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ABSTRACT

The numerical modeling of natural convection in partially porous annuli is a topic of rising interest, due to its
practical applications for the provisional analyses of several engineering applications such as geothermal
down-hole heat exchangers, chemical reactors, etc. Though a large number of papers focused on the modeling
of this phenomenon under steady-state conditions, only few works consider its transient thermal evolution and
no works are available referred to partially porous annular cavities. However, most of the real technical
applications operate in dynamic mode, for this reason, this paper focuses on the transient numerical analysis
of heat transfer in partially porous annular enclosures, where natural convection occurs. A fully explicit
version of the CBS algorithm is employed here to solve the generalized porous medium model which
describes both the sub-domains of the cavity using only one equations set; a dual time stepping technique is
employed for transient analyses. Several cases have been analyzed, by changing the cavity aspect ratio and
thermo-physical parameters of the fluid. Several results have been presented by changing both porous
medium's properties and geometrical characteristics of the domain. The obtained results highlight that both
the properties and the position of porous layer, inserted into the computational domain, strongly influence the

thermal behavior of the cavity.
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1. INTRODUCTION

A better understanding of the convective processes
occurring in partially porous enclosures is fundamental for
the proper design of several real life applications involving
the interaction between a porous matrix and a free fluid that
saturates it [1-6]. Although scientific literature provides a
large set of both experimental [7-9] and numerical data [10-
13] for stationary free convection in vertical porous annuli,
only few papers focus on partially porous annuli. Moreover,
all these works are based on simplifying hypothesis; in fact,
only few works referring to square cavities [14] or infinite
domains [15] refer to very specific conditions, such as non-
Boussinesq convection [14] or non-Newtonian viscoelastic
fluids [15]. As regards thermal analysis of partially porous
cavities, while laminar free convection in partially porous
square and rectangular domains has been extensively
analyzed both in steady [16-20] and transient conditions [21-
23], few works concerning natural convection in partially
vertical cylindrical cavities are available in scientific
literature [24-29]. Moreover, only few papers [28-29] did not
overlook transient regime, despite many engineering
applications of the enclosure problem are related to real
systems operating in dynamic mode. In order to improve the
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knowledge of the transient behavior of vertical partially
porous annuli where buoyancy-driven heat and fluid flow
occur, the generalized porous medium model has been solved
applying an operator-splitting technique, the Atrtificial
Compressibility (AC)- Characteristic-Based Split (CBS)
algorithm, based on Characteristic Galerkin approach.
Several analyses have been conducted by changing thermo-
physical and geometrical features of two sub-domains to
investigate the dependence of free convection on the cavity
geometry.

2. MATHEMATICAL MODEL

For thermo-fluid analysis of problems involving the
interaction between a layer assimilable to a porous medium
and a free fluid which saturates it, two different approaches
can be followed. A first one, called two domains approach,
consists in solving two different equations for porous region
and free fluid domain by defining properly coupling
conditions for the interface. The formulation of these
boundary conditions at the porous region- free fluid interface
is not simple as often the different sub-regions are described



by differential equations of different orders, e.g. Navier-
Stokes and Darcy’s equation. Alternatively, a second
approach more general can be introduced by defining a
mathematical model based on a single equation suitable for
application for both fluid and porous region. This model,
called generalized porous medium model, is based on the
concept of Representative Elementary Volume, whose size
should be so that the values of the quantities of interest are
independent of it; by averaging Navier-Stokes equations over
this elementary unit using the volume averaging procedure
introduced by Whitaker [30-31] it is possible to derive a
generalized model that allows to define a single
computational domain with different properties and therefore
only matching conditions must be assumed at the interface,
and there is no need for any empirical coefficient.
Considering a uniform porous medium, under the hypothesis
of Local Thermal Equilibrium, the non-dimensional form of
the generalized model in cylindrical coordinates for the
transient natural convection can be postulated as:
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Here, The Boussinesq approximation is introduced to
model buoyancy effects.

The scales and parameters used in the non-dimensional
form are:

LIRS FELIEL P AU
L T -T, 2
. (Tr-T7) 3' o V1.
ViQy O
t=t*—«/g,BI_AT_ _ p’ _ Mo, (5)
L P egpar T g
J ot Da:ﬁz;aze(pcp) H-e)(pe),
ﬂf L (pcp)f
Vv :ﬂ o, = //tf :L
Yo T (ee,),n " JopLaT

The Navier-Stokes equations can be recovered by just
setting € >1 and D& — i the above generalized model
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equations, while for € >0and DPa—0 Eq. (4) describes
the pure heat conduction through a solid. As the generalized
model allows to simplify the numerical solution of highly
coupled problems it is particularly suitable for the analysis of
real life interface problems.

