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Transient combined forced and natural convection in a square enclosure vertically ventilated and stuffed with an
air-saturated fibrous material is studied numerically. This investigation employs the full Brinkman-Forchheimer-
extended Darcy model for estimating the fluid flow, coupled with the one-equation energy model for estimating
the temperature distribution and heat transfer. The pertinent parameters are Richardson number (Ri = 0-30),

Reynolds number (Re = 50-300), Darcy number (Da = 0.01-100), the solid/fluid thermal conductivity ratio (K,
= 1—105), the porosity (¢ = 0.5-0.95), and the inlet/outlet openings width (d/H = 0.05-0.3). The obtained
results show that the existence of the porous material augments considerably the mean Nusselt number Nu,, in
general, and further increase in Nu,, can be acquired as Reynolds and/or Richardson numbers increases. Also,
increasing the inlet/outlet ports width increases Nu,,, with an optimum value at d/H = 0.25 for acquiring

maximum Nu,.

1. Introduction

Augmentation of heat transfer has been the fundamental subject in
the industrial sector that has many thermal applications in heating and
cooling. Indeed, the essential problem in such applications is the low
thermal conductivity of the traditional fluids such as air, water, and oil.
Therefore, the scientific research has found that the main two important
techniques of enhancing the low thermal conductivity of the conven-
tional fluids are by using nanoparticles dispersed in the fluids and/or
filling the applied regions by porous materials. The idea of using the
former technique might be initiated in the beginning of the last century
and has become recently more influential with the development of
nanotechnology. Consequently, huge studies have been performed
about nano-fluids application, for example [1-14] for most recent in-
vestigations. In addition, the later technique, which is the use of a
mixture of fluid and porous medium, can raise the incorporated thermal
conductivity, consequently boosting the aggregate capacity of heat
transfer. However, the porous medium used sometimes block the fluid
flow within it depending on the porosity and permeability, resulting in a
reduction in the convective heat transfer. Therefore, the choice of a
porous medium with appropriate thermal and physical properties for

heat augmentation is an essential issue.

Mixed convective flow throughout rectangular or square enclosures
filled with saturated porous media has a crucial importance in many
practical thermal implementations as for example electronic heat ex-
changers packed with micro-pin-fin or micro-spheres and exposed to
cooled currents. Indeed, in mixed convective flows, the main driving
forces namely; the buoyancy forces as a result of the temperature gra-
dients and the shear forces due to the mechanical inlet movement, can
result in different complicated flow and thermal behaviours in enclo-
sures due to the changes in their relative action directions and relative
magnitudes. For instance, relying on the comparative orientation of the
buoyant flow to that of the shearing flow, the buoyant flow can be
assisted or hindered to it, changing the direction of the main flow and
motivating an enhancement or a diminution in heat transfer. Enormous
numerical studies have been published in the last several years onto the
case of a lid-driven mixed convective flows in porous enclosures. Kha-
nafer and Chamkha [15], Al-Amiri [16] and Khanafer and Vafai [17]
investigated the fluid flow and thermal behaviours of mixed convection
in a lid-driven cavity packed by a porous material, with boundaries so
the top lid is moving and the vertical walls provide a horizontal tem-
perature gradient, are applied. Khanafer and Chamkha [15] reported
that the existence of the porous material restrains significantly the
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Nomenclature

Cr inertia coefficient.

Lo specific heat capacity, (J/(kg.C°).

d inlet/outlet opening width, (m).

Da Darcy number, (K/H?).

g gravitational acceleration.

Gr Grashof number, Gr = g.8.H®.(T, —T,)/1?.

hy local convective heat transfer coefficient, (W/m? K).
H enclosure length, (m).
k thermal conductivity, (W/m.K).
K permeability, (s/m).

K, solid-to-fluid thermal conductivity ratio, (kg/ks).
Ny, local Nusselt number.

Nu,, mean Nusselt number.

p pressure, (N/m?).

P non-dimensional pressure, P = p/p.v2.

Pr fluid Prandtl number, Pr=v;/as= 0.71 for air..
Re Reynolds number, Re=v,.H/v.

Ri Richardson number, Ri = Gr/Re?.

T temperature, (C°).

t time, (sec).

u flow velocity in x-direction, (m/s).

U non-dimensional velocity in X-direction, U = u/v,.
v flow velocity in y-direction, (m/s).

Vv non-dimensional velocity in Y-direction, V = v/v,.
x,y Coordinates, (m).

XY non-dimensional coordinates, X = x/H,Y = y/H.
Greek symbols

a thermal diffusivity.

p coefficient of volumetric expansion.

