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The heat transfer due to the flow over two porous blocks situated in a square cavity is investigated and
the effects of heat flux and the porosity on the flow structure and the heat transfer in the cavity are
examined. In the simulations, four heat fluxes and three porosities are accommodated while air is used
as the working fluid. The flow conditions at the cavity inlet are kept the same for all the cases simulated.
The equilibrium equations pertinent to the flow over porous blocks in the cavity are used to predict the
velocity and temperature fields. It is found that increasing porosity of the blocks modifies the flow field
in the cavity, which is more pronounced as the heat flux increases. The Nusselt number enhances with
the increasing porosity and heat flux.

© 2009 Elsevier Masson SAS. All rights reserved.

1. Introduction

The porous structures are widely used to improve the heat
transfer rates in the flow systems. In this case, the porous struc-
tures are situated in and around the heat generating bodies sub-
jected to convection cooling. In some of the cooling applications,
the porous structures are situated in an open-end cavity and the
flow passes over the porous blocks. The orientation and the aspect
ratios of the porous blocks become important for enhance the heat
transfer rates while lowering the fluid power losses in the cavity.
Consequently, investigation into the flow structure and heat trans-
fer characteristics in the flow system consisting of cavity and heat
generating porous blocks become essential.

Considerable research studies were carried out to examine the
flow over porous blocks. A semi-empirical model for the perme-
ability and the inertial coefficient of fin-fin heat sinks was intro-
duced by Jeng and Tzeng [1]. They showed that the model intro-
duced predicted results comparable to the data obtained for the
experimental study. The numerical approach for a steady flow and
heat transfer in the separation region of the embedded porous me-
dia was introduced by Hassanien et al. [2]. They simplified the
boundary layer equations to semi-similar equations and used the
local non-similarity method with the second order truncation to
predict the flow properties and heat transfer characteristics. The
heat transfer in a porous channel subjected to an oscillating flow
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was studied experimentally by Fu et al. [3]. They showed that
the flow oscillation enhanced the heat transfer rates and could
be considered as an effective method for cooling high speed elec-
tronic devices. The free convection from a vertical plate fin with
a rounded tip imbedded in a porous medium was investigated
by Vaszi et al. [4]. They showed that increasing the heat trans-
ferring surface did not enhance the total heat transfer; however,
fin aspect ratio and convection-conduction heat transfer param-
eter influenced the total heat transfer rates. Heat transfer and
fluid flow in porous carbon foam were examined by Yu et al. [5].
They indicated that the fluid pressure drop was well described by
Darcy-Forchhiemer law. The fluid flow and the heat transfer in lig-
uid cooled porous heat sinks were examined by Zhang et al. [6].
They showed that the thermal resistances for foam heat sinks de-
creased with increased in flow rate and attained their minimum
at their highest flow rates, whereas the pressure drop increased
more rapidly with the increasing mass flow rate. The non-Darcy
natural convection in high porosity metal foams was considered
by Phanikumar and Mahajan [7]. They indicated that the thermal
non-equilibrium model provided superior description of the heat
transfer in metal foams, especially in the presence of the fluid-
porous interfaces. The characteristics of oscillating flow through
a channel filled with open-cell metal foam were investigated by
Leong and Jin [8]. They showed that the flow characteristics were
governed by the Reynolds number based on the hydraulic ligament
diameter. Natural convection heat transfer form a vertical cylindri-
cal porous fin was examined numerically by Naidu et al. [9]. They
indicated that increasing permeability of the porous foam resulted
in decrease of the fin temperature as well as the fin efficiency. The
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Nomenclature

A ATCA et e m? S’} fluid enthalpy source term...................... W/m?

Cq inertial resistance factor T EEMPETALUTE .ottt e et e et e e eeaeeeeaeeennns K

g center of gravity............ooooiiiiiiiiiiiii m/s? Tavg average temperature ...........veeeeeeerunnnnneeennns K

Gr Grashoff number T; cavity inlet temperature............ooeevvveeeinnennns K

Ef fluid energy ... J/kg Ts surface teMPerature............oveevveenneennennenns. K

Es solid medium energy ...................ooooiins Jkg g velocity in X-axiS .........cooeviiiiiiiiiiiiiinn. m

h heat transfer coefficient....................... wim?K -y, mean velocity at block inlet....................... m/s

h averaged heat transfer coefficient............. wm’K -, VeloCity N Y-aXiS.....ovviiiriiniiiniiieiieinnnns. m

K permeability of porous blogk v velocity vector

Wi thermal conducqv!ty of ﬂun_d """""""""" W/mK X distance in X-aXiS........covviieeiieiieeinrennennnnn. m

ks thermal conductivity of solid................... W/mK y distance in y-axiS.......coeeiiiiiiiieriiiiineiaennn.s m

keff effective thermal conductivity.................. W/mK . . .

