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1. Abstract:

Numerical simulation of free convection air flow through a porous media in an
inclined rectangular cavity is studied.Physical problem consists of a rectangular
inclined cavity filled with a porous media.The top and bottom surfaces are thermally
insulated while the left and right walls are maintained at isothermal hot and cold
temperatures respectively.The two-dimensional flow is characterized using Under-
Relaxation finite difference scheme.lt is found that the two-dimensional flow is
characterized by the vortices that are initiated by the existance of buoyancy effect. The
problem considered deals with a two-dimensional internal, laminer , isothermal flow
in an inclined rectangular porous cavity. In this work, the Darcy model is used and
the governing equations are solved using Under-Relaxation explicit technique for
flow characterstics of Prandtl number at 0.7 , an aspect ratio equals to 1.5, Rayleigh
number ranging 50 and 100, and inclination angles of 30° , 50° and 90°
respectively.The results explain that the flow field is dominated by one cell rotating in
a clockwise direction and filling the cavity. Also,the variation of the average Nusselt
number with inclination angles is also presented.The results showed a good

agreement with other published results.
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2. Nomenclature:

Symbol | Description Dimension
A The cavity aspect ratio=H / W
Cp Specific heat at constant pressure. KJ /kg.°C
g Gravitational acceleration. m/s”
H Cavity height. m
K The permeability of the porous media m’
ke Effective thermal conductivity of the porous media . W/m. °C

Nu,y Average Nusselt number.

P Dimensionless pressure.
p pressure. N/m”
P, Prandtl number.
Ra, Darcy-modified Rayleigh number based on the cavity width (W
r )iJnder-Relaxation parameter (usually less than unity)
T Temperature. °C
u Velocity component in x-direction. m/s
v Velocity component in y-direction. m/s
w Cavity width m
X Dimensionless Coordinate in horizontal direction.
X Coordinate in horizontal direction. m
Y Dimensionless Coordinate in vertical direction.

y Coordinate in vertical direction. m
Greek Symbols
a, m°/s

Effective thermal diffusivity of the porous
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media.
B K’
Volumetric coefficient of thermal expansion.
0 Dimensionless temperature.
H Dynamic viscosity of the fluid. N.sec/ m”
v Kinematic viscosity of the fluid. m’/s
P Density of the fluid. Kg/m’
b4 Stream function. m’/s
¥, Dimensionless stream function.
) Angle of inclination. Degree
AX,AY Dimensionlss spatial steps in computational
domain.
Ax, Ay spatial steps in computational domain. m
Subscript
c Cold
f  Fluid
h  Hot

i, ] Node symbols indicates position in x and y directions respectively.
w Conditions at surface.

3.Introduction : Free convection flows in a porous media occurs in a number of

important practical situations such as in an air-saturated fibrous insulation material
surrounding a heated body, heat transfer from a pipe or a cable buried in a soil , flow in
an oil reservoir in a geothermal power system, at some building applications in which
heat is transferred across an insulation-filled cavity and about pipes buried in water—
saturated soils. These are just some examples for engineering applications where
basically a cavity filled with a porous media Oztop (2007) and Varol etal. ( 2006).The
porous media consists of a bed of many relatively closely packed particles or some
other form of solid matrix which remains at rest and through which a fluid flows.
Natural or free convection in a porous media has been studied in recent years.Cheng
(1974) provided a comprehensaive review of the literature on free convection in a
porous media with a focus on geothermal systems.Prakash etal.(1999) presented a
model to predict heat and mass transfer in a system consisting of a turbulent flow
overlying a saturated hygroscopic porous medium.They concluded that for large

