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Abstract—The purpose of the present paper is to analyse numerically the flow and heat transfer by transient

natural convection in a vertical cylinder filled with a fluid saturated porous medium. The cylinder is opened

at both ends and heated with a constant wall heat flux density. This study is carried out using the

Forchheimer-extended Darcy flow model and a two-temperature model. The velocity, temperature and

pressure drop distributions, the dimensionless flow rate g¥ and heat flux exchanged at the cylinder exit ®*

are obtained under various conditions. The results presented in this work provide also the validity of Darcy
flow model and thermal boundary layer approximations. © 1997 Elsevier Science Ltd.

1. INTRODUCTION

Since the early work of Darcy, extensive investigations
have been conducted on flow and heat transfer in
porous media. The need of fundamental studies on
fluid flow and heat transfer in saturated porous media
stems from the fact that a better understanding of
a host of engineering applications in which porous
materials are present is required. Examples of engin-
eering applications which stand to benefit from a bet-
ter understanding of fluid flow and heat transfer pro-
cesses through porous materials are: geothermal
reservoir engineering, oil extraction, thermal insu-
lation, packed bed chemical reactors, grain storage,
oil extraction, the manufacturing of numerous prod-
ucts in the chemical industry, adsorption and desorp-
tion applications, etc.

Natural convection in porous medium has been
studied by many investigators. Among the published
works, we find those related to the stability problems.
An exhaustive review of the published work related
to this problem is presented in the papers of Bories
[1], Combarnous and Bories [2], Cheng [3] and Nield
{4].

The problem of a heat source embedded in a porous

medium has been the subject of many studies [5-9].
Natural convection flow and heat transfer over a flat
plate in porous medium are available in the literature
[10-14]. The problem of natural convection in con-
fined geometry has been treated by an increasing num-
ber of investigators. Among the investigations related
to this problem, we find those of Bejan [15], Weber
[16], Mazuouka et al. [17], Beukema {18], Ineba and
Sekin [19], Lauriat and Prasad [20], Chang and Hsiao
[21] and Combarnous and Bories [22].

Natural convection in semi-confined porous med-
ium studies are few in the available literature. Among
the related reviews about natural convection in semi-
confined geometry, we find the work of Bejan [23],
and Thibaud [24], which considered a vertical cylinder
opened at the extremities with a stationary natural
heat convection caused by a lateral uniform heat flux
density, Young et al. [25], which considered a cavity
opened at its top extremity and presented a liner heat
source in the interior, and Nishimura et al. {26] on
flow and heat transfer in a cavity partially filled with
a porous medium and heated differentially at its lateral
walls. Recently, Ben Nasrallah er al. [27] conducted a
numerical study of unsteady natural convection in the
same geometrical configuration of a silo (cylindrical,
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A aspect ratio of the cylinder, R/H

ag solid—fluid exchange area [m?]

Bi*  modified Biot number representing the
internal change, A H’ay/k:

Bi Biot number representing the change

between the outlet face of the cylinder

and the ambient, hH/k;

specific heat capacity of the fluid at

constant pressure [J kg=' K~']

specific heat capacity of the solid at

constant pressure [J kg=' K1

Da  Darcy number, k/H*

d, average particle diameter [m]

F Forchheimer number

g acceleration due to gravity [m s

Gr;  fluid Grashof number, gBqH*/vik,

H cylinder height [m]

h heat transfer coefficient at the cylinder
exit  Wm=2K™Y

Ay particle-to-fluid heat transfer
coefficient [W m 2 K™']

k permeability of the porous medium
[m?]

k¢ thermal conductivity of the fluid
Wm™' K]

k, thermal conductivity of the solid
(Wm™' K]

P motorise pressure [N m™?]

