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Abstract A comparative study has been carried out to investigate the performance of two
different time stepping schemes for convective heat transfer and flow in a fluid saturated porous
medium. Both the schemes are based on the velocity correction procedure. The first scheme is a
semi-implicit one in which the linear and non-linear porous medium terms of the momentum
equation are treated implicitly but solution of the simultaneous equation system is avoided by
lwmping the mass. The second procedure (quasi-implicit) treats the porous medium and viscous
terms implicitly and a simultaneous equation system is constructed to solve the equations of
momentum conservation. Two numerical examples have been considered and both the schemes
are tested for vavious parameters governing the flow and heat transfer in these problems. Results
show that, at smaller Rayleigh numbers and on fine meshes, the quasi-implicit scheme gives faster
convergence to steady state in both Darcy and non-Darcy regimes than that of the semi-implicit
scheme. At higher Rayleigh numbers, the semi-implicit scheme is faster in the Darcy regime. Also,
the semi-implicit scheme is faster than that of the quasi-implicit scheme on a coarse mesh used in
this study. In general both the schemes predict transient cyclic developments well.

Nomenclature
¢ = gpecific heat us = velocity component in the vertical
Da = Darcy number (x/L?) direction
g = acceleration due to gravity V] = magnitude of the velocity vector
J = viscosity ratio (ug/ i) x; = coordinate axes
k = average thermal conductivity Superscript
ek + (1 — €)ks). n = nth time iteration
k* = conductivity ratio (k/%s) .
L = characteristic dimension Subscripls
N = shape functions S =fluid
Nu = average Nusselt number S = solid
b = pressure Greek symbols
Pr = Prandtl number (v/«) @ = thermal diffusivity
Ra = Rayleigh number (g3ATL?/va) 164 = coefficient of thermal expansion
T = temperature € = porosity
t = time K = permeability
u; = velocity components v = kinematic viscosity
International Journal of Numerical %1 = velocity component in the horizontal 2 = density
Methods for Heat & Fluid Flow, direction o = ratio of heat capacities,
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1. Introduction

Flow through porous media has been a subject of intense research in the last
few decades due to many applications such as underground fluid flow, building
and other insulations, nuclear waste disposal, alloy solidification etc. There are
many numerical studies available in the literature to solve flow through porous
media. However, identifying new and accurate numerical solution techniques is
essential in order to make the solvers more efficient. Both finite element and
finite volume techniques have been employed by researchers in the porous
medium flow calculations but, in this study, only the finite element method is
adopted. However, the algorithms discussed here can also be implemented by
using finite volume techniques.

The finite element method has been adopted by many authors in the past to
solve fluid flow through porous media (Hickox and Gartling, 1985; Nishimura
et al., 1986; Rajamani et al., 1990; 1995; Misra and Sarkar, 1995; Gartling et al.,
1996). The majority of these studies use steady state flow equations to solve the
porous medium problems and use standard Galerkin discretization.

Although the velocity correction algorithm for single phase flows was
initiated in the late 1960s by Chorin (1968) and developed by others (Comini
and Del Giudice, 1982; Donea ef al, 1982; Ramaswamy, 1988, 1993;
Ramaswamy et al., 1992; Zienkiewicz and Codina, 1995; Zienkiewicz et al.,
1999), it was not used in the porous medium flow analysis until 1996. This
approach was first introduced for the generalised porous medium applications
by Nithiarasu et al. (1996), in which a quasi-implicit (Q/) procedure (sometimes
called semi-implicit) was employed. Later, the @/ scheme was successfully
applied to many porous medium applications (Sai et al., 1997; Nithiarasu et
al.,1997,1998a, 1998b, 1999).