enclosures the flow was turbulent due to high Rayleigh numbers and in the porous
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media the turbulence was not important if the system has a sufficiently low
permeability. Al-Amiri (2000) performed a numerical studies of momentum and energy
transfer in a lid-driven enclosure filled with a saturated porous medium. In his study,the
force convection is induced by sliding the top constant temperature wall .It was found
that the increase in Darcy number induces flow activities causing an increase in the
fraction of energy transport by means of convection.Khanafer and Vafai (2002)
extended the previous work of Al-Amiri (2000) to mass transport in the media.The
buoyancy effects that create the flow are induced by both temperature and
concentration gradients. They concluded that the influences of the Darcy number and
buoyancy ratio on thermal and flow were significant.Al-Bahi etal.(2002) studied
numerically laminer natural convection heat transfer in an air filled vertical square
cavity differentially heated with a single isoflux discrete heater on one wall with top
and bottom adiabatic surfaces.Numerical results indicated that the local Nusselt number
decreases along the length of the heater at constant value of modified Rayleigh
number.Al-Nimr and Khadrawi (2003) investigated the problem of transient free
convection in domains partly filled with porous substrates analytically using Laplace
transformation technique. Four configurations were considered which are subject to an
isothermal heating boundary condition. The Brinkman-extended Darcy model was
adopted to describe the hydrodynamics behavior of the porous domain. Pakdee and
Rattanadecho (2005) made a parametric study for natural convective flow in a fluid-
saturated porous medium in a square cavity.The top surface is partially open to the
ambient allowing the surface temperature to change depending on the influence of
convection heat transfer mechanism. The governing equations were solved by the
standard Gauss-Seidel line relaxation procedure. In the current work, a numerical
simulation gives the results with a short-time and an accurate computation and the
computer program may be changed easily to deal with any other complex shapes such
as enclosures, sphere and circular ducts.In the numerical simulation, the governing
differential equations are solved by replacing it with differences, calculated from a
finite number of values associated with the computational nodes, which are distributed
on a suitable grid over the solution domain. In the present study, the Under-Relaxation
explicit technique is adopted to predict the free convection characteristics of two-
dimensional internal laminer isothermal flow over an inclined rectangular porous cavity

to predict the temperature and the stream function variations on the free convection for
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different range of Rayleigh number and inclination angles of the cavity.In the next
section, the mathematical analysis will be given in detail and the procedure, which used

to solve the governing equations was described.

4.Mathematical Analysis: The studied case is a rectangular porous media —filled

cavity which is inclined at an angle @ to the vertical.One wall of the cavity is kept at a
uniform hot temperature (Ty) and the other wall is kept at a uniform cold temperature
(T.) .The other two walls of the cavity are assumed to be adiabatic ( i.e, it is assumed
that no heat is transferred into or out of these walls).The configuration under
consideration is shown schematically in Fig. ( 1 ). The rectangular cavity has a height (
H ) and width ( W) and the working fluid is chosen as air with Prandtl number P, =
0.7.The flow described by continuity,momentum and energy equations. These
equations are written in a dimensionless form by dividing all dependent and

independent variables by suitable constant terms.

Fig.1

The solution is obtained using Under-Relaxation finite difference scheme and the

following assumptions are considered :-
1. The fluid velocity over the particle is small and the Reynolds number based
on the
particle size will be very small , so the flow over the particles will be a

Stokes type flow.
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2. The size of the particles considered is small compared to the overall size of
the system.
3. The flow is considered steady , two-dimensional.
4. The fluid and the porous media are assumed to be in local thermal
equilibrium.
5. The fluid and porous media properties are assumed to be constant.
6.Darcy model of flow is assumed which states that the flow velocities are low
and that the
momentum changes and viscous forces in the fluid are consequently
negligible compared
to the drag force and buoyancy force.
7. The fluid inside the cavity is assumed Newtonian and the density variations
are related only to the buoyancy terms of the momentum equations (
Boussinesq approximation) .
8.The temperature of the fluid phase is equal to the temperature of the solid
phase every where in the porous media.
The governing equations for a two-dimensional, steady, laminer flow expressed
in conservation form are
Continuity equation:

- 0 \ ...(1)

o u ov
+
0 X oy

Momentum equations:

Hou __Op

4 - Py (T -T.)cos ® «..(2-a
My _Op -

200 22 (T —-T.)sin ® ...(2-b

Energy equation :

or ~ or oO’T T
u—+v—=a,(5+——
Ox oy ox~ 0oy

) ...(3)
The cold wall temperature (T.) has been taken as the referance temperature.The
solution will be obtained in terms of the stream function which is defined by White

(1996):
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oY andv = — oY

5 — o e(d)

u =

The magnitude of the stream function is a measure of the strength of the fluid motion in

the cavity.Now,if the pressure ( p ) is eliminated by taking the y-derivative of Eq.(2-a)

and the x-derivative of Eq.(2-b) and the two equations are subtracted so the result

gives:

My Ou  Ov orT oT .

