%/ IETA

International Information and
Engineering Technology Association

International Journal of Heat and Technology
Vol. 39, No. 3, June, 2021, pp. 711-726

Journal homepage: http://iieta.org/journals/ijht

Mixed Convection in a Two-Sided and Four-Sided Lid-Driven Square Porous Cavity

Shobha Bagai'*, Manoj Kumar?, Arvind Patel?

Check for
updates

L Cluster Innovation Centre, 3rd Floor University Stadium, G C Narang Road, University of Delhi, Delhi 110007, India
2 Department of Mathematics, Faculty of Mathematical Sciences, University of Delhi, Delhi 110007, India

Corresponding Author Email: mkumar@maths.du.ac.in

https://doi.org/10.18280/ijht.390305

ABSTRACT

Received: 20 August 2019
Accepted: 19 March 2021

Keywords:

alternating-direction-implicit (ADI) method,
finite difference method, mixed convection,
two-sided and four-sided lid-driven flow,
porous media

The present paper investigates the mixed convection in a two-sided and four-sided lid-
driven square cavity in porous media. In the two-sided porous cavity, the left and right
walls of the enclosure are maintained at constant but different temperatures, while the top
and bottom walls are adiabatic. The top and the bottom walls of the enclosure move with
a constant speed from left to right. In the four-sided porous cavity, the top and the bottom
walls of the enclosure move from left to right and right to left, respectively, while the left
and the right walls move from top to bottom and bottom to top, respectively, with a constant
speed. The left and right walls of the enclosure are maintained at different heat fluxes,
while the top and bottom walls are maintained at hot and cold temperatures, respectively.
The governing equations are discretized by the fully implicit finite difference method,
namely, Alternating-Direction-Implicit (ADI) method. The numerical results are analyzed
for the effect of Darcy number (Da = 0.001, 0.01), Prandtl number (Pr = 7), Grashof
number (Gr = 50,000), porosity (¢ = 0.2) and viscosity ratio (4 = 1, 3). The stability and

convergence of the considered problem have been proved using the Matrix method.

1. INTRODUCTION

During the past few decades, the problem of natural or
mixed convection in lid-driven square or rectangular cavity
with porous media has been widely studied due to its simple
geometrical settings and its practical applications [1] such as
nuclear waste disposal, coal and grain storage, textile materials,
geothermal systems, biological processes, and many others.
Mixed convection in lid-driven square or rectangular cavity
has various applications in engineering science [2], such as
lubricant technology, chemical processing, cooling of
microprocessors and electronic components, float glass
production, etc. The lid-driven cavity in porous media whose
all four walls are kept at different heat flux or temperatures has
been studied by many researchers. Mixed or natural
convection in a square cavity with three different cases, i.e. (a)
all walls of the cavity are kept stationary, (b) one side of the
wall is in motion (c) two sides of the cavity are in motion, has
been studied in the following literature.

Mixed convection in a square cavity with all walls at rest
has been studied by Venkatachalappa et al. [1], Saeid and
Mohamad [3], Mansour et al. [4], Basak et al. [5], and
Badruddin et al. [6]. Venkatachalappa et al. [1] investigated
natural convection inside a square porous cavity using the
finite-difference ADI method. Saeid and Mohamad [3] studied
the natural convection within the square cavity by keeping its
right wall at hot temperature and sinusoidal condition on its
left wall. In contrast, the top and bottom walls are adiabatic.
Mansour et al. [4] investigated the numerical study of natural
convection with thermal radiation inside a wavy porous cavity.
Basak et al. [5] examined the natural convection flow inside a
square cavity keeping its top wall adiabatic. In contrast, the
bottom wall is maintained at hot temperature or a sinusoidal
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boundary condition. The left and right wall of the cavity is
maintained at a cold temperature. They have obtained
numerical results for various parameters; Rayleigh number
(10%< Ra < 10°), Darcy number (10-5< Da < 10%), and Prandtl
number (0.71 < Pr < 10). Badruddin et al. [6] examined the
heat transfer by convection, conduction, and radiation using a
non-equilibrium thermal model inside a square porous cavity.
The numerical results are discussed for various parameters like
Rayleigh number, inter-phase heat transfer coefficient
radiation, and modified conductivity ratio in terms of Nusselt
number for solid and fluid.