14 non-dimensional temperature, 8 = (T —T,)/(Th —To).
p density, (kg/m®).

€ porosity.

U dynamic viscosity, (N.s/m?).

v kinematic viscosity, (m> /5).

T non-dimensional time.

Subscripts

eff effective.

f fluid.

h hot.

l local.

m mean.

n perpendicular.

0 inlet.

s solid.

w wall.

convective currents. Also, the existence of the interior heat generation
impacts considerably the temperature distribution; however, it does not
affect the flow behaviour very much for small Richardson numbers. Al-
Amiri [16] also reported that the existence of porous materials increases
clearly the stable thermal stratification in the enclosure, and then re-
strains the convective flow motion. Moreover, the increase in Darcy
number stimulates substantially the activity of the fluid flow, conse-
quently augmenting the convection heat transfer. Khanafer and Vafai
[17] found a higher repression in the convective flow currents at higher
Lewis number.

Oztop [18] studied numerically mixed convection in a lid-driven
porous enclosure partially heated by a finite-length heat element. The
top cover is moving horizontally in a one direction, i.e. from left to right,
with a fixed temperature and velocity boundary conditions. It was
indicated that the cavity structure with a finite-length source of heat
positioned on the vertical left wall has the preferable situation for better
heat transfer. Jeng and Tzeng [19] investigated numerically mixed
convective fluid flow and heat transfer in a lid-driven square enclosure
occupied with a water-saturated aluminium fibrous foam, with a moving
upper-cooled horizontal surface and a fixed lower-heated horizontal
surface. They analysed the effects of the foam porosity, the Reynolds
number, and the Grashof number on the flow behaviour and thermal
pereormcane in the porous enclosure. Their results showed that using a
bigger porosity induces far more augmentation in convection heat
removal; however, a lesser porosity is required for larger aggregate heat
discharge as a consequence of the high enhancement in the value of
effective thermal conductivity. Vishnuvardhanarao and Das [20] ana-
lysed numerically mixed convective flow behaviour in an enclosure
stuffed with a Darcian porous medium. Both the right and left walls are
assumed to be moving upward with similar velocity, and they are kept at
hot and cold fixed temperatures, respectively. Whereas, the other two
horizontal boundaries are assumed to be thermally isolated. They also
reported a significant suppression for the convective currents due to the
existing of the porous medium. They indicated that as Richardson
number increases, the average Nusselt number approaches a value of
one, asymptotically for a Grashof number of 10% however, for a Grashof
number of 10%, an asymptotic value of 1.5 is acquired.

Basak et al. [21] examined numerically the effect of uniform heating
of bottom surface on mixed convective flows in a lid-driven enclosure
packed with a porous material, for two boundary conditions; vertical
side walls being linearly heated and only the vertical right side wall
being cooled. The top horizontal lid is isolated and set to a constant
velocity. Interestingly, they observed oscillations in the mean Nusselt
number on the sidewalls as Reynolds number reaches to the value of ten
owing to forming of multiple circulation cells. Ahmed [22] studied
mixed convective flow in a double-side lid-driven cavity saturated with a
non-Darcy porous material. The lower surface is cooled, whereas the
upper surface is consistently heated, and both are mobile in opposing
directions, while the vertical sidewalls are maintained thermally insu-
lated. The results revealed that as the inverse Darcy number increases, a
considerable reduction in the thermal boundary layer is developed,
leading to a clear decrease in Nusselt number. Also, it was found that the
raising in Richardson number causes a stable thermal stratification in
the enclosure producing a reduction in Nusselt number. The mean
Nusselt number was reported to reduce as either Prandtl number or the
thermal conductivity ratio increases. Wang and Qin [23] investigated
non-Darcy mixed convective flow in a double lid-driven porous cavity by
moving the horizontal lids in opposite directions with two heat sources
in the middle of the drying chamber. The results revealed a significant
enhancement in heat, flow, and mass transfer within the enclosure with
amplification in Darcy and/or Richardson numbers. Wang et al. [24]
examined the influence of thin porous fins on mixed convective flow and
thermal characteristics in a lid-driven enclosure with the upper surface
being moving in the two-ways. The porous fins are attached to the
vertical left wall, and both vertical sidewalls are maintained at fixed but
diverse temperatures, whereas the horizontal surfaces are thermally
isolated. The results showed that the heat transfer augmentation as a
result of increasing Darcy number at first grows, and then slowly di-
minishes, and the same trend was found for the effect of porous fins
numbers.