L cavity length........oooiiiiiii m o the coefﬁ.aent in the viscous loss terf“

f inertia coefficient B volumetrlc thermal expansion coefficient......... 1/K

F body force......ooovviiiiiii e N € porosity .

L width of channel ................. oL, m ¢ any property of fluid

1 any spatial coordinate T SHEAT SETESS ..\ 'v ettt N/m?

Nu Nuselt number i VESCOSIEY . o evee ettt e N's/m3

p PIESSUTE . .. e et Pa U kinematic viscosity.................... m?/s

q heat transfer rate...............ovvviiiiieeininnnn... w p density ... kg/m?

q rate of heat generation per unit volume ....... W/m3 v volume of the block................oooiviiiiina.t m3
flow structure and heat transfer within a cellular copper struc- Table 1

tures were investigated by Tian et al. [10]. They indicated that
the overall heat transfer depended on the porosity and the sur-
face area of the copper structure. The flow and heat transfer in
porous channel with the solid baffles were studied by Nicolau et
al. [11]. They indicated that no advantages were observed when
using the low porosity baffles in the laminar flow regime in the
channel. The thermal performance of a graphite foam evaporator
and its potential use in the thermal management of electronic de-
vices were examined by Coursey et al. [12]. They showed that
using the graphite foam as the evaporator enabled the transfer
of large amount of energy with relatively low temperature dif-
ference and without the need for external pumping. The thermal
characterization of carbon foams in parallel flow was studied by
Straatman et al. [13]. They indicated that the heat transfer was
independent of the effective conductivity considered in the exper-
iments.

The porous structures are widely used in electronic device cool-
ing applications [14]. This is because of the achievement of high
cooling rates. Moreover, the porosity and heat flux are the two of
the important parameters influencing the flow structure and heat
transfer rates around the heat transferring bodies. Consequently,
investigation into the influence of porosity and heat flux on the
heat transfer rates becomes crucial. In the present study, the heat
transfer from two porous blocks situated in a square cavity is con-
sidered. A laminar air flow is introduced at the cavity inlet while
the constant heat flux is employed in the porous structures. To ex-
amine the effects of porosity and amount of heat flux on the flow
structure and the heat transfer rates, three porosities of the blocks
and four levels of heat fluxes are accommodated in the simula-
tions.

2. Mathematical analysis

The equations governing the flow over a porous block situated
in a channel can be formulated through considering the equilib-
rium conditions. In this case, porous medium can be defined as
a material consisting of a solid matrix with an interconnected
void and it is assumed that a single fluid (single phase) occupies

Properties of porous blocks used in the simulations.

Porosity (&) f K (x107 m?)
0.9726 0.097 2.7
0.8991 0.068 0.94

the voids spaces. Moreover, assuming isotopic porosity and single
phase steady flow, the volume-averaged mass and momentum con-
servation equations for a steady flow situation can be written in
vector notation as:

V.(epV)=0 @)]
and
V.-(epVV)=—-eVp+V.(e1)+¢€F
_(E+QJ|V|)V @)
o 2

The last term in this equation represents the viscous (Darcy loss
term) and inertial drag forces imposed by the pore walls on the
fluid. Note that ¢ is the porosity of the media defined as the ratio
of the volume occupied by the fluid to the total volume. However,
the term (% + ClTp|V|)V in Eq. (2) is the source term due to the
porous media. However, outside of the porous media, the source
term drops and & = 1. Therefore, Eq. (2) reduces to the standard
momentum equation for a single phase steady fluid flow. The co-
efficient o in the viscous loss term equals to K, permeability of
the porous structure. The coefficient Cq in the inertial loss term is
written as:

i

VK

f is the inertia coefficient reflecting porous inertia effects. How-
ever, K and f are related to structure of the porous medium as
given by Battacharya et al. [15]. The values of K and f are given
in Table 1 for two porous blocks.