P,  ambient pressure [N m~7

Pr;  fluid Prandtl number, v /o,
q heat flux density [W m~7]
q. flow rate [m®s™')

r radial coordinate [m}

R cylinder radius [m)

Re Reynolds number based on the inlet
velocity and the cylinder height, pU H/ s

Re;  Reynolds number based on the
velocity scale and the particle diameter,
prre p/ Mg

TBLA thermal boundary layer
approximations

t time [s]

T ambient temperature [K]

NOMENCLATURE

T, T, temperature of the fluid and the solid,
respectively [K]

u, v  axial and transverse velocity
components [m s7']

U,V dimensionless axial and transverse
velocity components

s velocity vector [m s~']

V dimensionless velocity vector

X dimensionless transverse coordinate

z axial coordinate [m]

VA dimensionless axial coordinate.

Greek symbols

o thermal diffusivity of the fluid,
o = kif(pcy)e [m* s7']

ol thermal diffusivity of the solid,
o = ks/(pcp)s [mz S_I]

p fluid coefficient of volume expansion
(K1

£ average porosity of the porous
medium

0;, 8, dimensionless temperature of the fluid

and the solid, respectively
Ap  inertia parameter, sFH/ﬁ
J7n fluid’s dynamic viscosity [kg (ms) ']
Ve fluid’s kinematic viscosity [m?s~']
I dimensionless pressure
Pr fluid’s density (kg m~]
Ds solid’s density [kg m 7]
dimensionless time
ii] heat flux exchanged at the cylinder exit

[W].

<

Subscripts
f fluid phase
8 solid phase
ref  reference
D Darcy flow model
(n,ym) space indexes
i time index.

Superscript
* dimensionless quantity.

open extremities). The authors have used the Darcy
flow model and assumed that the effective thermal
conductivity of the fluid phase as well as the fluid-to-
solid heat transfer coefficient are constant. As far as
we know, we can conclude that:

eTo the author’s knowledge, the problem of
unsteady two-dimensional natural convection in a ver-
tical cylinder opened at the extremities and filled with
a fluid-saturated porous medium that determine the

validity domains of the thermal boundary layer
approximations and of the Darcy flow model, is not
studied.

o The sensitivity to fluid Prandtl and Darcy num-
bers of the flow and heat transfer by natural con-
vection in a vertical cylinder filled with a porous me-
dium opened at its both extremities and heated with a
uniform lateral heat flux is not studied. Ben Nasrallah
et al. [27) have studied only the effect of the fluid
Grashof number.
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Fig. 1. Geometrical configuration.

In the present paper, we aim to study the problem of
unsteady natural convection which occurs in a vertical
cylinder opened at both ends, filled with a fluid-saturated
porous medium and heated with a uniform lateral heat
flux density. The present study is carried out using the
Forchheimer-extended Darcy flow model, which
accounts for both inertia and thermal dispersion effects.
A two-temperature model is used for energy transport.
The set of equations is resolved by the finite volume
method [28]. A comparison between results obtained
with the widely-used Darcy flow model and the For-
chheimer-extended Darcy model demonstrates the
importance of inertial effects in porous media. The
description of the physical phenomena, the dependence
of the temperature and flow fields on the flow and heat
transfer governed parameters, as well as the validity
domains of the Darcy flow model and thermal boundary
layer approximations (TBLA), are also reported in the
course of this studly.

2. MATHEMATICAL FORMULATION

A schematic of the physical model and coordinate
system is shown in Fig. 1. It is assumed that the flow
in the cylinder is two-dimensional. The porous med-
ium is considered to be homogeneous, isotropic and
is saturated with a pure single phase fluid, which is
not in thermal equilibrium with the solid matrix. The
thermophysical properties of the solid matrix and the
fluid are assumed to be constant, except in the body
force term of the momentum equations invoking the
Boussinesq’s approximation. Although the porosity
vary near the wall [29], the current study assumes
constant porosity throughout the cylinder and the
validity of the Darcy-Forchheimer flow model with-
out transient term.