—(——-—) = —cos P ——simn P ...(5-a
X (ay ax) pep,( o ™ ) (5-2)

Now,by using the definition of the stream function (Eq.(4)) yields:

2 2

K
(6 \f + 0 ‘f):ﬂgpf (_6T cos @ __6T sin @) ...(5-b)
oy ox oy oy Ox

Also,in terms of the stream function (Eq.(4)),the energy equation (Eq.(3)) becomes

ovor ovor  oT T

=a,(—+— ...(6
oy &x ox oy @ oxt oy’ (6)

The effective thermal diffusivity ( ¢, ) is not the thermal diffusivity of the fluid ,since it

is the ratio of the effective thermal conductivity of the porous media to the product of

. . s k
the density and the specific heat at constant pressure of the fluid ( i.e, &, =—). In
p

order to put these equations in the dimensionless form, the following dimensionless

variables are used:-

T-T
X=x/W, Y=y/W , ‘I’D:i and 0= <
a, T,-T.

In terms of these dimensionless variables Eqs.(5-b) and (6) become:

o’Y, o0’Y, 00 o0 .
+ =R —0cosS D ———sin @ (7
(6X2 8Y2) aw(ay oX ) (7)
oV, 00 oV,00 00 0°0
D_— D—:( 2+ 2) ...(8)
oY oX oX oY oX* oY

where Ray, is the Darcy-modified Rayleigh number based on the cavity width ( W )
which is defined by Nield and Bejan (20006) as : -

_PeK (T, —T )W
aer

Ray,

The rate of heat transfer is expressed in terms of average Nusselt number ( Nu,, ) as
follows :
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1 20

Nuavz(j)[a—X]X:OdY (9

Boundary conditions

The boundary conditions which are used in the present study can be arranged as
follows:-
1.Velocity components normal to the wall equals zero, so:

u=v=0.0 at x=0 and x=W  for 0<y<H

u=v=00 at y=0 and y=H for 0<x<W
2. The top and bottom walls are thermally insulated , so:
8_T= 0 at y=0 and y=H

oy

In terms of the stream function , this means that:

ai:0 at x=0 and x=W
Jy
o =0 at y=0 and y=H
ox

3. The left and right walls are maintained at isothermal hot and cold temperatures
recpectively ,so:

T=T, at x =0 and T=T, at x=W

4.At all wall surfaces

Y =0.0

In terms of the above dimensionless variables , the boundary conditions become : -

at X=0.0 0=10

at X=1.0 6=0.0

and at all the walls ¥Y,=0.0

at Y=0.0 a0 =0
oY

at Y =A, % =0
oY

S5.Numerical Analysis: Explicit Under-Relaxation space-marching finite difference

method is used to solve the set of governing equations [Eq.( 7 ) and Eq.( 8 )]. By using
this technique a computer code is developed to predict the stream function and

temperature . The details are follows :-
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5.1 Dimensionless Governing Equations in a Discretized Form:
a.Dimensionless Stream Function.

Yo, T Yo, TR 0... -0, .
= i T aXAs 21— Ra  ([—E——"Jcos @ —

pi; =1l INE ] INE ] A AT ]

O, =0, ; 2 2

"/ 5in d)}/ +
: 2AX ] % [AXZ AYZ]

..(10)
Eq.(10) can be calculated using Under-Relaxation scheme so that :-
1 0 calc 0
IPD Lj :\PDI‘J +r(lIIDi,j _IIIDi,j ) --(11)
b.Dimensionless Temperature.
b4 -¥,. .

0 =1 0i+1,j + 0;'71,,‘ N 0i,j+1 + 01‘,,‘71 1-1 Do+ Di,j-1 9i+1,j - 91‘71,1 141

o AX? AY? 2AY 2AX

l//Di+1,j - LPDi—l,j ][91',_1'+1 - 91’,_/'-1 ]} /[ 2 " 2 ]

2AX 2AY AX? AY?
..(12)