However, the problem of mixed convection flow and heat transfer
within a ventilated rectangular or square cavity packed with a porous
material has been received relatively much less attention in the litera-
ture. Mahmud and Pop [25] analysed numerically steady Darcian mixed
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Fig. 1. Physical configuration.

convective flow during a ventilated cavity stuffed with a porous mate-
rial, with the left side wall being isothermally heated and the other three
walls being isolated. They reported that the flow model could transform
from a unicellular flow to a multi-cellular one by the variation of the
govern parameters such as Péclet and Rayleigh numbers and the inlet
opening size. They also found that the rates of heat transfer are most
sensitive to the alteration in the inlet opening size. Murthy and Kumar
[26] tested the influence of non-isothermal heating and the suction/
injection effects at bottom/top or top/bottom walls on non-Darcian
convective flow in a square porous cavity. Results were reported for
various parameters such as Rayleigh number, Grashof number, the
suction/injection port size, the inlet suction/injection velocity, and the
amplitude of the boundary sinusoidal temperature profile. The results
showed that interesting multi-cellular circulation cells caused by the
complicated alterations in the flow pattern are stimulated in the cavity.
In addition, it was found that Nusselt numbers, and temperature and
flow fields are very much responsive to every one of the aforementioned
controlling parameters.

Kumar and Murthy [27] and Murthy and Kumar [28] studied mixed
convective flows in vertical cavities packed with a Darcian and non-
Darcian porous materials, respectively, with multiple suction/injection
effects, with a vertical left wall being isothermally heated to stimulate
the natural convection. The results obtained revealed that the rates of
heat transfer from the heated wall decline with increasing the suction/
injection velocities; however, they increase with increasing the suction/
injection openings and Rayleigh number. Behzadi et al. [29] investi-
gated numerically the impact of adding spherical beads as a porous
medium inside a vented square horizontal cavity on the rates of Darcian
mixed convection heat transfer. A constant heat flux is supplied along
the horizontal bottom surface for cavity heating, while the top surface is
maintained at a constant temperature, and the other left and right sides
are adiabatic. The effects of Darcy and Richardson numbers and the
particle size on the flow behaviour and temperature distribution, were
studied. They found that the rates of heat transfer decrease by increasing
Darcy number and/or the porous particles diameters.

Once again, the above literature reveals that the case of mixed
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Fig. 2. (Left) Computational grid, (Right) Conventional control volume demonstrating the main grid nodes and the staggered locations.
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Table 1
Grid sizes used to check the grid independency.
mesh (Ax x Ay)
M1 (31 x 31)
M2 (41 x 41)
M3 (51 x 51)
M4 (61 x 61)
M5 (71 x 71)
M6 (81 x 81)
13
12f
=
S11F
10f
- Re=250
Ri=30
[ d/H 0 05
9 M1M2M3M4M5 M6
mesh

Fig. 3. Results of Nup, for the grid resolution study.

convection inside a porous enclosure vertically ventilated has not been
thoroughly researched, especially when taking the non-Darcian effects
into consideration. Therefore, the current study reports detailed results
about the thermal performance within such a porous system for more
valuable understanding. It is worth indicating that the current case was
recently studied by Dhahad et al. [30] dealing with the similar vented
enclosure but without porous media. The attention is focused on the
effects of different pertinent parameters such as Richardson number,
Reynolds number, Darcy number, the solid/fluid thermal conductivity
ratio, the porosity, and the inlet/outlet port width, on the transient
mixed convective flow and thermal characteristics. Thus, fluid flow and
temperature distributions are also presented and analysed by tracing
streamlines and isotherms within the enclosure.

2. Physical problem and Mathematical Formulation

The present study considers a vertical square cavity with a length of
H, stuffed with a non-Darcian fibrous porous material, and heated along
the left vertical wall at a fixed temperature, Ty, and the other boundaries
being completely insulated. Thus, the temperature gradient is acting in
the horizontal direction. Whereas, an airflow enters the enclosure from
the bottom surface, adjacent the lower edge of the vertical left wall by
the effect of a vertical forced pressure, at a velocity v, and a temperature
T,, and exits it from the top surface in the opposite edge, as demon-
strated in Fig. 1, where, d refers to the inlet/outlet widths. Thus the heat
is lost by convection and conduction from the hot wall to the flowing
fluid and the solid porous matrix, respectively, and then is exposed to
the environment by the outlet vent. Therefore, the temperature
discrepancy between the hot wall and the through-stream close to it
stimulates the buoyancy effects. For the porous medium occupied the
enclosure, the following assumptions are considered: the stationary
solid porous material and the mobile fluid are in local thermal equilib-
rium; the inertia forces and the viscous drag effect of the porous solid
matrix in momentum equations are not neglected, e.g. non-Darcian
model; the properties of the porous medium and the fluid are fixed,
except the fluid density variation, which obeys the Boussinesq approx-
imation. The airflow is presumed to be unsteady, laminar, two-
dimensional, newtonian, and incompressible. The gravitational
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code, Kumari and Jayanthi [35], Pop et al. [36], and Yih [37].