3. NUMERICAL MODEL

The transient version of AC-CBS algorithm has been
employed for the numerical solution of the PDEs constituting
the generalized porous medium model. The governing
equations were discretized in time along the flow
characteristics, and in space using the standard Galerkin
procedure

CBS-algorithm is based on a Characteristic Galerkin
method, which stabilizes the oscillations due to convective
terms by introducing higher-order convective terms with a
temporal discretization along the characteristics and on a
projection strategy which originates separate steps in the
solution algorithm, allowing pressure stabilization. This
method introduces a real time term into the fictitious
momentum equations and into energy equation in order to
progress in real time. So this technique implies the use of two
time steps. The first is a “real” or outer or global or physical
time step that coincides with the real physical time increment.
Another is an artificial or inner or “local” or pseudo time step
which is used to iterate the solution to gain each
instantaneous steady-state [32]. A steady state convergence
criterion is set within each real time step; this means that the
transient solution is calculated as temporal evolution of
several pseudo-steady state levels.

Spatial discretization of the semi-discrete form of the
algorithm is derived by applying the standard Galerkin finite
element method with linear triangular prismatic elements. For
the fully discretized form of Eqs. (1)-(4) reader can refer to
[29]. As the transient AC-CBS scheme presented here,
employs a dual-time stepping technique in which each steady-
state solution is derived with a fully explicit pseudo-time
iterative procedure, an appropriate stability analysis is crucial
for the definition of proper time-step values to avoid spurious
oscillations. The proposed algorithm has been stabilized by
employing an order of magnitude analysis of the different
terms of the semi-discretized form of governing equations.
Details on this are available in ref. [27]. The code has been
successfully  validated through a comparison with
experimental data available in scientific literature for steady
state and transient natural convection in porous cylindrical
domain; details about code validation can be found in ref.
[29].

4. RESULTS

In this section, the numerical results obtained for unsteady
free convection in partially porous tall annuli with ARs of 4:1
and 8:1 are presented. In order to investigate the influence of
porous layer position on thermo-fluid behavior of free
convection in a partially porous vertical annulus, several
analyses have been carried out by changing the position of the
porous insert. In particular, two different configurations have
been analyzed: a first one with the porous layer is on the left
side of the computational domain (case A), and a second one
obtained by exchanging the sub-domains (case B). The
computational domain and the reference boundary conditions



are represented in Figure 1. In particular, no slip conditions
are assumed for all the walls of the cavity. The horizontal
walls are assumed to be adiabatic, while Dirichlet
temperature boundary conditions are imposed on vertical
ones: in particular, the inner vertical boundary is kept at a
dimensionless temperature Th=0.5 and the outer wall is at a
fixed dimensionless temperature Tc=-0.5. Zero temperature
and velocity fields are assumed as initial conditions.
Moreover, the fluid is assumed to be incompressible and
Newtonian, with a Prandtl number equal to 0.71, and the
porous matrix is assumed to be isotropic and homogeneous,
with a uniform porosity equal to 0.5.
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Figure 1. Computational domain with a detail of
computational mesh and boundary conditions employed

Figure 1 also shows a detail of the computational mesh
used for the 4:1 cavity: it is composed of 14, 478 elements
and 7, 679 nodes, while the mesh selected for the taller
annulus consists of 30, 054 elements and 15, 592 nodes. Both
grids are refined near all the boundaries of the computational
domain and have been chosen after a mesh sensitivity
analysis. In order to analyze the transient behavior of the
natural convection, five points have been identified to analyze
time variation of temperature: these points are represented in
Figure 1 and their coordinates are reported in Table 1.

Table 1. Non dimensional coordinates of probe points

4:1 cavity 8:1 cavity
Point r Z R z
1 ri+0.091 |3.685 |ri+0.181 | 7.370
2 ri+0910 | 0.315 | ri+0.819 | 0.630
3------- ri+0.091 | 0315 | ri+0.181 | 0.630
4 ri+0910 | 3685 |ri+0.819 | 7.370
5——— ri+0.091 | 2.00 ri+0.181 | 4.00

Notes: see Figure 1.

The numerical investigations have been carried out
assuming the value of Rayleigh number at which oscillations
start both in the case of free fluid in a partially porous tall
rectangular enclosure [23] (3.4 - 106 for the 4:1 cavity and 3.4
- 103 for the 8:1 cavity).