An alternative form of the velocity correction procedure for porous medium
flows was suggested by Nithiarasu and Ravindran (1998), in which a semi-
implicit (SI) form was adopted, and was aimed to remove the simultaneous
equation system when solving the equations of momentum conservation. Such
a scheme cannot be constructed as a direct extension of Navier-Stokes solvers
due to extra porous medium terms in the momentum equations. Recently the ST
scheme has been successfully applied to anisotropic porous medium flows
(Nithiarasu et al., 2000) and to domains with both porous medium and free
fluids (Massarotti et al., 2000).

Although earlier papers give the implementation details of the above
schemes, a comparative study was not carried out on the performance of these
schemes. In this paper such an investigation is conducted to evaluate the
relative performance and the advantages and disadvantages of the above
schemes.

2. Governing equations

The properties of the medium considered in this study except the density are
assumed to be constant and the density variation is incorporated through
Boussinesq approximation. The generalised set of non-dimensional governing
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HFF equations for the buoyancy driven flow and heat transfer with uniform

114 porosity are given as:
Continuity equation
ou;
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The detailed derivation of the governing equations is discussed elsewhere
(Vafai and Tien, 1981; Hsu and Cheng, 1990); Nithiarasu et al., 1997). In the
momentum equations (equation 2), the non-linear matrix drag is incorporated
through Ergun’s correlation (Ergun, 1952; Nithiarasu ef al., 1997); «; are volume
averaged velocity components; e the porosity of the medium and assumed to be
uniform throughout the domain; Pr the Prandtl number; Ra the fluid Rayleigh
number; Da the Darcy number; o the ratio of heat capacities; +; a vector equal to
unity in the vertical direction and zero in the horizontal direction and 7 the
non-dimensional temperature.

In the momentum equations (equation 2), / is the viscosity ratio. This ratio
and the conductivity ratio £* in the energy equation are taken as unity in the
present study for the sake of simplicity. It is also assumed that the thermal
equilibrium between the phases exists.

3. Solution procedures

In the present study, the velocity correction procedure is employed. The
method originally introduced in the finite difference context by Chorin (1968)
attracted many finite element researchers later. Some finite element
implementations of velocity correction procedure can be found in Comini and
Del Giudice (1982); Donea et al. (1982); Ramaswamy (1988, 1993); Ramaswamy
et al. (1992); Zienkiewicz and Codina (1995); Zienkiewicz et al. (1999). Similar
schemes developed to solve the porous medium equations are discussed here.
The four essential steps are:

(1) solving the momentum equations without pressure terms;
(2) calculation of pressure from the Poisson equation;



(3) correcting the velocities; and
(4) calculation of temperature field from the energy equation.

The main advantage of using the velocity correction procedure is due to equal
order interpolation for pressure and velocity, which reduces the complexity and
CPU time. At step 1, the intermediate vertical velocity component can be
calculated by two different schemes, as given below. Steps 2 and 3 are identical
in both the SI and QI schemes. However, at step 4, the diffusion terms of the
energy equations are treated implicitly in the @/ scheme and explicitly in the ST
scheme.

Semi-implicit (SI) scheme. As mentioned before, here the porous medium
terms are treated implicitly and the temporal discretization of the momentum
equation can be written as (Nithiarasu and Ravindran, 1998):

@ 1[ ow)" P (%)
eAt e 0x; € axl?
N Prﬁ‘ 1.75 V|
Da™ /150 v/Da€*?
where ~ indicates intermediate velocity components. Note that the pressure
terms are completely removed from the momentum equations. The above

equation can be rearranged and the final matrix form of the discretized
equation by using the Galerkin spatial approximation is given as:

n+1 (4)
} +~iRaPrT"

M1 = { M) + AYK]{w) ~ AM{AJ(ug) + ALF)
n ®)
+ 'yl-AtRaPr[M]{T}}

where {F} is the boundary terms from viscous contribution; C is a coefficient
and, for a constant porosity medium, it is given as

1 Pr 175 V] 1
="+ A —F+ AN —————
C L+ gt A= _Daeg/z} (6)
In equation 5, the matrices are
T
M:/NTNdQ; K -/ [N %dQ;A
Q € Jo 8xi 89(5,'
(7)
T
_1 / NTNuj"@dQ
62 Q 8.96']
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In equation 5, the mass matrix M is lumped and the solution is directly updated
at each time step and no simultaneous equations are solved at the intermediate
velocity calculation stage.