acceleration operates in the negative y-direction, opposite to the action
direction of the buoyancy forces. Subject to these assumptions, the
equations of continuity, full-momentum, and one-energy, can be deno-
ted in the following dimensional format (Kaviany [31] and Nield and
Bejan [32]):

ou ov
= 1
0x+6y 0, M

ou Pr( ou du dap Yy Fu  Fu

) = - ; 2

(at)+&2( 0x+v6y> e ax2+ay2 + 8., (2)

where,
ue o pCre|_,

S, = X 7R u|u,
Table 2

Thermal conductivities for some metallic and non-metallic materials, and their
ratios to air thermal conductivity kf = 0.02587 W/m.K at 20 °C as a working
fluid.

Metallic materials ks (W/mK at 20°C) K,
silver 429 1.658 x 10*
copper 385 1.488 x 10*

aluminium 237 9.161 x 10°
bronze 189 7.305 x 10°
brass 144 5.566 x 103
iron 79 3.053 x 10°
nickle 62 2.396 x 10°
steel 50 1.932 x 10°
lead 35 1.352 x 10°

Non-metallic materials ks (W/mK at 20°C) kr

carbon 6.92 2.674 x 10%
window glass 1.0 0.386 x 102
concrete 0.8 0.309 x 10?
soil 0.5 0.193 x 10%
brick 0.47 0.181 x 10?
crystal 0.2 0.773 x 10!
wood 0.17 0.657 x 10!
rubber 0.138 0.533 x 10!
foam 0.026 1.005 x 10°
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DY G5 (2 ) = P (O O sy ppe(T—T,),
s(az>+ez “ox Vo o e \ae Tae) TS AT T

3
where,
S, = _H _pchg ﬁ‘ :
K VK
here,

where,
(pcy), = elpey), + (L =€) (pey),,

where, u and v are the flow velocity components in the pore scale in x

and y directions, respectively. Also, t represents the time variable, p and
T represent the fluid pressure and temperature fields, respectively,
while, pg, yy and k. refer to the density, dynamic viscosity, and effec-
tive thermal conductivity, respectively, of the fluid. Moreover, ¢, is the
specific heat, Cr, K, and ¢ are the inertia coefficient, the permeability,
and the porosity of the porous medium, respectively. The subscripts f
and s refers to the fluid and solid phases, respectively. To assess the fluid
velocity and temperature fields in the porous medium in a general scale,
the following non-dimensional scaling parameters are used:

p t

P= = , 0
’ v,H’

o T-T,
T, -T)

()

where, p v2 is the characteristic pressure. By substituting the parameters
in Eq. (5) into the above-mentioned equations (1)-(4), the following
dimensionless formulations are produced:

U v _
0X oY

U\ 1/ oU U oP\ 1 (U QU
<a) *;(U&”ﬁ) = *f(@ *ﬁ(ﬁ*ﬁ) +e @)

0, (6)
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Su = Re.Da v/Da U'U7
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(E) +; (U&+ Vﬁ) = 78(%) +ﬁ (W+W) + Sy + €Ri6,

(€))

where,

2
Sv= _Re‘.gDa _8.\/13% ﬁ‘V,
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0=V
1.75
RET



W.H. Alawee et al.

% +£ U%_;'_V% 7; i k. 6_0 +£ k. 6_6 (9)
or) "c\ " ox" oY) CRePrlox\ "Mox) Toy\ "oy |’

where,

ki
e = -
(f eff ks
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=(1-V1-¢)+ T8~ [(1 —AB)ZIH(AB) ~ 18
(10)

where,

A= 1/1(,., B=125[(1—¢)/e]”, C=e+(1—¢) (k—)
where, U, V represent the dimensionless velocity components in the
pore scale along the dimensionless directions X and Y, respectively;
while P, 6, and 7 denote to the dimensionless pressure, temperature, and
time, respectively. The primary parameters that control the current
physical case are Reynolds number (Re), Richardson number (Ri), Darcy
number (Da), Prandtl number (Pr), and the solid/fluid thermal
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conductivity ratio (K;), and can be defined as follows:

voprH G K s ky
Re =" Ri= 0 pa=t pr= g = an
Hy Re H ay ky
where, Gr is the Grashoff number as follows:
B2 H (T, — T,
Gr:g/f P 2( h )7 (12)