The standard energy transport equation in porous media re-
gions is solved with modifications to the conduction flux and the
transient terms only. In the porous medium, the conduction flux
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Fig. 1. View of cavity and solid blocks in the cavity. Blocks configuration in the cavity for the block aspect ratio of 2.25 and L = 0.05 m.

uses an effective conductivity and the transient terms includes the
thermal inertia of the solid region on the medium

V- (V(orEf+P) =V ket VT — T - V) + 5§ 3)

where the effective thermal conductivity in the porous medium,
kefr, is the volume average of the fluid conductivity and the solid
conductivity.

kefr = ks 4+ (1 — &)ks (4)

where Ey is the fluid energy per unit mass, kf is the fluid phase
thermal conductivity (including the turbulent contribution (k;), ks
is the solid medium thermal conductivity, kef is the effective ther-
mal conductivity of the medium, S’} is the fluid enthalpy source
term, € is the porosity of the medium, V is the velocity vector, T
is shear stress, P is the pressure, and F is the body force including
that due to buoyancy.

In the case of fluid side, the governing equations of flow are
modified, and ¢ in Egs. (1), (2) and (3) is set to 1. In addition, ke
is becomes k¢ (fluid thermal conductivity) in Eq. (4).

2.1. Fluid and solid blocks boundary conditions

Two solid blocks with different geometric arrangements in
open-ends cavity is considered. The square blocks are accommo-
dated and the surface area of each block is kept the same. Fig. 1
shows the schematic view of the solution domain (cavity and the
geometric configurations of the blocks) while Table 2 gives the
geometric dimensions of the solution domain. The blocks are num-
bered in such away that the first block is defined as Block 1 and
the second block is named as Block 2 in the cavity. The geomet-
ric arrangement of blocks in the cavity is named as configurations;
therefore, four configurations of blocks in the cavity are employed
in the simulations. Moreover, the velocity magnitude is normalized
through diving it by the cavity inlet velocity.

The adiabatic cavity walls with no slip and impermeable wall
conditions for the velocity components are considered, i.e.,

aT
— =0, 5
an (5)

The pressure boundary is assumed at cavity exit while the uniform
flow and temperature are assumed at cavity inlet, i.e.,
d

op _ 0

on

where ¢ is any property of the fluid.

u=v=0

(6)

Table 2

Block and cavity dimensions, and porosity used in the simulations.

Cavity length L (0.05 m)

Cavity width L (0.05 m)

Total area of each block (0.18L)2 (8.1 x 10> m?)
Cavity inlet port size 0.2L (0.01 m)

Cavity exit port size 0.2L (0.01 m)

Cavity inlet velocity 0.1544 m/s

Rejnet 100

(1,2,3,4) x 10° W/m?
0, 0.8991, 0.9726

Rate of heat generation (q)
Porosity for each block

Table 3
Properties of the fluid and solid block used in the simulations.

Air Solid block
Density (kg/m?3) 1177 7836
Specific heat (J/kgK) 1005 969
Thermal conductivity (W/mK) 0.02565 28.2
Viscosity (m?2/s) 1.544 x 10~ =

The uniform heat generation (q) is introduced in the rectangu-
lar porous and solid blocks (reference to Fig. 1). The temperature
and heat flux continuity are assumed at solid block-fluid interface,

e o (2) n (%)

Air is used as the flowing fluid while solid block is considered to

be steel. The properties of air at standard pressure and tempera-

ture and thermal properties of block are given in Table 3.
The averaged heat transfer coefficient is determined from:

_9

AATayg

where A is the cross sectional area of the porous media while
AT,y is the temperature difference between the average surface
temperature of the porous media and the cavity inlet temperature.
The Nusselt number is determined from:
hL
ket

where L is the wetted perimeter of the heated section of the
porous media. The Grashoff number is defined by:

_ gB(Ts—Tyl?
=B

dT

dn )

T5=Tf and ks( E

h= (8)

Nu 9)

Gr (10)
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Fig. 2. Wall temperature difference predicted and obtained from the experimental data along the axial distance. The curves represent the predictions for different inlet average
velocities while the dotted points are obtained from the experimental data [17] for different inlet averaged velocities.

Table 4

Metal foam characteristics used in the simulations.

Porosity (&) f K(x107 m?)
0.9118 0.085 1.8

where T is the average surface temperature of the porous media
and L is the length of the porous block.

2.2. Numerical solution

The flow domain is overlaid with a rectangular grid as shown.
The control volume approach is employed in the numerical
scheme. All the variables are computed at each grid point ex-
cept the velocities, which are determined midway between the
grid points. The details of control volume approach are given by
Patankar [16]. The grid independent tests are carried out and
192 x 192 grid size are selected on the basis of grid independent
solutions with less computation time.