Quast-implicit (QI) scheme. In the quasi-implicit solution, in addition to the
porous medium terms, the viscous terms are also treated implicitly and a
simultaneous equation set is solved. The temporal discretization of the
momentum transport can be written as (Nithiarasu ef al., 1996):

W — 3 { aul-r 1 [ auir‘l

1 = —— |y — — U, —
eAl 2€2 ]896]- 2€2 fax]»

_ 1 (8)
Py () P 17 V&
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Here, the porous medium terms are treated implicitly in addition to the viscous
terms. Note that the Adams-Bashforth type of time marching is adopted for
convective terms in the above equation, as recommended by Ramaswamy et al.
(1992). The Galerkin’s finite element method is used for the spatial
discretization of the above equation. The final matrix form of the discretized
equation is given as

{1 IM] + A#[K] + A#{D;] + At[D,] }ﬁi -

€

9)
" IMJup + AH{(F) — [Ad]uf + [As]uf "} + Aty MRaP/ T
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It should be noted that matrices D; and D5 are introduced to the left-hand side
as part of implicit terms, as these matrices can impose time step restrictions if
treated explicitly. However, other alternatives such as introduction of C, as in
the SI scheme, could be possible. Such an alternative is not investigated in this
paper. Integration of the above quantities for linear triangular elements is
simple and is discussed in many textbooks (Zienkiewicz and Taylor, 2000).

In both the SI and QI schemes, the other three steps follow the standard
procedure discussed in many references (Nithiarasu et al., 1996, 1997, 1998a,
1998b, 2000; Nithiarasu and Ravindran, 1998; Massarotti et al, 2000). The
pressure Poisson equation is derived by satisfying the conservation of mass
and solved implicitly in both the SI and QI schemes. At the velocity correction



stage, the mass matrices are lumped in both these procedures. However, as
mentioned before, the temperature calculation in the SI scheme differs from
that of the QI scheme. In the former, the temperature is calculated explicitly
with lumped mass matrices and, in the latter procedure, viscous terms of the
energy equations are treated implicitly and the linear simultaneous equation
system is solved.

In both the schemes, the direct, banded, Gaussian elimination procedure has
been employed to solve any linear simultaneous system of equations. In the S/
scheme, only step 2 is employed in which the simultaneous equation system is
solved to evaluate pressure implicitly. In the @I scheme the simultaneous
system of equations is solved at steps 1, 2 and 4.

The time marching of the four steps is continued until the nodal velocities,
pressure and temperature approach steady state within a specified difference in
the value of the variable between successive time steps. The maximum nodal
value of this difference has been set as 10~7 for velocity and temperature fields,
Le:

;q+1 - u?)max

<1077 (Tt -1m), .. <1077 (11)

max

(u

where 7 indicates the nth time step. The above values will reduce the residual
values to small quantities. Since equation (11) is considered as the convergence
criterion, no fixed value of allowable residual value is used. However, in all
calculations it was ensured that maximum nodal values

w i
e 12
( < 12)

Tn+1 —T”

are smaller than 0.05. Note that the above values are the maximum among the
nodal values, not averaged quantities.

and

4. Results and discussion
To carry out a performance study on the QI and SI schemes discussed above, a
model, benchmark problem of buoyancy driven flow in a square cavity filled
with a fluid saturated porous medium is considered first. Figure 1 shows the
problem domain and boundary conditions. All the walls are assumed to be non-
slip. Constant temperature is assumed on vertical walls and the left wall
temperature is higher than that of the right. Both the horizontal walls are
assumed to be insulated.