Temperature contours at real time t=500 are shown in
Figures 2-5; in particular, Figure 2 and 3 refer to 4:1 annulus
while the others refer to the taller cavity. A comparison
between the temperature fields related to case (B) with that
obtained for the case (A) shows that the position of the
porous layer strongly affects the thermal behavior of the
cavity: in fact, for both cases the configuration (B) leads to a
chaotic evolution of temperature contours for high value of
Da numbers whereas for very low values of Da, the heat
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conduction becomes dominant in both porous and free fluid
region with positive effects on heat transfer.
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Figure 2. Isotherms in a 4:1 partially porous annulus (ro/ri=2)
for different Da and Ra=3.4 - 10° (case A)
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Figure 3. Isotherms in a 4:1 partially porous annulus (ro/ri=2)
for different Da and Ra=3.4 - 10° (case B)
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Figure 4. Isotherms in a 8:1 partially porous annulus (ro/ri=2)
for different Da and Ra=3.4 - 10° (case A)
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Figure 5. Isotherms in a 8:1 partially porous annulus (ro/ri=2)
for different Da and Ra=3.4 - 105 (case B)

Transient oscillations for two cases are quantitatively
represented in Figures 6-7; in particular, Figure 6 refers to
transient thermal behavior for different values of Da numbers
for the shorter annulus while Figure 7 represents the same
results for the taller cavity. The analysis of the results
highlights that for high values of Da the presence of the
porous layer does not damp non-periodic oscillations in the
configuration B, whereas transient oscillations tend to
disappear approaching steady state for the case A.
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Figure 6. 4:1 annulus: Temperature time evolution at five
probe points (see Table 1) for case A and case B for different
Da and Ra=3.4 - 108 (ro/ri=2)
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Figure 7. 8:1 annulus: Temperature time evolution at five
probe points (see Table 1) for case A and case B for different
Da and Ra=3.4 - 105 (ro/ri=2)

In order to investigate the behavior of the flow regime with
the annulus radius, several analyses have been carried out by
changing the radius ratio ro/r; in the range between 3 and 1.1.

As transient oscillations affect natural convection for high
value of Darcy number, the reference value of Da=1 has been
assumed for all the simulations. Figures 8 and 9 show the
results obtained both for the case A and B for the two ARs.
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Figure 8. 4:1 annulus: Temperature time evolution at five
probe points (see Table 1) for case A and case B for different
ro/ri and Ra=3.4 - 106 (Da=1)
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Figure 9. 8:1 annulus: Temperature time evolution at five
probe points (see Table 1) for case A and case B for different
ro/ri and Ra=3.4 - 10° (Da=1)

In the first case, for all values of r./r;, oscillations dampen
and the flow is not oscillatory in time on all the considered
points. As the value of radii ratio decreases, it is possible to
observe an increase of the time necessary to reach the steady
state. A different trend is observed for the results related to
case B as transient oscillations do not disappear for all the
values of radii ratios examined here. Finally, it can be noted
that in both cases, the amplitude of these oscillations
increases with the decrease of the value of radii ratio. It is
interesting to note that transient oscillations are more evident
and chaotic for the taller cavity.

5. CONCLUSIONS

In this paper, a properly stabilized fully matrix-inversion
free scheme, employing an adaptive local time stepping
procedure, is introduced for the analysis of unsteady free
convection in partially porous annular enclosures. Several
analyses have been conducted by changing the properties of
the porous medium and its position in the annulus. The effect
of different values of Darcy number for the porous medium
and of the diameter of the annulus have been considered. The
results highlight that not only the properties of the porous
layer, but also its position in the annulus strongly affect the
stability of the free convection. In particular, in this work it is
shown that, by changing the position of internal porous
domain, heat exchanged in the annulus can be enhanced; only
for low values of the Darcy number the stability appears to be
enhanced in both cases.
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NOMENCLATURE

AR aspect ratio

B isobaric compressibility of fluid K-!
Cp specific heat, J - kg!- K-!

Da Darcy number

Fo Forchheimer coefficient

g gravitational acceleration, m-s
J viscosity ratio

P pressure, Pa

Pr Prandtl number

r radial coordinate, m

Ra Rayleigh number

t real time, s

T temperature, °C

U velocity vector, m- s™!

w seepage velocity components, m- s™!
. vertical coordinate

Greek symbols

o thermal diffusivity, m?- s-!

€ porosity

K intrinsic permeability, m?

A thermal conductivity, W- m-K-!
u dynamic viscosity, kg - m!-s™!

v kinematic viscosity, m? - s°!

p density, kg - m™

Subscripts

c cold

eff effective
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N = -

fluid

hot

radial component
vertical component
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Superscripts

%k

dimensional quantities