The analysis is made in terms of non—dimensional
parameters that successfully cast together all the per-
tinent influencing effects. To this end, the non—dimen-
sionalization of the governing equations at a macro-
scopic scale, is carried out on the basis of the following
definitions :
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qH ke e
Lre =Ha ATre =7 Pre PV A
! g k¢ ! (pcp)s k
k P H
U =17 ref = 77 1
ref X H 14 f Ure[ ( )
where the nondimensional quantities are
r z T,— T,
= - 7 =— =
Y=w PR ATy’
0. = T.— T, P—P,
S ATref ’ Pref ’
u v t
= V= =—. 2
v Uref ’ Uref 0t tref ( )

The resulting continuity, momentum and energy
equations in terms of dimensionless variables are as
follows:

Continuity
V:-¥V=0. 3)
Momentum
oIl Ay Da
U= -—52+Grf Da- Prf;— Pre |\VIU;
0l Ay:Da
V——a—X— Pr. 1414 4

where ¥V is the dimensionless velocity, Ay is the inertia
parameter defined as Ay = aFH/\/%-k is the per-
meability of the porous media and F is an empirical
coefficient which depends upon the permeability as
well as the microstructure of the porous matrix which
accounts for the inertial effects or second-order flow
resistance, due to recirculatory flows inside pore vol-
umes. The value ofthe Forchheimer number F, is
related to the form drag caused by the porous matrix.
Experimental results conducted by Ward [30] have
suggested that Fis close to 0.55. However, care should
be taken in choosing such a value for F. The values of
F and & used in all the calculations executed in this
study are determined according to the following
relations [31]:

p 1.75
=% g . 6)
150(1 —¢)* /150¢32

Da is the Darcy number based on the permeability of
the porous media and the height H of the cylinder:
Da = k/H?, Pris the fluid Prandtl number, Pr; = vy/o;
and Gr; is the fluid Grashof number defined as
Gre = gBqH*vik;.

Fluid phase energy
00; 10 00,
S TV V0= {)_( 6X[X (kter)x ax]

a 06; "
+ 6_2[(kfefr)2 é}]} —Bi*(6,—6,). (6)
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(k) x = €+ 0.1PreReyV and (keg); = ¢+ 0.5PrRe,U
and Bi* = hga, H*/k;is the modified Biot number, and
ay, is the solid—fluid exchange area which is formulated
as [32]:

6(1—¢)
' =7

P

Q)

The formulation of the fluid-to-solid heat transfer
coefficient in the present investigation was based
on an empirical correlation stated by Wakao et al.

[33]:
ke pfud)"‘j

e = 2+ 11Pr (B2 | 8

: dp[ f<m ®

In the present study, the dispersion phenomenon is
dealt with as an additional diffusive term added to the
stagnant component [34]. The stagnant component is
expressed in terms of the individual thermal con-
ductivities of the phases and the phase porosities. To
model the effective conductivities, we have resorted to
the empirical correlation developed by Wakao and
Kaguei [36] as follows :

d
(ki) = £k +0.1 [Prf(” ‘l’: *’)}kf
f

(k). = gkf+0.5[Prf<pL:d—")}kf o)

(10)

(kser) =(1—e)k..

Solid phase energy

605 o 10 a05

2 _a_f{(]_g)[xax< 6X)
o (06, ke ooy
6Z<62):|+k Bi*(0,— 05)}. (11

Because the buoyancy effects are significant in the
region close to the wall, due to the applied heat flux
density, the temperature and velocity gradients are
important in that region. Indeed, the thickness of the
boundary layer on the cylindrical wall increases with
the height and the decrease of the wall heat flux. So,
in the present investigation, emphasis will be placed
on the validity domain of thermal boundary layer
approximations, which are extensively used by an
increasing number of investigators. Assuming that the
thermal boundary layer approximations are appli-
cable, the second-order derivatives in the Z-direction
of the temperature field are negligible compared to
those in the X-direction. In a non-dimensional form,
the relevant initial, boundary hydrodynamic and ther-
mal conditions are written as follows.