The first finite element mesh used is 51 x 51 in size and non-uniform (5,000
elements). First point from any wall is placed at a non-dimensional distance of
0.005. This mesh was proved to be a converged mesh for the Rayleigh and
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Figure 1.

Buoyancy driven flow in
a fluid saturated porous
medium. Geometry and

boundary conditions

Darcy number range considered in this study (Nithiarasu ef al., 1999). In order
to test the schemes on a non-converged, coarse mesh, a uniform grid of size 31
x 31 (1,800 elements) is also used in this study. The elements used throughout
the paper are the linear triangles.

The analysis is carried out for two different Darcy numbers , Da = 106 in
the Darcy flow regime and Da = 10~2 in the non-Darcy flow regime. The fluid
Rayleigh numbers of 108, 10° and 5 x 10° are considered in the Darcy flow
regime and 10%, 10° and 5 x 10° have been used in the non-Darcy flow regime.
The porosity is assumed to be constant throughout the domain and a fixed
value of 0.6 is assumed. The Prandt] number is assumed to be equal to unity.
For each case a highest (approximately) time step value accepted by the
schemes is employed.

Since the qualitative results of this problem were discussed in detail in many
earlier publications, the present paper concentrates only on the CPU time,
convergence history and average Nusselt number distribution.

Table I shows the CPU time taken by both the schemes to reach steady state.
As we can see, at smaller Rayleigh numbers, on the fine mesh (108 in the Darcy
regime and 10* in the non-Darcy regime) the QI scheme is very efficient. The
time taken by the QI scheme here is very short compared with that of the SI
scheme at these Rayleigh numbers. However, in the Darcy regime, at higher
Rayleigh numbers, surprisingly the CPU time taken by the SI scheme is much
shorter than that of the QI scheme. An even more surprising result is that the
SI scheme took much less CPU at higher Rayleigh numbers than that at 10
and 10* in the Darcy and non-Darcy regimes respectively. On the other hand, in
the non-Darcy regime the @I scheme has taken shorter CPU time than that of
the SI scheme.

Table I also shows the CPU time taken by both schemes on a coarse 31 x 31,
uniform mesh. As can be seen, the SI scheme has performed better than that of
the QI scheme on this grid. The performance of the SI scheme is good not only
on the CPU time taken but also on giving a converged solution for all the Darcy
and Rayleigh numbers considered. On the other hand, the @/ scheme has taken
many CPU seconds and also has not given a converged solution in the Darcy
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flow regime at Ra = 5 x 10°. Thus it appears that the SI scheme is suitable for
problems where a coarse mesh solution is essential.

The time steps used in each case are also given in Table I (in periphrases).
On the fine mesh, the SI scheme accepts time-steps generally smaller than that
of the QI scheme for the Darcy and Rayleigh numbers considered. However,
this is not true on the coarse mesh where the SI scheme accepts higher time
steps than that of the QI scheme at higher Rayleigh numbers.

The above discussion shows that the @I scheme is not always more efficient
than that of the SI scheme. However, the QI scheme was proved to be more
efficient than that of the SI scheme for single-phase flows in the past
(Ramaswamy et al., 1992).

Figures 2-4 show the convergence history of the variables u;, #; and T for
both the schemes on the fine mesh. As expected, at a smaller Rayleigh number
of 10® in the Darcy regime (Figure 2), the QI scheme converges rapidly within
150 time steps. However, the SI scheme took more than 20,000 time steps to
converge at these Rayleigh and Darcy numbers. In Figure 3, at a higher
Rayleigh number of 10°, the number of time steps taken by the SI scheme to
reach steady state is much smaller than that at 108. Here, as was seen, the total
number of time steps taken by both the SI and QI schemes is very close and
therefore obviously the QI scheme requires more CPU time. In Figure 4
however, there is a large difference in number of time steps taken by these
schemes to reach steady state. Thus in the non-Darcy regime, the QI scheme
accepts much higher time steps on the fine mesh and reaches steady state faster
than that of the ST scheme.