Again Eq.( 12 ) can be calculated using Under-Relaxation scheme so that :-

| 0 cale 0
0i.j=6, +r@,;, —06,) ...(13)

where 6 cate is the value given by Eq.(12), 6

Lj
iteration and

r is the Under-Relaxation parameter which is usually less than unity.Eq.( 12 ) is
applied at all internal nodes (i.e., at all points within the cavity). The use of an iterative
solution method needs a convergence and stopping criteria to terminate the iteration
process.To make the present solution is stable and to obtain a reasonable accuracy ,so

that the computation is terminated when all of the residuals get below 107,

0. .
 1s the value of 9” at the previos

6.Code Verfication:

The numerical algorithm is tested by considering a square vertical porous cavity
under the same boundary conditions but the numerical scheme is different which is
studied by Oosthuizen and Naylor ( 1999) for aspect ratio = 1.0 and a Rayleigh
number = 50. This problem is treated by the present numerical scheme in order to
compare it with the previous work by Oosthuizen and ~ Naylor ( 1999) .In order to
make the comparsion applicable the angle of inclination is taken as 90° (Vertical
Cavity).The comparsion between the stream function and temperature results are shown
a good agreement between the present and the previous schemes as shown in Fig.(2)
and Fig.(3) respectively.
7.Results and Discussion:
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Figure (4) shows the evolution of the flow and thermal fields in the cavity when Ra =
50,aspect
ratio = 1.5 and angle of inclination = 30 degree. It may be noted that the negative sign

of stream function denotes the clockwise circulation.The non-slip condition is valid at

all boundaries as there is no cross-flow,hence ¥ = 0.0 is used for the boundaries.It is

interesting to note that , the higher values of stream function means higher flow rate.As
is clear from this figure, convective vortices or rolls are observed. Also, in this figure
the isotherms are observed to be a uniform lines.As expected due to the heated left
vertical wall, fluid rise up along the side of left wall and flow down along the cooled
right wall forming a usual convective roll or circulation with clockwise rotation inside
the cavity.It can be observed that, the flow circulation inside the cavity is greater near
the center and least near the wall due to no slip boundary conditions.

Figure (5) and Figure (6) illustrate the dimensionless stream function and
dimensionless temperature contours in the cavity when Ra = 50,aspect ratio = 1.5 and
angle of inclination = 50 and 90 degrees respectively. As seen from these figures the
temperature contours are smooth curves which covers the entire cavity. These figures
also show the presence of significant effect of free convection on temperature contours
which start getting deformed and pushed towards the side wall. The figures show that
the existance of strong circulation causes a good fluid mixing process in the cavity .
This increase in the heat flux is due to the increase in the velocity also the other reason
of this increasing is due to buoyancy forces which causes an increase in the mass flow
rate close to the wall and accelerate the fluid flow so as a result causes an increasing in
the amount of the heat flux. It is observed from these figures that the intensity of
circulation increases with increasing the angle of inclination .Also, the greater
circulation causes more heat to be distributed in the central region of the cavity.

In Figure (7) the dimensionless stream function and isotherm contours in the cavity are
displayed when Ra = 100,aspect ratio = 1.5 and angle of inclination = 30 degree.In this
figure,the circulation patterns of the flow field are also noticed.The heated portions of
the fluid become lighter than the rest of the fluid, and are exposed laterally away from
the center to the sides,then flow down along the two vertical walls , leading to the
clockwise flow circulations.These results suggest that the buoyancy forces are able to

overcome the influence of viscous forces.Also this figure shows that the number of

10
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convective vortices or cells and the circulation intensity increases with increasing
Rayleigh number .

The evolution of the flow and thermal fields when Ra = 100, for a cavity of aspect ratio
= 1.5 for a representative case with angle of inclination = 50 and 90 degrees
respectively are presented in Figure (8) and Figure (9) respectively.The flow pattern is
characterized by a convection roll with clockwise rotation inside the cavity. Again a
stronger circulation occurs when a Rayleigh number increases. The circulations are
greater near the center and least at the wall due to no-slip boundary conditions.As
shown in these figures,the hot fluid rises in the central region as a result of buoyancy
forces, and then it moves downwards along the vertical walls and turns horizontally to
the central region after hitting the bottom wall. However, in the convection region
adjacent to the heat source, the isotherms become thinner producing higher
temperature gradients. It is observed that for vertical cavity (® = 90° ),as shown in
Fig.(2) the buoyancy force is acting only in one direction, while for the inclined cavity
the buoyancy force components acting in both x and y directions. The effect of
cavity inclination is clearly visible on both the flow patterns and isotherms as shown in
Fig.(9). Moreover from these figures it is observed from isotherms that as Rayleigh
number increases, the temperature gradients in lower corners of the cavity increases ,
thus increasing the heat transfer in this region.Figures (10) and (11) show the variation
of the average Nusselt number with inclination angles for a rectangular inclined cavity
when Ra =50 and Ra = 100 respectively.It is seen from these figures that the average
Nusselt number increases when the values of inclination angles increase.The heat
transfer rate reaches a maximum value when the inclination angle is about 50 degree
and then decreases as seen from Figure (11).At this angle,the flow along both the
heated wall and the adiabatic top wall is acted by buoyancy forces that are parallel to
the wall.Also, these figures indicate that the average Nusselt number increases when
the values of Rayleigh number increases.

