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WITH POROUS MEDIUM

Dr. Falah A. Abood
M echanical Engineering Department - College of Engineering - Basra University

ABSTRACT:

A numerical study is conducted to investigate the natural convection heat transfer in a two
cases of the enclosure ,the first case in a square enclosure of aspect ratio AR=1 and the second case
in aright-angle trapezoidal enclosure with aspect ratios AR=0.45 and 0.25 .The enclosure was filled
with a liquid saturated porous media .The bottom wall of the cavity was heated with a sinusoidal
temperature distribution 8=0.5(1-cos(2nx)) , the vertical wall was cooled at 6=0 and the other walls
were adiabatic. The governing equations were solved numerically using finite element software
package (FLEXPDE). Flow and heat transfer characteristics are studied for the range of Rayleigh
number (100 < Ra < 1000). Streamlines, isotherms and Nusselt numbers were presented. The
obtained results show that the heat transfer coefficient increases with increasing of Rayleigh
number and aspect ratio. A comparison of the flow field and isotherm field was made with that
obtained by (Yasin et a., 2008), which revealed a good agreement.
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NOMENCLATURE
AR Aspect ratio parameter H/L
g  Acceleration dueto gravity m/s’
H Length of the top wall of the cavity m
K Permeability of the porous medium m?
L Length of the bottom wall of the cavity m
Nu_. Loca Nusselt number
Nun Mean Nusselt number
Ra Rayleigh number Ra=gBk (Th-Tc)/va
T  Temperature of the fluid porous medium
U,V Veocity components, uL/a ,vL/a
X, Y Non-dimensional coordinates, X=x/L, Y=y/L
Greek Symboles
Thermal diffusivity of porous media m%s
Thermal expansion coefficient K™
Dimensionless temperature, 0=(T-T)/( Th-T¢)
Kinematics viscosity m?/s
Dimensionless Stream function

bscripts
Cold
Hot
Local
Mean
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INTRODUCTION:

Buoyancy induced convection and fluid flow in enclosures filled with fluid —saturated porous
media can be seen in many applications in , solar power collectors , geothermal applications ,
double wall insulation , electric machinery , cooling system of electronic devices , natural
circulation in the atmosphere , molten core of the earth , induces fibrous insulation , food processing
and storage , therma insulation of the buildings , geophysical systems , electro chemistry
metallurgy , the design of pebble bed nuclear reactors , underground disposal of nuclear or non-
nuclear waste , etc. A great number of studies are related with the analysis of natural convection in
square and rectangular enclosures. Some important numerical results can be found in the studies by
(Bgan and Tien, 1978). (Poalikakos and Began, 1983) reported exact analytical solution of
natural convection in an attic-shaped space filled with porous material. Natural convection heat
transfer and fluid flow was studies for porous or non-porous medium trapezoidal enclosures mostly
a differentially heated temperature boundary conditions see (Kuypor and Hoogendoom, 1995).
(Sadat and Salognac, 1995) , (Moukalled and Acharya, 2001) , (Bayates and Pop ,2001) , (
Moukalled and Darwish , 2003 ), (Kumar and Kumar, 2004 ) , ( Baytas et al.,2000 )
presented a numerical study of natural convection in atwo dimensional right angle triangular cavity
filled with a fluid saturate porous medium using the Darcy—Bousseinesq equation media. Some
studies also have been performed to investigate the effect of Boundary conditions and the effect of
inclinations on natural convection in square/rectangular enclosures filled with porous media or
viscous fluids (Saeid, 2005) and (Oztop and varol, 2007). The natural convection heat transfer in
triangular enclosure has been studied by (Varol et al., 2007). Number of papers on natural
convection flows in trapezoidal cavities filled with porous media (Basak et al., 2009) and (Varol et
al., 2009). A numerical study of the steady buoyancy —induced flow and heat transfer in a
trapezoida cavity filled with a porous medium saturated with cold water has been performed by
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(Yasin et al., 2010). Thus the main objective of this paper isto examine the natural convection in a
square cavity and in a right-angle trapezoidal filled with a porous medium. Different Rayleigh
numbers and different aspect ratios were considered in these studies. The governing equations were
solved numerically using finite element software package (FLEXPDE)

GOVERNING EQUATIONS:

A schematic of the two dimensional square enclosure and a right angle trapezoidal enclosure
filled with saturated porous medium is shown in Fig.1 (a) and (b) respectively. The bottom wall of
the cavity was heated at sinusoidal temperature distribution ® the top wall was cooled, while the
remaining walls were insulating.