A staggered grid arrangement is used in the present study,
which provides the pressure linkages through the continuity equa-
tion and is known as SIMPLE algorithm as presented by Patankar
[16]. This procedure is an iterative process for convergence. The
pressure link between continuity and momentum is established by
transforming the continuity equation into a Poisson equation for
pressure.

To simulate the flow field and heat transfer rates from the
blocks, FLUENT code was used in relation to the numerical scheme
and boundary conditions introduced in this study.

3. Model validation

The experiment carried out previously is simulated for the
metal foam to validate the model study [17]. The simulation con-
ditions are kept identical to the experimental parameters. In this
case, a fully developed flow inlet to the duct partially filled with
the metal foam with 63 mm x 45 mm x 114 mm size is con-
sidered. The characteristics of the metal foam are given in Table 4.
The constant heat generation from the top and bottom walls of the
duct is considered in consistent with the experimental study. Fig. 2
shows the predictions obtained from the model study and the ex-
perimental results. It can be observed that both results are in good
agreement.

4. Results and discussion

Flow over porous blocks in a square cavity is considered and
effects of heat flux and porosity of blocks on the flow structure
and the heat transfer rates are examined. Air is considered as the
working fluid in the cavity.

Fig. 3 shows normalized velocity (V/V;) contours in the cav-
ity for different heat fluxes and porosities. The influence of the
porosity on the flow structure is more pronounced than that of the
heat flux. Increasing porosity of the blocks allows fluid penetrating
through the porous blocks and mixing with the convection current
in the down stream of the blocks. However the natural convec-
tion current developed around the blocks contributes to the flow
mixing in the cavity. This is more pronounced behind the blocks.
The forced convection current is dominant in the region of the
sides and below the blocks. However, the flow circulation in the
region of the corners other than inlet and exit port, is not evident
from the figure. In this case, the flow entering from the inlet port
splits around the first block (Block 1, Fig. 1), and merges in the
down stream of the block before under going the secondary split-
ting around the second block. Consequently, the forced convection
current dominates in this region. In the region of the cavity exit
port, the flow acceleration is evident, in which case, the pressure
drop in this region is responsible for the flow acceleration. In ad-
dition, a small circulation cell is developed at the bottom corner of
the first block. The size and the orientation of the circulation cell
change with the magnitude of the heat flux. In the case of a solid
block (¢ = 0), flow circulation occurs on the left side of the block.
This is caused by the flow splitting around the first block. Once the
axial momentum in this region is reduced due to the shear layer
developed around the solid block, the flow circulation is resulted.
However, the effect of the heat flux on the flow structure in this
region is not significant, i.e., the size and the orientation of the cir-
culation cell remains almost the same at different magnitudes of
the heat flux in the solid body.

Fig. 4 shows normalized temperature (T/T;) contours in the
cavity for different porosities and heat fluxes. The influence of
the heat flux on the temperature field is significant. Increasing
heat flux enhances the high temperature field above the first
block (Block 1). This situation is more pronounced for the porous
blocks. Increasing the porosity enhances the rate of flow penetrat-
ing through the porous blocks. Since temperature of the working
fluid increases through the penetration, the high temperature re-
gion extends into the cavity. The natural convection current ema-
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Fig. 3. Normalized velocity magnitude (V/V;) contours in the cavity for different magnitude of heat flux and porosities.

nating from the heated porous blocks contributes to this extension.
Moreover, in the region, where the forced convection current dom-
inates in the cavity, low temperature region dominates in the cav-
ity. This is because of the low temperature fluid entering into the
cavity, which splits around the first block as well as the convective
current passing below the cavity does not loose its axial momen-
tum while accelerating towards the cavity exit. Consequently, low
temperature fluid flow dominates in this region. In the case of the
solid block, contribution of the natural convection current to the
high temperature region, which is formed behind the blocks, is sig-
nificant. Since, the solid blocks are at higher temperature than the
fluid temperature, the thermal boundary layer developed around

the block becomes thicker in the region where the forced convec-
tion current becomes ineffective. Consequently, the thickening of
the thermal boundary layer contributes to the natural convection
current and the extension of high temperature region in the cavity.
This is more pronounced in the region above the first block, where
the mixing of forced and natural convection currents are minimum
in the cavity.