8. Conclusions:
The following conclusions can be drawn from the results of the present work :-

1. It is observed that the intensity of circulation increases with increasing the
angle of inclination .Also, the greater circulation causes more heat to be

distributed in the central region of the cavity.

11
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2. The vortices ( or convection currents ) are formed and a higher fluid
circulation is found in the flow domain due to stronger free convection
effects.

3. The number of convective vortices or cells increases with increasing
Rayleigh number .

4. From an examination of the isotherms ( dimensionless temperature lines) ,it
is observed that for small values of Rayleigh number, convective motion is
first observed near the lower corners of the cavity. As Rayleigh number
increases, the temperature gradients in this region increases , thus increasing
the heat transfer in this region.

5. From the stream line plots, it can be seen that the value of stream function (
i.e., the flow rate) increases with increasing Rayleigh number.

6. Stronger circulation occurs at higher Rayleigh number. The circulations are
greater near the center and least at the wall due to no-slip boundary
conditions.

7. At the small Rayleigh number, the stream functions are almost circular. As
Rayleigh number increases, the buoyancy driven circulation inside the
cavity also increases as seen from greater magnitudes of the stream
functions.

8. Due to stronger circulation at high Rayleigh number, the isotherms are
largely compressed near the middle portion of the side vertical walls.

9. It is noted that as the value of the Rayleigh number increases, a finite and

symmetric
disturbance is imposed on the temperature field.

10.It can be concluded to an interesting note that not only an intensity of a

flow,but also the direction of the fluid flow locally affects the heat convection

process.

11. The average Nusselt number increases when the values of Rayleigh number and the

inclination angle increase.
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Fig. (2 )Dimensionless stream function ( right ) and dimensionless temperature ( left ) contours for
a square cavity when Ra =50, Aspect ratio = 1.0 and angle of inclination = 90 degree ( Present
scheme).
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Fig. (3 ) Dimensionless stream function ( left ) and dimensionless temperature ( right ) contours
for a square cavity when Ra =50, Aspect ratio = 1.0 and angle of inclination = 90 degree
(Oosthuizen and Naylor ( 1999 ) scheme).

Fig. (4) Stream function (right) and temperature (left) contours for a rectangular cavity when
Ra =50 , Aspect ratio =1.5 and angle of inclination = 30 degree.
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Fig. (5) Dimensionless Stream function ( right )and temperature ( left )contours for a rectangular
cavity when Ra =50 , Aspect ratio = 1.5 and angle of inclination = 50 degree.
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Fig. (6 ) Dimensionless Stream function (right) and temperature ( left ) contours for a rectangular
cavity when Ra =50 , Aspect ratio = 1.5 and angle of inclination = 90 degree.
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Fig. (7) Stream function (right) and temperature (left) contours for a rectangular cavity when
Ra =100 , Aspect ratio =1.5 and angle of inclination = 30 degree.
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Fig. (8) Stream function (right) and temperature (left) contours for a rectangular cavity when
Ra =100 , Aspect ratio =1.5 and angle of inclination = 50 degree.
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Fig. (9) Stream function (right) and temperature (left) contours for a rectangular cavity when
Ra =100 , Aspect ratio =1.5 and angle of inclination = 90 degree.
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Fig. (10) Variation of the average Nusselt number with inclination angles for a rectangular
cavity when Ra =150 , Aspect ratio=1.5 .
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Fig. (11 ) Variation of the average Nusselt number with inclination angles
for a rectangular cavity when Ra =100 , Aspect ratio=1.5 .
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