Natural or mixed convection in the one-sided lid-driven
square porous cavity has been studied by Chattopadhyay and
Pandit [7], Kandaswamy et al. [8], Mohan and Satheesh [9],
Md. Hidayathulla Khan et al. [10]. Chattopadhyay and Pandit
[7] have used the higher-order compact (HOC) scheme to
analyze the mixed convection in a lid-driven trapezoidal
porous enclosure whose top wall is kept at a motion from left
to right. The effect of convection in a trapezoidal porous
enclosure is examined for different Peclet numbers.
Kandaswamy et al. [8] have numerically investigated the
effect of Prandtl number on mixed convection in a one-sided
lid-driven square cavity filled with porous media. They have
found that conduction is dominated at low Prandtl numbers,
while mixed and forced convection dominates the temperature
field as the Prandtl number increases. Mohan and Satheesh [9]
investigated the double-diffusive mixed convection with
magnetohydrodynamic effect in a one-sided lid-driven porous
cavity. They have examined the fluid flow in the top-sided lid-
driven square cavity in both directions with a constant velocity.
They analyzed streamline contours, concentration,
temperature gradients, and velocity components for a wide
range of non-dimensional parameters like Hartmann (1 < Ha
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<25), Lewis (1 < Le <50), Prandtl (Pr = 0.7), Richardson (Ri
= 1.0), Darcy (Da = 1.0), and Reynolds (Re = 100) numbers.
Khan et al. [10] have used the Marker and Cell (MAC) method
to analyze the mixed convection in a one-sided lid-driven
porous cavity.

Natural or mixed convection inside a two-sided lid-driven
porous cavity has been studied by Vardhana and Das [11],
Muthtamilselvan et al. [12], Behzadi et al. [13], Mittal et al.
[14], Chattopadhyay et al. [15]. They have all investigated the
mixed convection inside a two-sided lid-driven square porous
cavity, in which the left and right walls move at a constant
speed in the same or opposite directions. The left and right
walls of the cavity are kept at constant but different
temperatures, while the top and bottom walls are adiabatic.
Muthtamilselvan et al. [12] carried out numerical computation
in a square porous cavity whose top and bottom walls move in
opposite directions. Behzadi et al. [13] have investigated the
effect of porous media on mixed convection inside a ventilated
square cavity, in which an external flow enters the enclosure
from a port on the left vertical wall and leaves from a port on
the right wall. Md. Hidayathulla Khan et al. [16] investigated
the mixed convection under the effect of radiation inside a
porous square cavity whose top and bottom walls are kept at a
constant temperature, while some portions of the left and right
walls of the cavity are partially heated. Vusala and Kumar
[17], and Bagai et al. [18, 19] have used the stream function-
vorticity formulation to investigate the mixed convection
problem with heat or mass transfer in a two-sided or four-sided
lid-driven square porous or without a porous cavity.

The present study analyzes the mixed convection in a two-
sided and four-sided lid-driven square cavity filled with
porous media. The governing equations for the considered
problem are discretized by a fully implicit finite difference

scheme, namely Alternating-Direction-Implicit (ADI) method.

We shall also prove the stability and convergence of the
numerical scheme to obtain the desired accuracy by the Matrix
method.

2. MATHEMATICAL FORMULATION
2.1 Physical description

The physical model of a two-sided and four-sided lid-driven
square cavity of unit size with heat transfer is illustrated in
Figure 1. The cavity is filled with homogeneous, isotropic,
saturated, sparsely packed porous material of high
permeability K. The fluid's thermo-physical properties are
presumed to be constant, except the density, which varies
linearly with temperature as, p = po[1 — B(T), — T.)], where
B is the thermal expansion coefficient, and the subscript 0
denotes the reference state. Natural convection occurs in the
cavity due to temperature gradient, and forced convection
occurs due to the motions of the lids. Thus, the combination of
natural convection and forced convection results in a mixed
convection problem.