The convergence history of the variables on the coarse mesh is not given
here for the sake of brevity. However, it can be seen from Table I that the S
scheme generally is faster on the coarse mesh than that of the QI scheme.

ST QI SI QI

Da Ra (Fine grid) (Fine grid) (Coarse grid)  (Coarse grid)
106 108 17,836 216 232 471

@8 x 1079) 5 x 1079 @ x 107Y 6 x 107%)
106 10° 8,894 14,692 206 2,618

@8 x 1079 @ x 1079) 1 x 1079 3 x 1079)
106 5% 10° 14,106 78,194 985 not converged

(8 x 107%) 2 x 1079) 1 x 1079
102 10* 23,173 277 312 40

(8 x 1079 (5 x 1079) 2 x 1074 (1 x 1072
102 10° 18,210 1,597 233 430

(8 x 107%) 6 x 1079 2 x 107 5 x 1079
102 5x 10° 14,871 7,940 358 1,901

8 x 1079 (7 x 10-9) 1 x 1079 8 x 1079)

Note: The time steps used in each case are given in parentheses
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time in seconds on a
Pentium 166. Buoyancy
driven flow in a square
cavity. Fine mesh size:
51 x 51 (non-uniform).
Coarse mesh size: 31 x
31 (uniform)
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Figure 2.
Convergence history in
the Darcy flow regime,
Da =10° Ra = 10
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The average Nusselt numbers calculated from both schemes on both the fine
and coarse meshes are presented in Table II. As can be seen, on the fine mesh,
the results obtained by both the schemes are very close to the available Darcy
flow regime solution (Walker and Homsy, 1978; Lauriat and Prasad, 1989).
However, here the QI scheme has a slight advantage over the SI scheme on
accuracy. In the non-Darcy regime both the schemes give results very close to
each other on the fine mesh. On the coarse mesh both the schemes give results
different from that of the literature values. This can be attributed to the
coarseness of the mesh used here.

The second problem considered in this paper is the buoyancy driven flow
from a hot circular cylinder buried in a fluid saturated porous medium. Study
of this type of problem is useful in the applications of nuclear waste disposal
and in crude oil transport (Himasekhar and Bau, 1989; Nithiarasu, 1999). A
simplified version of such a problem is shown in Figure 5 (half domain). The
finite element mesh is also shown in this figure. The total domain width is 4x
the diameter of the cylinder and the height is 8x the diameter of the cylinder.
The Rayleigh number is defined based on the diameter of the cylinder. The
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cylinder is assumed to be at a higher temperature than that of the outer
boundaries. Only one half of the domain is considered (Figure 5 (a)), as
symmetry is assumed on the other half of the domain. The velocity components
are assumed to be zero on the outer boundaries and on the cylinder surface. The
mesh used is fine along the boundaries and also fine near the cylinder surface.
In total 3,003 nodes and 5,776 elements are used. Flow and heat transfer in two
different flow regimes (Darcy and non-Darcy) and different Rayleigh numbers
have been studied.

Before going into quantitative comparison, the performance of the schemes
on predicting the flow and heat transfer patterns is compared at various
Rayleigh and Darcy numbers. Figure 6 shows the streamlines and isotherms in
the Darcy flow regime (Da = 10-%) and at Ra = 108. As can be seen, the results
of both schemes are in excellent agreement with each other. Even the maximum
stream function values are very close to each other. Although small differences
in the isotherm patterns are noticed, in general the flow and isotherm patterns
of the schemes match well.
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Figure 3.
Convergence history in
the Darcy flow regime,

Da =107, Ra = 10°
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Figure 4.
Convergence history in
the non-Darcy flow
regime, Da = 1072,

Ra =5x10°

Table II.