Hi

here, vy and oy are the momentum diffusivity (kinematic viscosity) and
the thermal diffusivity, respectively, of the fluid. Dirichlet boundary
conditions for the pertinent variables, i.e. the velocities and the tem-
perature, are imposed on the inlet, while Neumann boundary conditions
are imposed at the outlet and solid boundaries. Thus, the non-
dimensional initial and boundary conditions applied in the present
case can be specified as follows:

U=V =6=0, everywhere in the domain at 7 = 0.
at inlet slot, U, =0,V,=-1,6,=0,

at exit vent, 0U/dY = dV/dY = 00/dY = 0,

at vertical left wall, U, =0,V,=0,6,=1,

at other walls, U=V =10,00/0(X,Y)=0.

13)

The heat transfer occurred between the vertical hot wall and the air
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Fig. 8. Mean Nusselt number Nu,, with Da for different Re and Ri, at d/H = 0.2, ¢ = 0.95 and K; = 1000.
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flowing nearby is calculated in relation of the local Nusselt number (Nup)
by the following formula:

hx.Y _ 7kf_eff (6T/0n)Y _ 7kf_eff %

Ny, = 22 . - .
Y k (T,—T,) Kk on

Ins (14)

here h, is the local convective heat transfer coefficient in X direction,
perpendicular n to the vertical hot wall. Then, the mean Nusselt number
(Nu,,) can be calculated by integrating Nu; along the hot wall as follows:

1 H
Nu,, :EE/O Nu,.dn (15)

3. Numerical procedure

The non-dimensional highly coupled governing Egs. (6)-(9),
describing the evolution of momentum and energy transport in unsteady
mixed convective flow, need to be discretised numerically in both space
and time. Therefore, the finite volume method developed by Patankar
[33] was incorporated and employed in an in-house FORTRAN program

(i) Ri=1.0
N =

(Da=0.01)

(i) Ri=1.0

(Da=0.01)
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to numerically discretise and solve the aforementioned equations, and
simulate the velocity, pressure, and temperature fields inside the porous
enclosure. Firstly, the computational domain is entirely divided into
non-uniformly spaced grid lines in both horizontal and vertical di-
rections, as demonstrated in Fig. 2(Left). Indeed, the spacing of the
computational grid is generated non-uniformly in the areas that undergo
high sharp gradients in particular inlet, outlet, and near to walls. The
main grid horizontal lines are intersected with those in vertical direction
forming so-called grid nodes during the domain. These nodes are pre-
sumed to be enclosed with imaginary control volumes. Hence, each
control volume surrounds a typical node P, which has boundaries that
are considered to be in the mid-way between the neighbouring grid
north N, south S, east E, and west W nodes. The entire scalar variables, in
particular temperature and pressure, are reserved in the main grid
points, whereas the vector variables namely, velocity components, are
reserved at the boundaries of the control volumes. Indeed, these
boundary locations are commonly called staggered locations, and
forming what is called a staggered grid for storing velocity components.
The appropriation such staggered locations beside the main grid points

(Da=100)

Fig. 9. Streamlines patterns for different Da (0.01-100), at (a) Re = 50 and (b) Re = 300, for (i) Ri = 1.0 and (ii) Ri = 20, at d/H = 0.2, ¢ = 0.95 and K, = 1000.
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secures that the velocities situated between the pressures that stimulate
them, and are accessible straightforward for calculating the fluxes of
convection of the scalar variables. Fig. 2(Right) shows a conventional
finite control volume with dimensions (Ax x Ay) about a typical grid
node P being in communication with the four adjacent grid nodes N, S,
E, W, as well as the staggered positions for storing the velocities at the
four boundaries of the control volume. After that, the governing dif-
ferential Egs. (6)-(9) are mathematically integrated across the finite
control volume utilising the Hybrid differencing scheme reported in
Ferziger and Peric [34] for formulating non-linear algebraic approxi-
mations. Then, the SIMPLEC algorithm of Patankar [33] is used to
connect the continuity and the momentum approximations, and solve
them iteratively throughout the entire control volumes employing the
alternating direction implicit (ADI) technique, and estimating the values
of the pertinent variables at the whole grid nodes. After each a complete
numerical iteration, assessment for the accuracy of the calculated results
is conducted. This is done by verifying adequately diminutive residuals
for all dependent variables estimated all over the computational
domain, are diminished to a satisfactory standard level, utilising a
convergence criteria. In the current investigation, the estimated local
and mean Nusselt numbers Nu; and Nu,, are monitored as an accuracy
indication for the convergence of the numerical solution. The value of
convergence criteria employed is generally less than (107°).