In the two-sided porous cavity, the top and the bottom walls
of the cavity move from left to right with velocity u = 1. The
left and right walls of the porous cavity are maintained at cold
(T=—1) and hot (T'= 1) temperatures, respectively, while the
top and the bottom walls of the cavity are adiabatic. In a four-
sided cavity, the top and the bottom walls of the cavity move
in opposite directions with velocity # = 1. The left and right
walls of the cavity move with velocity v = 1 in the opposite
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directions. The top and the bottom walls of the porous cavity
are maintained at hot (7= 1) and cold (7 = —1) temperatures,
respectively, while the left and right walls of the cavity are
kept with heat flux dT /0x = —1 and 9T /dx = 1 respectively.

Porous Media
T=A
g

T=-1
—» u=1

y
X
aT

B —=0 C
ay

(a) Two-sided lid-driven square porous cavity

A
T=1 D

—» u=1

Porous Media

(b) Four-sided lid-driven square porous cavity

Figure 1. Flow configuration and coordinate system for two-
sided and four-sided lid-driven square cavity in the porous
media

2.2 Governing equations

The governing equations of mixed convection in a lid-
driven square porous cavity based on Boussinesq
approximations, using the stream function-vorticity (i) — &)
formulation in the non-dimensional form [1] can be expressed
as:

106 1 9¢ 1 09¢& GroT
St S Ut V=
ot € Ox &> dy 2 0y 1
A 62€+625 1 M)
0x%  0y? DaE'
56T+ 6T+ 0T_1 02T+02T 9
ot T “ox Uay_Pr 0x2  ay2) @
V2 = =¢, 3)
Y oY
=—,V=—— 4
u dy 0x @
where,
g_@_aiu7 zi’yzllu: u , :Vi’tzzti
ox oy L L all all a“lL )
’ 2 2
QILT LT g-0, 2 X oy



The non-dimensional parameters are Prandtl number, Darcy
number, viscosity ratio and Grashof number, defined as
follows:

! 6, —6,)L3
PP /[l 5
u v

Sl =

v
Pr=—,Da=
a

The Darcy number is the ratio of permeability of the porous
media to square of the length of the cavity. The medium’s
permeability is defined as, K = D}e*/144(1 — €)?, where D,
is the particle diameter and ¢ its porosity. The porosity in the
porous media structure is an important indicator, which
directly affects the movement characteristics of the fluid. So,
its effect can be considered by varying the Darcy number.

The initial and the boundary conditions associated with the
system (1) to (4) are:

Case 1: Two-sided lid-driven porous cavity

t=0u=v=T=¢9=¢=00<xy<1,
d
t>0;x=0:T=—1,1/)=£=0(i.e.v=0),

—1T=19p=20Gev=0

X=11 = ,lp—a— (L.e.v— ),
ot L oop=0P-1¢eu=1)
y= 15y = RS By i.eu=1).

Case 2: Four-sided lid-driven porous cavity

t=0u=v=T=9=¢§{=0, 0O0=<xy<l,
t>0; —O-aT— 1 _06 =1(@ =-1)
;X = i P = s i.e.v= s
—1-aT—1 _061/)_ 13 =1
x = v P = ax = i.e.v=1),
=0:T=-1 _061,0_ 1( =-1)
y_ . - !l/)_ ;ay— L.e.u= )
=1:T=1 _061/)_1(_ =1)
y_ . - ;1/)— ;ay— L.e.u= .

Heat transfer along the left and right walls of the cavity is
also studied with the help of the average Nusselt number. The
local and average Nusselt numbers along the left and right wall
of the enclosure are defined as follows:

Left wall Right wall
Local Nusselt _ 0T _aT
number Nur =35 x=0 Nir = 5% x=1
1 1
Average Nusselt —_— —_—
nl?mber Ny, = fNul dy Nu, = f Nu, dy
0 0

3. NUMERICAL DISCRETIZATION

The finite difference method is used to discretize the
Poisson, vorticity, and energy transport equations. The
coupled Eqgns. (1) to (3) are solved numerically utilizing
Alternating-Direction-Implicit (ADI) method. Using the ADI
method, we obtain a system of tri-diagonal equations, which is
solved by LU-decomposition for vorticity £ and temperature T.
The second-order partial derivatives of flow variable ¥ in Eq.
(3) are discretized by the second-order central finite difference
quotients.
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The first and second-order partial derivatives of stream
function v, vorticity &, temperature T in Eqgns. (1) to (3) with
respect to time and space variables are discretized using
forward-time and central-space (FTCS) finite-difference
quotients for the ADI Scheme [17, 20]. The finite difference
quotients are used to discretize Eqgns. (1) to (3) to get the
following discretized equations.