K. SLIMI et al.

2.1. Initial and boundary hydrodynamic conditions
Initially (at 7 <0), we assume that the motorise

pressure in the cylinder is uniform and equal to the

ambient pressure. This is represented by equation

(12).

(X, Z,0) = (12)

The fluid gets into the cylinder and out of it at the same
pressure. Accordingly,at Z = 0and 1,for0 < X < 4:

(X,0,7) = TI(X,1,7) = 0 (13)

where A is the cylinder ratio, 4 = R/H. Owing to the
symmetry requirement at the cylinder centreline (at
X =0, for0 < Z < 1), it follows that:

o1l
7 0Z9=0

(14
The lateral surface of the cylinder is impermeable.
This is interpreted by :

o1l

ﬁ(A,Z,‘r) =0 (15)

2.2. Initial and boundary thermal conditions
Initially, the fluid and the solid are assumed to be
at the same temperature :

0:(X,2,0) =0.(X,Z,0) = (16)
The fluid enters the cylinder at constant temperature :
0:(X,0,7) = 0. a7

The heat transfer between the solid particles and the
surrounding fluid are modelled by a heat transfer
coefficient :

&GS(X, 0,1).

;o
Bi k.

(l—s) (XO 7) = (18)
Owing to the symmetry requirement at the cylinder
centreline (at X = 0, for 0 < Z < 1), it follows that:
00; 0,
5)—((0, Z,7) = 5{(0, Z,t)=0. (19)
Constant wall heat flux is applied at the lateral surface.
This is expressed by the following boundary condition
[35]):
a- 8)

06;
(ken)x 3 (A Z) = 1, (4,2,7) =

ks
20

At the cylinder exit, the existent flow in the upper
porous surface is very complicated. On one hand the
upper face releases a natural convection fluid flow
similar to that observed over a heated horizontal flat
plate. On the other hand the outlet fluid flow disturbs
the effect of the heated horizontal flat plate and, under
certain conditions, it can allow fluid to re-enter the
cylinder as a recirculatory flow. To rigorously solve
this problem, we are expected to make the calculating
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domain larger in order to take into account the fluid
flow and heat transfer near the outlet face, which
will complicate the study. To avoid this problem we
introduce, in the case of an upward flow (U > 0), a
heat transfer coefficient as follows:

0

0
—Z‘(X, 1,7) = Bib(X, 1,7).

5 (21a)

In the case of a downward flow (U < 0), the bound-
ary condition for the fluid phase at the cylinder exit
is:

0:(X,1,7) =0. Q21b)
At the cylinder exit, we use for the solid phase the
following boundary condition :

00 k¢
) — = Bi*—
(1 s)aZ(X,l,t) Bi kSGS(X’l’T)' 2lc)

3. NUMERICAL RESOLUTION

The governing equations with the associated
boundary conditions are solved by the finite volume
method initiated by Patankar [13], which is based
on the solution of difference equations obtained by
integrating the differential equations for momentum
and energy over control volume enclosing the nodal
points.

To examine the validity of our numerical scheme,
the numerical results were compared with the most
closely related numerical solutions. This was achieved
by making the necessary adjustments to our model
to reduce it to a system equivalent to the simplified
available cases. Our numerical results for the velocity
and temperature distributions were compared with
the numerical resuits obtained by Ben Nasrallah ez al.
[27] by making the necessary changes (we put Da —
0, ker = kg, koor = (1 —£)k, and Ay is considered as a
constant). They all agree at least up to three decimal
places. The comparison is not shown here for the sake
of brevity.