Thermal Science and Engineering Progress 24 (2021) 100922

A grid resolution study is conducted to assure that the numerical
results are independent to the computational grid employed. Different
non-uniform grid sizes M1, M2, M3, M4, M5, and M6 that are detailed
in Table 1, are used. This study is done for several dependent parameters
like Richardson number, Reynolds number, and opening size. Fig. 3 il-
lustrates a sample of the study results. The grid size M4 with 61 x 61
grid lines is selected to be relevant for the present investigation. This is
due to that it permits an acceptable adjustment between the calculation
time cost and the precision of the results obtained with a highest nu-
merical deviation < 0.1%. In addition, the present numerical algorithm
used in our code is verified with the published results of Kumari and
Jayanthi [35], Pop et al. [36] and Yih [37], for natural convection heat
transfer about a hot circular cylinder positioned in a porous material.
Fig. 4 shows the comparison that depicts an adequate agreement with a
highest error < 0.05%.

4. Results and discussion

First, in such a cooling system discribed in Fig. 1, the driving forces of
fluid flow comprise the shear forces owing to the forced inflow, and the
buoyancy forces owing to the temperature gradients, whereas the
interaction between these forces leads to different modes of convective
flow, e.g. from a purely free convection flow to a purely forced
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Fig. 10. Mean Nusselt number Nu,, with K, for different Re and Ri, at d/H = 0.2, ¢ = 0.95 and Da = 1.0.
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(a) Re=50

(k,=100)

(a) Re=300

(k,=100)

(kr»=10%)

Fig. 11. Streamlines patterns for different K, (1.0 —10%), at (a) Re = 50 and (b) Re = 300, for (i) Ri = 1.0 and (ii) Ri = 20, at d/H = 0.2, ¢ = 0.95 and Da = 1.0.

convection. Therefore, the ranges of the main pertinent parameters,
which are Reynolds number (Re = 50-300) and Richardson number (Ri
= 0-30), are selected based on the study conducted by Dhahad et al.
[30], to cover the mixed convection regime. In addition, the thermal
conductivity of metals varies between 15 — 450, and under this range is
for non-metals. The impact of solid/fluid thermal conductivity is
investigated within the range of K, = 1-10° to cover a broad range of
non-metallic and metallic porous materials, as shown in Table 2.

Fig. 5 illustrates the variation of mean Nusselt number Nu,, with the
opening size (d/H = 0.05-0.3), at different Richardson numbers (Ri =
0-30) and six selected Reynolds numbers (Re = 50, 100, 150, 200, 250,
300), with and without a porous medium. Also, Fig. 6 shows the vari-
ation of Nu, with Reynolds number (Re = 50-300) at different
Richardson numbers (Ri = 0-30), and at four selected ports sizes (d/H =
0.05, 0.1, 0.2, 0.3), with and without a porous medium. The results in
these figures are obtained at constant Da = 0.1, ¢ = 0.95, and K, = 1000.
A metallic fibrous material with ks= 26 W/m.K can be used for obtaining
K;=(ks/ks)=1000. Examples of such porous materials are Copper-
Bronze alloy (75% Cu, 25% Sn), Copper-German Silver alloy (62% Cu,
15% Ni, 22% Zn) and Steel-Nickel, (10% Ni). It is shown that Nu,,
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increases significantly with increasing Reynolds number and/or
Richardson number. The reason is due to the thermal dispersion effect,
hence, higher Reynolds number or Richardson number generates high-
strength convective currents in the enclosure and increases the fluid
thermal mixing, which results in bigger Nu,,. Also, Nup, increases as the
ports size increases over the entire ranges of Reynolds and Richardson
numbers, and its influence becomes more important at greater
Richardson numbers. An optimal value of the ports size at d/H = 0.25 is
found, for obtaining a peak Nuy,, hence it is not beneficial to increase the
port size after this value. In addition, it is obvious that the presence of
the porous medium does not change the trend of Nu,, with all these
parameters; however, it augments the convective heat transfer in gen-
eral due to the large enhancement in the effective thermal conductivity.
Fig. 7 demonstrates the flow streamlines inside the enclosure with a
porous medium (Red lines) and without a porous medium (Blue lines),
for two cases: (a) Re =50, Ri =30, and (b) Re =250, Ri = 30, ford/H
changing over (0.05-0.3). It can be shown that the existence of the
porous medium does change the flow behaviour considerably except at
high Reynolds numbers and larger ports width. Indeed, in this applica-
tion, the existing porous material changes only the magnitudes of flow
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(a) Re=50