In view of the discretization Eq. (3) can be written as:

Vit =29t it
Ax?
1 1 1 (6)
+1l’it,}r+1 - 2¢f+ + lpf;—l _ st
Ayz - iLj

The discretized Eq. (1) with time step t + % and t+1 can be
expressed as:

AL (e ) EAAt EAAL| it
8eAxAy VL T 1+ 2
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8eAXAY (l//”l'j l//i’l’J) 2Ay i+l
AU ey, EMAL sAAt it ] L,
| 8eAxAy (Vi W"H) }f - { AX? 2Da}§',1
[ OAt o\ eAAt]L eGrAtr,
__ 8gAXAy (l//i,j+1_l//i,j—1)+ 2AX2}§”” + 8Ay [Ti,iﬂ _Ti,j—lJ
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At ! t eAAL | 1 EAAL | i
At t t eAAL | o
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| At t t EAAL 1 'H% SAAt At H%
_ C ), Gt .
i 8€AxAy('//'*“ Viu) 28y% |7 Ay 2Da |
At t t eAAL 1 et eGrAt . t
+L;5A>(A)’(Wm'j _V/H'j)Jrfyz_ L W[Ti,jd_-ri,j—l}

The Eq. (2) at time step t + % and t + 1 can be discretized
using the ADI scheme as follows:

A At ]t
L=y e —— (T 24| 14
|:85AXAV(WHLJ VHJ) ZSPrAyZ} ij-1 |:
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t
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2SPrAxX?

:|Till, j

M
8SAxAy

{17 At At g
SPrax? 25Prax? | 1

and,
At

At t+l
{ 2SPrad BSAXA)’(V/I " W"l)}h‘j{“

At

At ; Tit}r1+
SPrAx: | *
At At At =
Tt+1 — t T 2
{ 25Prax’ SSAXAV(W'“1 W'”)} e {ZSPrAy SSAxAy(W”“ W"“)} e
At At

At = wl
+|1- T2+ + Lmw T2
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4. STABILITY AND CONVERGENCE OF THE
NUMERICAL METHOD

This section proves the stability and convergence of the
considered problem using the Matrix method. We will adopt
the following difference approximation formula for first-order
partial derivatives [20]:

$ivtj — §ij
D(+x)(Ax)€1] - Lx = +0(Ax),
&ij — €imjj
D (Ax)é;; = % + 0(4x),
$ivtj — Sio1j
Do (Ax)&; = = ]2Ax1 L+ 0(4x?).

The second-order partial derivatives will be approximated
by second-order central difference formula.

28+ &1
Ax?

El+1]

D? (0. x)(Ax)El] + O(sz),

where, Ax is the step length in x-direction. Similar formula
will be adopted for y-direction. Let At denotes the step length
in time (t) —direction. Further, we assume A* = D?,,,B* =

D?,,,C* = Dy, and D* = D, ,,. Eq. (1) at time step ¢ + % can
be discretized as:

1 At At
t+5 t _ * t % t+=
§ij 28 = T8 —5oviDE,
eAt R 7 ViY A
+TGTD Ti,j + 2 A fi,j
eNAt 1 eAt
pre e gt
2 $ij 2Da
On simplification we have:
At * EAAt * t+—
|:1+_171]D B:lflj
eAt ¢
= |76 D*] Iy
[I c 4+ eAAtA* sAt] ¢
2¢ 0 2 2Dal St
This implies,
f-,”z =E& ;' + FiT,;" (7
. eAAt Thro At eddt
sAt]
2Da
o= [1+At D sAAtB*] ! eAt . D*]
Ll PP 2 e

Eqg. (1) at time step t + 1 can be discretized as:

1 t At
—-§&, 2= —Zuuc &, _Evi,jD &2
eAt
* t
+TGTD T,;" +——
eAAt
2

t+1
$ij

1
B*fi’jt+i _
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Simplifying the above equation, we get:

[|+£u o A*};f*lz[—gthrD}
& At

2¢ 2
1
[l—ﬂv D" 4 EAAL };.tz
2Da |7

2 2

B —

This implies,

& =68 2 +HT;* 3

SN

e/lAtA*] G D*]
2 g

eAAt
2

At e/lAt

2¢

B*

Gy [1+ u; jC* — vl]D*
sAt

" 2Da
At

2¢

Hl = [I + ui,jC* -
Combining the Egns. (7) and (8) we obtain,
&7 = GiEi§y" + (G Fy + HDT, ) ©)

The energy Eq. (2) at time step t +% and t + 1 can be
discretized as:

t+1

..z_T.‘.—iAT‘

b Mooospr M

At v At At (10)
+ BT 7oy, CT — v, DT, 3

2SPr 12s 2S

gt AU pr
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A gt Ay e ALy p

2sPr M 28 28

On rearranging, the Eqns. (10) and (11) can be expressed as:

1
|y AL v, D' At gl
257 aspr | M
At At (12)
=|1-—u, C'+ AT
25 2SPr !
[|+ﬂui. A A*}Ti‘.“
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1
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Combining Egns. (12) and (13) we obtain,
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From Eqns. (12), (13) and (14) we have:

1

t+= t
T.;2=ET} (13)

1
+1 Ly
T =G,T, > (16)

T =G,ET (17)

where,

At
2SPr

_ At
2SPr

—Eu C+

2S
ﬁvi D"
2s

At
2SPr

At
2SPr

E,

g ][t
] [l

A o
Writing the Eqns. (9) and (17) in matrix form we obtain:

28
;# GE, GF+H,| &,
Tifj*l 0 G,E, T

For stability of the considered problem by matrix method,
we must have:

G,

GE GF+H}
<1

which imply ||G,E; || < 1 and ||G,E,|| < 1. For any matrix
M, p(M) < ||M|| all matrix norm ||.]|. The equality can occur
if we take norm to be spectral norm for the matrices, and it will
be valid provided M is diagonalizable with real eigenvalues.
So in our case we have

PGE) =[GE| =<[G[E]=r(G)r(E) =2

Thus in order to achieve||G; E;|| < 1, we will prove p(G;) <
1 and p(E;) <1 for i=1 and 2. We will only prove that
p(E;) < 1 and the other case can be dealt similarly. Consider
Eqns. (7) and (8) with A"=B", and C"= D". Note that this occurs
for vorticity-transport equation due to uniform grid spacing in

both directions [20]. The discretized Eg. (7) without
temperature term can be expressed as:
At sAAL | 1l AAL) vt | At EAAL | 3
- Vii T ooz [Ga | T 60 Vi T i =
4eAy 1 2Ay ' Ay ' 4eAy M 2Ay?
{ At gAAt} £ ( sAAt  eAt ] £ { At gAAt} £
deAx M 2Ax2 [T A 2Da)™ | dgax M 2axE |7

Using the known boundary values and for a fixed i in x-
direction and varying the values for j in y-direction, j = 2...n-
1, we get a system of equations expressed in matrix form as
follows:

a b 5”.5 a’ b ﬁjz
c ab Wk c a b .
St |= S é:k +Rh;
c ab : ¢ a b t:
c gt*% ¢ a Sivins
i
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where,
a=|1+ gAAZt},
LAY
| At enAt 8
4gAy Moooay? | (18)
At EAAL
C=|—7 -V i 2
i 4gAy 2Ay
. [ eAAL gAt]
a'=l-—p—-———|,
AX 2Da
oAt eAAL
b _[ 4gAxu”+2Ax2} (19)
. [ At gAAt}
C = Ui L+
4enx VT 2AX3

and Rh; is the vector of known boundary values and zeros.
Rewriting the above system:

el ol
RS 2 =Q& +R *

where, the matrices P1, Q; are of order n-2 as shown above,
1
&2 and &t denotes the column vector with components
1 1
t+= t+= t+= t t t
Sija 2Sijs 2 ---fi,jn_l Sij 1Sijs +Sijno

respectively, R,"*z is a column vector of boundary values and

and

1
zeros of £7*2. Since Py is a tri-diagonal matrix, the eigenvalues
of matrix Py is given as [21]:

St

7) s=1,2,..,n—2.
1)

A, =a+2+/bc cos[

Using the values of a, b, ¢ from Eq. (18), the eigenvalues of
matrix P1 are given by

Ags = (1+

Similarly, the eigenvalues of matrix Q. are given by

U AX Y
A = [17 —ﬂ}ﬂet 1-| —% cos[s—”
2Da) Ax 2e°A n-1

Hence, for stability we must have:

S

SAAL v, Ay Y
+—— | 1= 5 cos| ——
Ay 2e°A n

eAAL j

,$=12,..,n-2.
Ay? j -

-1

EAAL
NG

[RQl, = (R Q) = max| 7| <1,

ps

s=12,...,n—2.