Comparison of average
Nusselt number (Nu):
buoyancy driven flow
in a square cavity
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Walker & Lauriat &
SI (Fine QI (Fine SI (Coarse QI (Coarse Homsy Prasad

Da Ra grid) grid) grid) grid) (1978) (1989)
106 108 2.99 3.012 2.664 2.884 3.097 3.09
106 10° 12.435 12.856 10.478 12.932 12.96 1341
106 5 x 10° 29.60 32.364 20.603 not - -
converged
102 10* 1.537 1.554 1.524 1.554 - -
102 10° 3.608 3.607 3.554 3.566 - -
102 5 x 10° 6.042 6.037 6.069 6.118 - -

Figures 7 and 8 show the transient flow and isotherm patterns with respect to
time for the quasi- and semi-implicit schemes respectively. There is
experimental evidence in the literature of this type of transient development at
higher Rayleigh numbers (Himasekhar and Bau, 1989). This is due to the
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conditions

instability developed as a result of the increase in the Rayleigh number and
results in plumes rising from the cylinder. Although the flow and isothermal
pattern continuously changed with respect to time and developed a cyclic
pattern, this has not influenced much the overall heat transfer, as can be seen
later. Thus the transient patterns obtained here are very mild. There are
some differences between the schemes in the flow and isotherm patterns,
especially in the shape of the eye of the vortices and in isotherm patterns
near the top boundary. Even with these changes the maximum values of
stream function seem to be close for both the schemes and also with respect
to time.

Figure 9 shows the steady state streamlines and isotherms in the non-Darcy
regime (Da = 1072) at Ra = 5 x 10*. Although the patterns agree in general, a
careful investigation shows differences in the shape of the eye of the vortices.
Also the isotherm patterns differ considerably in the area above the cylinder. A
marginal difference in the values of the maximum stream function is also
observed here. If we assume that the results obtained by the quasi-implicit form
are more accurate than that of the semi-implicit scheme, the semi-implicit
scheme gives the effect of a smaller Rayleigh number than that of the given
Rayleigh number and vice versa.

The real huge difference is obtained in the non-Darcy regime at a Rayleigh
number of 10°, as is shown in Figures 10 and 11. While the quasi-implicit
scheme predicted a transient heat transfer mechanism, the semi-implicit form
has given a steady solution. The quasi-implicit scheme gives a solution which
has no steady state but varies with time in a cyclic fashion. In Figure 10, two
different flow and isotherm patterns from this cycle are given at two different
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Figure 5.

Buoyancy driven flow
from a cylinder buried
into a fluid saturated
porous medium
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Figure 6.

Buoyancy driven flow
from a cylinder buried in
a fluid saturated porous
medium

Streamlines Isotherms

(a) Quasi-implicit solution, |y, . |=11.557

(b) Semi-implicit solution, |y, |=11.435

Note: Flow and isotherm patterns at Ra = 108,
Da=10"°¢=0.5

non-dimensional times. Figure 11 shows the steady solution given by the semi-
implicit form for the same Darcy and Rayleigh numbers.

As can be seen from the steady state results of Figure 9, the results of
Figures 10 and 11 again confirm the conclusion that either the semi-implicit
scheme gives an effect of a smaller Rayleigh number than that of the given
one or the quasi-implicit scheme gives the effect of a higher Rayleigh
number. From the comparison of converged results of the first problem
considered in this paper with other results and also from the fact that the
transient terms are treated properly in the quasi-implicit scheme, one can
conclude that the quasi-implicit schemes are more accurate than the semi-
implicit scheme.
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Note: Transient flow and isotherm patterns at Ra =
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Figure 7.

Buoyancy driven flow
from a cylinder buried in
a fluid saturated porous
medium
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@ t=1.69,|y,, |=17.584
(b) t=2.02,|y,,,.|=17.714
Figure 8.
Buoyancy driven flow
from a cylinder buried in (©) t=2.57,[y,,,, | = 17.571
a fluid saturated porous ) )
medium Note: Transient flow and isotherm patterns at Ra =

2x108 Da =107, £=0.5. Semi-implicit solution
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Streamlines Isotherms
(a) Quasi-implicit solution, |y, |=18.954
(b) Semi-implicit solution, |y, |=15.103
Note: Flow and isotherm patterns at Ra =5 x 104, Da= 1072, Figure 9.
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Figure 10.