Fig. 5 shows contours of pressure coefficients in the cavity for
different porosities and heat flux magnitudes. The pressure coef-
ficient becomes less in the region where the forced and natural
convection currents are high. Increasing porosity reduces the pres-
sure coefficient behind the blocks, which is more pronounced for
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Fig. 4. Normalized temperature (T /T;) contours in the cavity for different magnitude of heat flux and porosities.

the first block (Block 1). The reduction in the pressure coefficient
is because of the fluid penetration into the block. Increasing the
heat flux enhances the pressure coefficient due to extension of the
high temperature field in the cavity. In this case, thermodynamic
pressure contribution to the pressure coefficient becomes impor-
tant, since the working fluid is air in the cavity. However, in all
cases the pressure drop at the cavity exit is evident. The flow ac-
celeration towards the cavity exit and frictional losses in the cavity
are responsible for the pressure drop at the cavity exit. In the case
of solid block, the pressure coefficient changes significantly in the
region, where the flow acceleration is high. This is because of the
blockage affect of the solid block in the cavity. In addition, the

thermodynamic pressure contribution to the pressure rise becomes
significant around the blocks, particularly in the region behind the
blocks.

Fig. 6 shows the Nusselt number variation with the porosity for
two blocks (Blocks 1 and 2, Fig. 1). The Nusselt number increases
with increasing porosity. This is because of the flow penetration
through the porous blocks; in which case, the forced convection
current passing through the porous blocks enhances the cooling
rates. In addition, the small thermal boundary layer around the
porous blocks imposes temperature gradient in the vicinity of the
blocks. This, also, enhances the conduction heat transport from the
blocks to the working fluid. This situation occurs particularly for
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high porosities. Increasing the heat flux increases temperature of
the porous blocks. Since the cavity inlet temperature of the work-
ing fluid is constant, increasing heat flux increases the temperature
gradient in the neighborhood of the blocks while enhancing the
heat transfer from blocks to the working fluid. This improves the
Nusselt number for both blocks. This situation is clearly observed
for the high heat flux and the porosity. When comparing the Nus-
selt number corresponding to Blocks 1 and 2, Block 1 results in
slightly high Nusselt number due to its orientation in the cav-
ity, i.e,, it is located close to the cavity inlet. Consequently, low
temperature fluid entering into the cavity results in the high tem-
perature gradient in the vicinity of the first block while enhancing

the Nusselt number. The effect of block orientation on the Nusselt
number is more pronounced at high porosities. In this case, the
forced convection cooling of the first block through the fluid pene-
tration contributes significantly to the enhancement of the Nusselt
number.

Fig. 7 shows the Grashoff number variation with the poros-
ity for two blocks and different heat fluxes. The Grashoff number
decreases with increasing porosity; however, it increases with in-
creasing the heat flux. Surface temperature of the porous blocks
reduces with increasing porosity due to the enhancement in the
heat transfer rates. Moreover, increase in the heat flux results
in high temperature at the surface of the porous blocks enhanc-
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ing the Grashoff number. When comparing the Grashoff number
for Blocks 1 and 2, the Grashoff number attains high values for
Block 2. This is associated with the temperature field in the cavity
and the surface temperature of the blocks. Consequently, enhance-
ment in heat transfer reduces the Grashoff number while improv-
ing the Nusselt number around the blocks.

5. Conclusions

The flow structure and the heat transfer around the porous
blocks situated in the square cavity are considered. The effects of
the heat flux and the porosity on the heat transfer rates are ex-
amined. In the simulations, three porosities and four heat fluxes
are accommodated and air is used as the working fluid. It is
found that increasing porosity of the blocks modifies the flow
field in the cavity and the flow emerging from the porous blocks
contributes to the forced convection current. Increasing the heat

flux influences the flow structure; in which case, the thermody-
namic pressure and the natural convection current in the cavity
become important. Enhancement of the Nusselt number with in-
creasing porosity of the blocks is associated with the forced con-
vection cooling of the porous blocks, which is more pronounced
for the first block (Block 1). The heat flux influences the Nus-
selt number in such away that the Nusselt number increases with
the increasing heat flux. This is because of the development of
the high temperature gradient in the neighborhood of the blocks.
When comparing the Nusselt number corresponding to the first
and the second blocks, the Nusselt number attains values for the
first block. This is because of the location of the first block in
the cavity, which is close to the cavity inlet. The Grashoff num-
ber reduces with increasing porosity; however, it enhances with
the increasing heat flux. This is more pronounced for the second
block.
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