The governing equations for the study, two dimensional, incompressible flows with Darcy-
Boussinseq approximation and constant fluid properties can be written in non-dimensional form as
follows:
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Where the dimensionless variables are defined as:
x=X y=Y y=U vty T @)
L L a a T, -T,

Here X and Y are the Cartesian coordinates along the horizontal and vertical walls of the enclosure,
respectively, U and V are the velocity components along the X- and Y- direction , 6 is the non-
dimensional fluid temperature ,  is the non-dimensional stream function , which is defined as:

u v o _ov

oy’ X
Where Kk is the permeability of the porous medium and a is the diffusivity of the fluid. The
boundary conditions of Egs (1-3) shownin Fig.1 are:
1-No-dlip velocity boundary condition, U=0, V=0 and =0 on all solid walls.
2- Sinusoidal temperature distribution on the bottom wall 8=0.5 (1-cos (2nx)), 8=0 on the top wall

and % =0 on the other walls; where n denotes the direction normal to the adiabatic walls of the

on
enclosure.

Besides the streamlines and isotherms, the physical quantities of interest in this problem are
also the local Nusselt number Nug, and the mean Nusselt number Nuy, from the heated wall, which
are given by:

()
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1
Nu, = —(@j , Nu, = j Nu, dx (6)
aY Y=0 0

NUMERICAL SOLUTION:

In the present study, a finite element software package Flexpde (Backstrom, 2005) isrelied in
the solution of the nonlinear system of equations (2) and (3). Hence, the continuity equation (1) is
used to check the error of the solution throughout the grids of domain.

SOFTWARE VALIDATION

To check the validation of software, three grid densities were examined 103, 10*, and 10°. The
grid dependency was checked with the continuity equation and the obtained results show the exactly
validated of the velocity distribution for each above grid densities. i.e example, the griddied domain
for the trapezoidal enclosure of AR=0.25 isshown in Fig.2a and the distribution of the values of
(0U/oX + aV/aY) over the domain, is presented in Fig.2b.

CODE VALIDATION

To check the validity of the numerical results, test calculations were performed for the
triangular cavity filled with porous medium for Ra=1000. The boundary condition of the bottom
wall is non-isothermally heated wall 6=0.5(1-cos (2nx)) and the vertica wall at 6=0, while the
inclined wall is kept adiabatic. The program was verified by a comparison with a theoretical work
performed by (Yasin et al., 2008) as shown in Fig.3, who developed numerical results for the
streamlines and isotherms in the triangular cavity filled with porous medium. The results show a
very good agreement and from this comparison it can be decided that the current code can be used
to predict the flow field for the present problem.

RESULTSAND DISCUSSION:

The results of the flow fields and heat transfer for porous non-isothermally heated square and
trapezoidal enclosures are studied in this paper. The temperature of the bottom wall is taken as
sinusoidal temperature distribution 6=0.5(1-cos(2nx)) and the upper wall is 6=0 while the other
walls are taken as adiabatic . Fig.4 (a) shows the streamlines (on the left) and the isotherms (on the
right) in a porous sguare enclosure for AR=1 and Ra=100. It can be noted from this Figure the
double circulation cells were formed in vertical position, and the rotating direction is starting from
middle of the bottom wall. For the trapezoidal enclosure AR=0.45 and 0.25 as given in Fig.4b(left)
and Fig.4c (left) respectively , two cells were formed inside the enclosure with different rotation
direction , theright cell is the dominated in the cavity . The left cell islocated at the bottom corner
due to effect of inclination of the left wall. The intersection of the isotherm lines near the corners
with the bottom wall show that there is no heat transfer to the fluid , though most of the heat is
transfer from the bottom wall toward the fluid. For small Rayleigh number the temperature
distribution is the same as for pure conduction case, the isotherms show wavy variation and no
vortices are observed. As shown from Fig.4a(right), for square cavity, the isotherms have a plum
like distribution formed in middle of the bottom wall toward the upper wall , while for trapezoidal
cavity AR=0.45 and 0.25 the plumes have skew ness toward the inclined adiabatic wall as shown in
Fig.4b(right) and Fig.4c(right) respectively . Fig.5 shows the effect of the aspect ratio on the flow
and temperature fields for high Rayleigh number Ra=1000. As can be seen from the streamlines
plot of Fig.5a(left) , that two circulation cells were formed and inclined at angle 68 ° from
horizontal , the flow strength is higher than that of Fig,4a(left) . Also it can be seen from Fig.5 (b)
(left) and Fig.5c (left), the size of the cells is decreased with decreasing of the aspect ratio.
Isotherms plot of Fig.5a (right) shows that, with high Rayleigh number the plum like distribution
which generated from the bottom wall is occupied the whole space due to the increasing of the
convection heat transfer. Also it can be seen from Fig.5 b(right) and Fig.5 c(right), the skew ness of
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the plum toward the left corner of the enclosure is more than that of Fig.4 b(right) and Fig.4 c(right)
due to the dominant of the natural convection with increasing of Rayleigh number .