Buoyancy driven flow
from a cylinder buried in
a fluid saturated porous
medium

Streamlines Isotherms

(]
lasae)
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(b) t=1.105, |y 21.208
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Note: Transient flow and isotherm patterns at Ra = 103, Da =
1072, £ = 0.5. Quasi-implicit solution



Note: Flow and isotherm patterns at Ra = 10°, Da = 1072,
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£=0.5. Semi-implicit solution, |y, |=21.244
Da Ra SI QI
106 107 29,667 716
(3 x 107°) 1x 1072
10-6 5 x 107 28,467 1,069
3 x 1079 5 x 10-3
106 108 24,674 5,643
(3 x 1075 7 x 1074
106 2 x 108 transient transient
102 10° 26,251 713
(3 x 1079) 1 x 102
102 5 x 10° 35,193 1,339 )
(3 x 1075 5 x 1073
102 2 x 10* 40,055 60,134
(3 x 107°) 1x 10
102 5 x 10* 46,168 127,722
(3 x 1079 5x 107°
102 10° 49,955 transient
(3 x 1079 -

Note: The time steps used in each case are given in parentheses

Figure 11.

Buoyancy driven flow
from a cylinder buried in
a fluid saturated porous
medium

Table III.
Comparison of CPU
time in seconds on a
Pentium 166 for the
buried cylinder
problem
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Table IV.
Comparison of average
Nusselt number (Nu)
for the buried cylinder
problem

Table III shows the CPU time taken by each scheme and the time steps used
in each case. The CPU comparison is similar to the first problem studied in this
paper on a fine mesh. At smaller Rayleigh numbers again the @/ scheme has
the advantage of efficiency over the SI scheme. However, at higher Rayleigh
numbers, in the non-Darcy regime, the SI scheme is more efficient than that of
the QI scheme. The solution was not obtained beyond Ra = 2 x 108 in the
Darcy flow regime nor beyond 10° in the non-Darcy flow regime, as the flow
turned into a transient state beyond these limits.

In Table IV, the average Nusselt numbers obtained on the buried cylinder
problem are compared for both the schemes. In general the average Nusselt
number predicted by the SI scheme are equal to or smaller than that of the QI
scheme except for Ra = 10° in the non-Darcy flow regime, where the average
Nusselt number predicted by the SI scheme is higher than that of the QI
scheme. This change in trend can be attributed to the transient developments
occurring when the QI scheme was used at Ra = 10° in the non-Darcy flow
regime. The average Nusselt number given for the @/ scheme at Ra = 10° is
time averaged over a transient cycle.

5. Conclusions

A comparative study has been carried out to evaluate the performance of two
different time stepping schemes for natural convection in a fluid saturated
porous medium. Both the schemes were tested on two different problems.
Although the QI scheme is faster at lower Rayleigh numbers, the SI scheme
has the advantage of speed at higher Rayleigh numbers, especially in the Darcy
flow regime. On the coarse mesh used, the SI scheme has the clear advantage of
efficiency over that of the QI scheme.

Another point of practical interest is that the QI scheme can be used to
calculate transients accurately without any further modifications to the code
but the SI scheme needs modifications. However, features such as the
simplicity of the SI scheme and its CPU advantages over the @/ scheme in
some flow regimes even on a fine mesh are worth noting.

Da Ra SI QI
106 107 1.182 1.184
106 5 x 107 2.373 2.430
106 108 3.517 3.673
1076 2 x 108 5.419 5.722
1072 10° 1.173 1.133
102 5 x 10° 1.568 1.651
1072 2 x 10* 2.249 2.387
102 5 x 10* 2.893 3.024
102 10° 3526 3.089 (transient)
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