We have presented, for different parameters
(Grg, Pre, Da, Ay . . .), the time—space evolution of the
temperature, pressure and velocity. We have also pre-
sented the dimensionless flow rate, g¥ and heat flux,
@*, exchanged at the cylinder exit. These two variables
are obtained with integration over the whole section
and at the cylinder exit (i.e. at Z = 1), and are written
in a dimensionless form based on the following defi-
nitions :

Gueer = TR*U,y and @, =2nRHq. (22)

In a dimensionless form, these two variables are
written as follows:

g¥ = iJAUXdX
v A2 R k
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1 A A
O* = Z[J Ug:xdx+ Bij 0 XdX

0 0

Bl‘* A
8.XdX|. (2
+ H.ast Xd ] 23)

We have chosen these two variables because, on one
hand their representations are of great interest,
especially for many industrial applications where it is
necessary to have an idea on the amount of heat that
can be recaptured at the exit of the silo and/or the
flow rate. On the other hand, they allow us to dis-
tinguish easily the effect of different parameters and
the validity domains of different assumptions (i.e.
Darcy flow model and TBLA).

3.1. Description of the phenomena

The results of numerical simulation are presented
as isovalue curves giving the time-space evolution of
the temperature, pressure and velocity. In this section,
all the calculations have been performed for a Biot
number representing the external change (between the
porous medium and the ambient), Bi = 2x 10* and
an inertia coefficient Ay = 0.057. A typical value of
the porosity of a randomly-packed sphere of 1 mm
diameter, ¢ = 0.4, is used for the numerical solutions
reported here. This fixes the value of Fin equation (5)
as 0.56. The numerical simulation was carried out for
different values of the Grashof number, Gr;and aspect
ratio of the cylinder, 4. The numerical results show
two classes of flows (with and without top aspiration)
which depend upon the values of Gry, Da, Pr.and A4.

3.1.1. Flow with top aspiration. The flow with top
aspiration is found for high aspect ratio, 4 or great
values of fluid Grashof number and/or Darcy number.
Flow with top aspiration is also found for higher
values of fluid Prandtl number. For a given value of
Darcy number, Da=10"2 and a fluid Prandtl
number, Pr; = 0.71, typical values of fluid Grashof
number and aspect ratio (Gre=2x10% and 4 = 1)
have been chosen to illustrate such a type of flow.
Figure 2(a) shows that the renewal air induced by the
wall heating is partially aspired from the top and
partially from the base of the cylinder. This is due to
the bulk frictional drag induced by the solid matrix.
So, the fluid re-enters the cylinder as a recirculatory
flow represented by negative values of the centreline
axial velocity. Figure 2(a) shows also that the axial
velocity decreases near the axis, attains a negative
minimum and then increases. Near the wall region
[Fig. 2(b)], the axial velocity increases due to the buoy-
ancy effects, reaches a positive maximum and then
decreases due to the presence of the motorise ambient
pressure which decelerates the flow.

Figure 3 depicts the time-space variations of pres-
sure within the cylinder. As can be seen, the pressure
decreases from the inlet, attains a minimum value and
increases, attains a maximum and decreases to reach
the ambient pressure. The pressure decreases at first
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Fig. 2. Axial velocity vs axial distance for Gry= 2 x 10,
A=1,Pr;=0.71, Da= 1073 oo, = 0.16, Bi = 2x 10’ and
Ag=0.057. () 0 < X <04 and (b) X > 04.

with time and, for enough period of time, it tends to
be independent of time (steady-state regime). As is
illustrated in Fig. 4, the z-component of the velocity
is important in a region close to the heated wall and
decreases with the radial distance, X.

Figure 5 indicates the time-space variations of the
fluid phase temperature within the cylinder. The iso-
therms have the same profile found in the case of a
heated flat plate in a semi-infinite medium and are
confined in the region near the heated boundary. Due
to the applied lateral heat flux density, the fluid phase
temperature is found to be important in a region close
to the heated wall. At the cylinder exit, the vertical
fluid phase temperature gradients are high because of
the heat loss to surroundings. However, the influ-
encing region of these thermal gradients is very scanty.

3.1.2. Chimney-type flow. A convective flux of a
chimney type is found for small aspect ratio, 4 or
small values of fluid Grashof number and/or lower
Prandtl and Darcy numbers. For a given Darcy
number, Da = 10"? and a fluid Prandtl number,
Pry = 0.71, typical values of fluid Grashof number and
aspect ratio (Gr; = 10® and 4 = 0.1) have been chosen
to illustrate such a type of flow.