Variations of the local Nusselt number along the bottom wall for square and trapezoidal
cavity at different values of aspect ratio and Rayleigh number are presented in Figs.6 - 9. As
shown from Fig.6 , for the square enclosure AR=1 and with Ra=100, a symmetric variation of
the local Nusselt number along the bottom wall is formed due to the symmetry in the temperature
filed. The values of the local Nusselt number are negative near the corners of the bottom wall since
the direction of the heat transfer is reversed in this rejoin. A positive value of the local Nusselt
number is observed in the main part of the bottom wall depends on the recirculation intensity. It is
clear from this figure, the value of Nu, is small a the middle of the bottom wall due to the
reducing of the recirculation intensity. Also it can be seen from Fig.6, for the trapezoidal
enclosure AR=0.45 and AR=0.25, the maximum value of the local Nusselt number occurs at
the right half part of the bottom wall. The values of the local Nusselt number are increases with
increasing of the trapezoidal aspect ratio due to the effect of the inclined adiabatic wall. The heat
losing from the left corner of thetrapezoidal cavity is decreased with decreasing of the
aspect ratio. Fig.7 shows the variation of the local Nusselt number along the bottom wall for
Ra=1000. The trend of the curvesisthe same as that in Fig.6 , but the values of the loca
Nusselt number are higher. Figs. 8-9 show the increases of the local Nusselt number with
increasing of Rayleigh number along the heated wall of the square and trapezoidal enclosure
respectively due to dominant of the natural convection. The negative values of the local Nusselt
number near the corners of the bottom wall of the square cavity are increases with increasing of
Rayleigh number as shown in Fig.8 this is because of the increasing of the intensity of reversal
stream lines. As can be seen from Fig.9, at the left corner of the trapezoidal cavity the losing of the
heat isincreased with increasing of Rayleigh number.

However, the local Nusselt numbers are negative at the corners of the bottom wall due to losing
of the heat; positive values are observed in most part of the bottom wall which depends on the
direction of the recirculation. Thus, the mean Nusselt numbers were found to be positive and
presented in Fig.10. It can be seen from this figure, the mean Nussselt number for the square
enclosure are higher than of trapezoidal enclosure. Thisis because of the heat transfer from the fluid
losing through the bottom wall of trapezoidal cavity is higher then of the square cavity.

CONCLUSIONS:

A numerical study was performed to investigate the flow and temperature fields for the
square and trapezoidal porous enclosure. Based on the obtained results in the present study, findings
are:
1-The flow and temperature fields are strongly depending on the aspect ratio and Rayleigh number.
For the sguare cavity asymmetry distribution of the streamlines and isotherms, while the
distribution of the flow for the trapezoidal cavity is occur near the left part of the bottom wall.
2-Aspect ratio affects the amount of the circulation mass inside the enclosure and the heat transfer is
increases with increasing of the aspect ratio ,this mean that the heat transfer from the bottom wall of
the square enclosure is higher then that of the trapezoidal enclosure.
3-The overall hesat transfer coefficient is an increasing function of Rayleigh number. Conduction
becomes dominants at small Rayleigh number.
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Fig.1 Schematic diagram of the physical domain a) square cavity b) trapezoidal
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Fig.4 Streamlines (left) isotherms (right) at Ra=100 a) AR=1 b) AR=0.45 c) AR=0.25
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Fig.5 Streamlines (left) isotherms (right) at Ra=1000 a) AR=1 b) AR=0.45 c) AR=0.25
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Fig.6 Variation of local Nusselt number along the bottom wall , Ra=100
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Fig.7 Variation of local Nusselt number along the bottom wall , Ra=1000
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Fig.8 Variation of the local Nusselt number along the bottom wall of
the squareenclosure, AR=1
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Fig.9 Variation of thelocal Nusselt number along the bottom wall of the
trapezoidal enclosure , AR=0.25

o
6 4
NUp, 4 —a—AR=1
—a—AR=0.25

2 4

0 T T

0 400 800 1200
Ra

Fig.10 Variation of the mean Nusselt number with Rayleigh number for the
square enclosure AR=1 and the trapezoidal enclosure AR=0.25.