(i) Ri=1.0

(kr=1.0) (kr=10)

(k,-=100)

(kr-=10%)

(k.=10°)

(a) Re=300
(i) Ri=1.0

(ii) Ri=20

(kr=1.0) (k»=10)

(k,=100)

(k.=10%) (k,.=10°)
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Fig. 12. Isotherms patterns for different K, (1.0 —10°), at (a) Re = 50 and (b) Re = 300, for (i) Ri = 1.0 and (ii) Ri = 20, at d/H = 0.2, ¢ = 0.95 and Da = 1.0.

velocity and temperature due to the inclusion of the inertial effects.

Figs. 8 and 9 display the influence of increasing Darcy number on
heat transfer and the flow behaviour, at different Reynolds and
Richardson numbers, and at constant d/H = 0.2, ¢ = 0.95 and K, = 1000.
In these figures, Darcy number, which is straight corresponding to the
permeability of the porous medium used, is varied between 0.001-100.
One can see that as Darcy number increases, the mean Nusselt number
Nu,, raises markably. This augmentation in Nu,, becomes more notice-
able for higher Reynolds and Richardsons numbers owing to the more
development in the flow fluxes. Also, the increase in the permeability of
the porous material generates more thermal energy to be transferred
away from the heat source. As shown in Fig. 9 that the raise in the
permeability stimulates deeper flow activity in the enclosure, and the
decrease in the permeability plays a part into flow repression caused by
the stable stratification.

Figs. 10-12 show the effect of varying solid-to-fluid thermal con-
ductivity ratio over the range of (K, = 1-1 0% on Nu,,,, and the flow and
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temperature distributions, respectively, for Re = 50-300 and Ri =
0-20, and at constant d/H = 0.2, ¢ = 0.95, and Da = 1.0. Fig. 10 shows
that Nu,, increases considerably with increasing in the conductivity
ratio, for all inflow and heating conditions.

Of course, this is associated with the large temperature gradients
generated on the hot wall as a result of the reduction in the fluid thermal
boundary layer. Once again, the presence of the porous matrix within
the flowing fluid can increase the effective thermal conductivity, Eq.
(10), promoting more Nu; and Nup, in Egs. (14) and (15), respectively.
Figs. 11 and 12 show that changing the conductivity ratio does not have
any observable influence on the flow streamlines. However, the
considerable impact of this variable is observed to be on the isotherms
patterns. It is shown that the isotherms lines distribute at a greater
distance during the entire enclosure as the conductivity ratio raises.
Thus, the porous material turns out to be further conductive and the
intensity of the convective flow reduces within the porous enclosure,
causing the porous matrix approximately isothermal for higher
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(i) Ri=1.0
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Fig. 13. Streamlines patterns for different ¢ (0.5-0.9), at (a) Re = 50 and (b) Re = 300, for (i) Ri = 1.0 and (ii) Ri = 20, at d/H = 0.2, Da = 1.0 and K, = 100.

conductivity ratio.

To estimate the influence of porosity ¢ during the porous enclosure,
the porosity values vary from 0.5 to 0.95 with an increment of 0.1,
maintaining Darcy number (permeability) at a constant level of Da =
1.0. Figs. 13 and 14 display the flow and thermal behaviours, respec-
tively, in the enclosure as the porosity increases, at Re = 50 and 300,
and at Ri = 1.0 and 20, and at constant d/H=0.2 and K,=100.
Commonly known, the actual flow speed stimulated by the inflow and/
or the buoyancy forces impacts the performance of convection heat
transfer. Thus, when the flow speed is low, the pure natural convection
mode of heat transfer is the dominant; while, when the flow speed in-
creases gradually with increasing Reynolds number and Richardson
number, the mixed convection mode is generally developed, and then
turns into the forced convection. It is found that at low Ri = 1.0, the
entire flow field exhibits a single clockwise-rotating vortex representing
the forced convection, and the vortex intensity increases with increasing
Reynolds number from 50 to 300. At the same Reynolds number, the
vortex intensity also increases as the porosity increases because larger
porosity means larger flow volume passing. For more heating at higher
Ri = 20, the action of aiding buoyancy force becomes larger than that
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from the shear force, and it controls the flow field at low Reynolds
number, producing twin vortices with conflicting rotational directions.
It is seen that more stronger double eddies are induced as the porosity
increases. Indeed, the reason behind that is a greater porosity promotes a
more powerful influence of aiding buoyancy force at the same
Richardson number, with additional effect as Reynolds number in-
creases to 300, generating multi-vortices in the flow field. The isotherms
lines show that the thermal region in general shrinks with increasing the
porosity due to the increase in the convective flow volume. This effect is
very obvious at Ri = 20, as higher Richardson number with higher
porosity induce greater buoyancy forces assisting the forced flow, but is
less important at smaller Re = 50. However, the porosity effect becomes
more significant at higher Re = 300, which corresponds to the contri-
bution of the main forced flow together with the assisted buoyancy
forces. By comparing the isotherms lines shown in Fig. 14, it appears
that the fluid thermal boundary layer on the hot wall decreases as the
porosity increases, proposing high temperature gradients that contrib-
utes in removing more energy by convection.