K. SLIMI et al.

Time = 0.05

Pressure

1.0 1.0

Time = 0.5

Pressure

Pressure

10 1.0

Fig. 3. Time-space variations of pressure for Gr, = 2 x 108,
A =1, Pr;=0.71, Da = 1072, a;for, = 0.16, Bi = 2 x 10° and
Ay = 0.057.

The velocity component in the transverse direction
is approximately equal to zero, since the isobars are
near the horizontal (Fig. 6). As expected, the axial
velocity is important near the heated wall and
increases in the axial direction due to the buoyancy
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100~ effects as can be observed in Fig. 7. Near the outlet
W  —n— Z=020 face of the cylinder, the axial velocity decreases. This
g0 —o— Z=040 / decrease of the axial velocity values is due to the
—— Z=0.60 presence of the ambient motorise pressure.
- o / As shown in Fig. 8, the radial temperature gradients
z e T Z=05%6 are very low. The axial temperature gradients are very
Q . . . .
S sof- important near the exit of the cylinder as was explai-
2wk ned previously and they occupied the whole exit area.
':t% 30
3.2. Sensitivity to the parameters
201 We have studied the effect of the Darcy number,
10~ Da, and fluid Prandtl number, Pr;, on fluid flow and
m R heat transfer in the cylinder. The computations have
.10 ] ! | ] J been carried out for an aspect ratio, 4 = 0.5, a Biot
0 0.2 04 06 08 10 number, Bi = 2 x 10° and for different fluid Grashof
. _ ‘ Radlf‘l dx.stancc number ranging from 10° to 5x 10°. To understand
i‘g' ;‘ A;‘)‘al Vgl‘;cl“y ‘; rad‘ﬁ)l_g‘“ag‘?e fgr (1;6 = ZZX 10:’ properly the effect of the porous matrix scaling, Da,
=1, Pr=07l, Da= , Bi=2x10°, =1, PR ;
oo, = 0.16 and Ay = 0.057. we have presented, in Fig. 9, the fluid p}iz:se t?l;n-
perature and the velocity fields for Da = 107°-1072,
Figure 9(a) and (b) shows the change in the centre-
Time = 0.05 Time = 0.25
X X
1.00 T 0.l2 T 0.|4 T 0.16 T ﬁ‘r > 1.00 T 0'12 T 0'14 T
0.8} § ‘ 0.8}
- = - év
0.6 0.6} S
z } z F
04r 04
L o 5
0.2 2 0.2
- - =3
0 l 0'2 . 0'.4 I Ol6 l l 0 * 0f2 ' 014 :
X X
Time = 0.5
X
1.00 Y 0'12 T o ;4
0.8}
I §
0.6 e
VA -
0.4
0.2
- Q
0 "oz 04

Fig. 5. Time-space variations of fluid phase temperature for Gry=2x 105, 4 = 1, Pry=0.71, Da = 1072,
Bi = 2x 10, ag/or, = 0.16 and Ay; = 0.057.
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Fig. 6. Time-space variations of pressure for Gr;= 10
A=0.1, P;=0.71, Da=10"% Bi=2x10% age, =0.1
and Ay = 0.057.
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3000

2800

Axial velocity

1200 | 1
0 002 004

Radial distance

1 1 L !
0.06 008 010 0.12

Fig. 7. Axial velocity vs radial distance for Gry= 10,
A=0.1, Pr=071, Da=10"2 Ay = 0057, oo, = 0.16,
Bi = 2x 10° and at different axial distance.

line axial velocity and fluid phase temperature vs axial
distance for representative values of Darcy number
ranging from 10~¢ (i.e. for a densely-packed medium)
to 1072 (i.e. larger particle size). As has been seen,
aspiration is increased with the Darcy number leading
to a decrease in the fluid temperature. This is evident,
because for a given system, the flow intensity and
thermal activity increase with the Darcy number since
the permeability of the porous matrix has increased,
thereby reducing the resistance to flow. Figure 9(b)
shows also that the maximum of the fluid phase tem-
perature moves towards to the exit as the Darcy num-
ber increases from 1076 to 1072 These thermal and
flow fields behaviours are similar for all fluid Grashof
numbers used in this study.

