Runge-
Kutta. The iterative solution procedure was caroedl
until the error in the solution became less than a
predefined tolerance level. Other predefined patarae
needed for the solution method include the stegtken
(h), Grash of number (Gr), Prandtl number (Pr),
permeability parameter (A), ratio of free stream
velocity to parallel wall parametey)( Extensive testing
was carried out in other to determine the effedhete
parameters. The testing includes the value of @3, (2
4.0, 6.0), Pr (0.71, 0.73, 0.7%)(0.1, 0.2, 0.3), A (0.1,
0.3, 0.5), thus results are shown in Fig. 1-17.

SSkin-friction: Skin-friction coefficient at the wall is

given by:
C, =— _ =xf"(0)
pe(e)?
where, 1, = 90U, 9V s the shear stress at the wall.
oy 0x y=0

Particular case: (i) In absence of Grashof number i.e.
Gr = 0, the results of the present paper are retltwe
those obtained by Kafoussians (1989).

RESULTSAND DISCUSSION

Similarity solutions for free convective flow
between parallel porous wall at different
temperatures has been considered. The parameter
that govern the present flow situation are Grashof
number (Gr), Prandtl number (Pr), the permeability
parameter (A) and the ratio of free stream velocity
parameter to parallel wall parametey),( Also,
comprehensive set of numerical results is displayed
graphically in Fig. 1-17 to illustrate the influemof
the various physical parameters on the locally
similarity solutions. Figure land 2 illustrate thffect
of varying the Prandtl number (Pr) on the velogityd

boundary layer Eg. 10 and 11 with the boundarytemperature profiles. The increase in Prandtl nurfdre

conditions (12) are solved numerically using shugpti
technique along with fourth order Runge-Kutta
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this problem has no noticeable effect on the entire
hydrodynamic and thermal boundary layers growth
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Fig. 4. Temperature distribution versgsvhen A = 0.1,
y=0.1and Pr=0.71
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Fig. 5: Velocity distribution verses) wheny= 0.1,
G=20andPr=0.71

01

The effect of Grashof (Gr) on the velocity and
o temperature distributions is displayed in F&g.
B ™ and 4 respectively. As shown increasing the values
of Gr produces increase in the velocity of the
fluid which agrees with natural phenomena because
of the buoyancy force which assists flmw.
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Fig. 3: Velocity distribution verseg when A = 0.1,
y=0.1,Pr=0.71
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Fig. 8: Temperature distribution verseg when Pr
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Fig. 7: Velocity distribution verseg whenPr = 0.71,
G=20and A=0.1 Fig. 9: Effects of A and Pr on local skin-frictidar

G=20y=01
While increase in Gr causes a decrease in the fluid
temperature. This result is in agreement with whafThese Fig. 5 and 6 confirm that the velocity and
Sharma and Singh (2009) obtained. Figure 5 and Gmperature increases with increase in permeability
reveal the effect of permeability parameter (A) onparameter. This is in excellent agreement with vtzhak
the velocity and temperature profiles respestyi. and Maheshwari (2006), Kafoussians (1989) obtained.
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Fig.11: Effects ofy and Pr on local skin-friction for A
=0.1,Gr=2.0

Figure 7 and 8 depict respectively the effect dibraf
free stream velocity parameter to parallel wall
parametery) on velocity and temperature profiles. It
is found from Fig. 7 and 8 that the velocity ingea
whereas temperature decreases significantly.
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Fig. 13: Effects of A ang on local skin-friction for
Pr=0.71,Gr=2.0

Figure 9-11 reveal the effects of permeability
parameter (A), Grashof number (Gr), the ratio aefr
stream velocity parameter to parallel wall paramgfe
and Prandtl number on the local skin-friction ciméght.
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Fig. 14: Effects of Pr and Gr on local skin-frtifor  Fig. 16: Effects ofy Gr and on local skin- friction for
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Fig. 15: Effects of A ang on local skin-friction for
Pr=0.71,Gr=2.0 Fig. 17: Effects of Pr andg on local skin-friction for
Gr=2.0,A=0.1
Figure 9 and 10 confirm that the local skin-frictio
coefficient decreases, whereas Fig. 11 shows iFrom Fig. 12 the local skin-friction decreases as
increases. Figure 12-14, show the combined effeicts permeability parameter increases, whereas the local
A, y, Pr and Gr on the local skin-friction coeiffist. ~ skin-friction increases as the ratio of free stream
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