Figs. 15 and 16 present the variations of the convective heat transfer
N,,, with the porosity at two values of thermal conductivity ratios of K, =
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(a) Re=50

(i) Ri=20

(e=0.7) (e=0.8) (e=0.9)
(a) Re=300

000 0.07 013 020 027 033 040 047 053 060 0.67 073 080 087 0593 1.00

Fig. 14. Isotherms patterns for different ¢ (0.5-0.9), at (a) Re = 50 and (b) Re = 300, for (i) Ri = 1.0 and (ii) Ri = 20, at d/H = 0.2, Da = 1.0 and K, = 100.
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Fig. 15. Mean Nusselt number Nu,, with ¢ for different Re and Ri, at d/H = 0.2, Da = 1.0 and K, = 100.

100 and 103, respectively, and for different Reynolds and Richardsons
numbers. Interestingly, the figures show that the increase in the porosity
leads to a significant decrease in Ny,. In fact, the existence of the porous
material hinders the main driven-flow with a high resistance in the
proximity of the heat source. However, by raising the porosity of the
porous medium, the permeability increases, increasing the fluid motion
and generating a further high-velocity sweeping flow. Thereby, more
convective heat should be removed at the same Reynolds and Richard-
son numbers. Indeed, the reason for the reduction in Nu,, as the porosity
increases, shown in Figs. 15 and 16, is due to the big contribution of the
porosity in decreasing the effective thermal conductivity in Eq. (10), and
then decreasing Nu, in Eq. (15). Therefore, the reduction effect becomes
more pronounced at higher conductivity ratio as shown in Fig. 16.

5. Conclusions

A numerical analysis is conducted in this study to investigate two-
dimensional, unsteady mixed convective fluid flow and heat transfer
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in an air-saturated porous square enclosure. The enclosure is vertically-
ventilated; thus the air enters from the bottom wall throughout an inlet
slot and exits from the top wall via an outlet port, with a vertical left wall
being isothermally-heated, and the remaining walls being insulated. The
Brinkman-Forchheimer-extended Darcy model coupled with the one-
equation energy model, are used for describing the flow and thermal
characteristics. The chosen governing parameters are varied as follows:
Richardson number (0 < Ri < 30), Reynolds number (50 < Re < 300),
Darcy number (0.01 < Da < 100), the solid/fluid thermal conductivity
ratio (1 <K,< 105), the porosity (0.5 <e< 0.95), and the inlet/outlet
openings width (0 <d/H<0.3). The obtained results draw the following
conclusions:

1. The existence of a porous material inside a vented enclosure aug-
ments generally the convection heat transfer, and increases the
thermal performance.

2. The mean Nusselt number (Nu,,) increases significantly with an in-
crease in Reynolds number and/or Richardson number.
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Fig. 16. Mean Nusselt number Nu,, with ¢ for different Re and Ri, at d/H = 0.2, Da = 1.0 and K, = 10°.

3. Nuy, increases as the inlet/outlet openings width increases over the
entire ranges of Reynolds and Richardson numbers. Also, an opti-
mum value of d/H = 0.25 is found for obtaining maximum Nuy,.

4. Nuy, increases as Darcy number increases, with more considerably
effect at higher Reynolds and Richardson numbers.

5. Nu, increases appreciably with raising the thermal conductivity
ratio, for all inflow (Reynolds number) and heating (Richardson
number) conditions. Also, changing the conductivity ratio does not
have an observable effect on the flow behaviour; however, the
noticeable impact of this parameter is observed to be on the thermal
behaviour.

6. Importantly, although the fluid thermal boundary layer on the
heated vertical surface is shown to decrease as the porosity increases,
e.g. proposing high temperature gradients that can contribute in
removing more energy by convection, increasing the porosity is
found to decrease remarkably Ny,.
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