The influence of the porous medium inertia
coefficient Ay effects on the flow and heat transfer
parameters is the same as that of the inverse Darcy
number since it also represents resistance to flow.
Therefore, as Ay increases, the axial velocity, U,
decreases while the fluid phase temperature, 6,
increases, respectively. To examine the effects of fluid
Prandtl number Pr;, the numerical solutions were
obtained for Pr; = 1 to 10%, for Gr; = 2 x 10% and with
Da = 107, These values of Pr; were selected in order
to represent, low, moderate and high Prandtl number
regimes.

The centreline axial velocity and fluid phase tem-
perature profiles for Pr; = 1, 10 and 100 are presented
in Fig. 10(a) and (b). These plots indicate that the
absolute values of the flow velocity increase with the
fluid Prandtl number. With an increase in the fluid
Prandtl number, the recirculatory flow intensifies [see
Fig. 10(a)]. Figure 10(b) shows that the fluid phase
temperature decreases with an increase of the fluid
Prandtl number and the maximum of the fluid phase
temperature moves towards the outlet of the cylinder
as the Prandtl number increases.

Significant changes in the velocity and fluid tem-
perature fields with Pr;are further shown in Fig. 11(a)
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Fig. 8. Time-space variations of fluid phase temperature for Gr; = 108, A = 0.1, Pr; = 0.71, a/a, = 0.16,
Da = 1072, Bi = 2x 10° and Ay = 0.057.

and (b), where the vertical velocity and the fluid phase
temperature profiles at the midheight (i.e. at Z = 0.5)
and the mid-plane (i.e. at X = 0.25) are presented for
Pr; =1, 10, 100. Near the wall, the velocity increases
substantially with an increase in the Prandtl number.
However, the effect may be reversed away from the
heated wall [Fig. 11(a)]. The increase in the flow field
with Prandtl number leads to a decrease in the thermal
field [Fig. 11(b)].

3.3. Validity of the Darcy flow model

The examination of the validity of the Darcy flow
model was carried out by comparing the values of the
flow rate and the heat flux exchanged at the cylinder
exit obtained by the Darcy flow model and the Darcy-
Forchheimer model. This may be expressed in the
following form:

*
VD
*
qv

x100 and %g¥=\1-— x 100

*
%d)*:‘l—%?-
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where g and ®} are, respectively, the dimensionless
flow rate and the dimensionless heat flux exchanged at
the cylinder exit obtained with the Darcy flow model.

From the following table we can conclude that the
Darcy flow model becomes less pronounced in the
steady state regime as Da and Gr; increase or Ay
and Pr; decrease. This is obvious because, for greater
values of Darcy and fluid Grashof numbers or lower
values of the inertia parameter and fluid Prandt! num-
bers, the flow intensity becomes stronger leading to
an increase in the velocity fields and then the appli-
cability of the Darcy flow model becomes ques-
tionable. If Da < 107*, the Darcy flow model is a very
good one for all fluid Grashof numbers ranging from
108 to 5 x 10° and for all fluid Prandt] numbers ranging
from 1 to 100.

3.4. Validity of the thermal boundary layer approxi-
mations (TBLA)

In order to test the validity of TBLA, the com-
putations have been carried out for various value of
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Fig. 10(a) Centreline axial velocity vs axial distance ; (b) fluid

phase temperature variations with axial distance at X = 0.5

and for Gr;=10°, 4=05 Da=10"" afa =0.16,

Ay = 0.057, Bi =2x10° and for representative values of
Prandtl number.

Pre=0.71 Da=10-° Pre=0.71 Da=10"* Pre=0.71 Da =102
Gr, Yo 0 Yoq* %d* Yoq* %D* Yog*
10° 6.75x 10~ 6.37x10°° 1.67 1.87x 10! 4.53 52.72
10° 7.72x 1072 3.89x 10~ 1.78 7.20% 10" 13.12 67.93
5% 10° 332x 10" 1.18x 10-? 1.98 1.64 13.38 75.23
Pr, Gre = 10° Da = 10-¢ Gre = 10° Da =10~ Gre = 10° Da =102
1 3.20x 102 2.40 x 102 7.50x 10~? 1.62% 10~ 5.78 50.50
10 2.31x10- 3.71x10°° 3.79x 107 6.58x 102 5.01 34.58
100 0.62x 10~ 2.87x 10 1.46 x 103 2.59 x 102 3.11 19.90

%q¥and %®*, in the steady state regime, for 4 = 0.5, o/, = 0.16 and Ay = 0.057.
q.

Gry, Bi, Pr, Da and for an aspect ratio, 4 = 0.5. To
this end, we have made two types of comparisons:
comparisons of local values of the fluid phase tem-
perature and of velocity distributions obtained with
and without TBLA and comparisons.of the values of
the dimensionless flow rate ¢¥ and heat flux ®* ex-
changed at the cylinder exit obtained with and without
TBLA.

Numerical results indicate that there is a difference
between the local values of the fluid phase temperature
and velocity, obtained with and without considering
TBLA, only at the cylinder exit [Fig. 12(a) and (b)].
In fact, when the thermal boundary layer approxi-
mations are applicable, the second-order derivatives
in the Z-direction of the temperature field will be
negligible compared to those in the X-direction. Con-
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sequently, with TBLA, thermal boundary conditions
at the cylinder exit are not considered. This will lead
to an error in the numerical prediction of the tempera-
ture and the amount of heat that will be exchanged at
the outlet face of the medium.

The relative differences between the values of g*and
@* obtained with and without TBLA increase when
the Prandtl number Pr; [Fig. 13(a) and (b)], the fluid
Grashof number Gr; [Fig. 14(a) and (b)], the Biot
number Bi [Fig. 15(a) and (b)] and Darcy number Da
[Fig. 16(a) and (b)] decrease.

4. CONCLUSION

Two-dimensional and transient fluid flow and heat
transfer by natural convection in a vertical cylinder
opened at both ends filled with a saturated porous
medium and heated with a uniform lateral heat flux
density was the focus of the present work. We have
also studied the physical phenomena and the sen-
sitivity to different parameters. Emphasis was also
put on determining, in the considered conditions, the
validity domains of the thermal boundary layer
approximations (TBLA) and the Darcy flow model.

The numerical results show two types of flows (with
and without top aspiration) which depend on the fluid
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Fig. 16(a) Effects of the Darcy number, on the percent errors
of the heat flux exchanged at the cylinder exit ; and (b) of the
flow rate obtained with and without TBLA, for Gr; = 108,
A=05 Bi=2x10°, Pr,=071, oafu,=0.16 and
Ay = 0.057.

Grashof number, the Darcy number, the fluid Prandtl
number and the aspect ratio of the cylinder. Numeri-
cal findings also show that:

(1) In the considered conditions, there is a differ-
ence between the local values of the fluid temperature
and velocity obtained with and without the use of
thermal boundary-layer approximations only at the
cylinder exit.

(2) The relative differences of the heat flux exch-
anged at the cylinder exit and the flow rate obtained
with and without TBLA are high and increase when
the fluid Prandtl number, Pr;, the Grashof number,
Grg, the Darcy number, Da, and the Biot number, Bi,
decrease.

(3) If Da < 107*, the Darcy flow model is valid for
all fluid Grashof number ranging from 10® to 5 x 10°
and for all fluid Prandt! number ranging from 1 to
100.
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