(1 sAAL gAt] gAA{ [ui,jAXJZ} ( st j
|t [ 5 cos| —
Ax" 2Da) Ax 2&°A n-1
[Py, =max z <1 (20)
1, EMALY | eAAL v; jAY s
* Ay? * AY? - 26°A oo n-1
We have chosen,
U. - AX V. A
Ax:Ay,r:ﬂét:ﬂétJ':L“’M: "12 and M'= "Jzy
AX Ay 2Da 2e°A 2e°A



Then the Eq. (20) can be expressed in the form:

1+r+ry1-M" cos[s—”lj

1-r—r'+ryl1-M? cos(s—”)

<1l s=12..,n-2

€2y

-1
Q)] =max

Since 0 <u;;v;; <1,Ax* ~107% =02, we have
IM| <1,|M] <1 or |u| <1, [P
2e2A 2e2A

|u; jAx| < 2e2A and |v; ;Ay| < 22A. Now assuming:

=1)

|§1. So we get

1—-r—r'+r 1—M2cos(n

f= , we see that
1+7r+7rJ1—M"?cos (nsfl)
v _ 0 i = 1
I gives s=n-—1,

For this value of s, ||P,7'Qy||, has maximum value,
therefore Eq. (21) reduces to:

1—-r—r'—r1—M?

<1
1+r—rd1-—m?2

Left side inequality implies,

—1-r+rVyl1-M"? <l-r—r'—ry1-M?

On simplifying

2
< —_—
r [Vi-M2+v1-m7|
Letting M,M' — 0, r < 1. Also,

eAAt

<
0= Ax?

2
=r<l, ie At <22
eA

Now consider the case p(E,) < 1 and the case p(G,) <
1 follows on similar lines. Now, E is equivalent to matrix
form as described below:

it

d e T2 d e 3
f d e WL frod e e
T2 = .. M +Rh’;
f e frd e T‘.
1 ’ ’ vina
f d TiTji f' d b
where,
At At At At At
d=|1+ 5 |.e= Vv, — s == Vv, i— 3
SPrAy 4SAy "' 2SPrAy 4SAy ' 2SPrAy

At , At At , At At
- ol Edid Ui + 7= Ui+ 2
SPrAx 4SAX 2SPrAx 4S Ax 2SPrAx

a1

and Rh’; is the vector of known boundary values and zeros.
Rewriting,

1 t-*—1
2
1

PZTt+E _ Q2Tt + R2
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where, the matrices P2, Q; are of order n-2 as shown above,
1
T'*z and Tt denotes the column vector with components
1
T; 2T, T, 5T . 0T *

li:jn—l Jz 2 M3 Ljn-1
respectively, R,"*2 is a column vector of boundary values and

1 1
t+= t+=
T,

go 2T and

1
zeros of T**z. Now, proceeding as for the above case, we get:
At < S Pr Ax?,

Thus, we have proved that:

lug jAx| < 262A, |v,jAy] < 2624, At <22,
|u; jAxPr| < 2, |v, jAyPr| < 2, At < SPr Ax2.

Thus the applied numerical scheme for the considered
problem is unconditionally stable. The considered scheme is
also consistent as local truncation error tends to zero as the step
lengths in all direction tends to zeros. Hence the considered
scheme is convergent by Lax's equivalence theorem [21].

5. NUMERICAL COMPUTATIONS

The numerical solution of the unknown flow variables
Y, &, T for the considered problem has been calculated with the
help of MATLAB. We have chosen the relevant parameters in
the governing equations like Prandtl number (Pr) and Darcy
number (Da), porosity (¢), Grashof number (Gr) compatible
with the considered problem.

5.1 Algorithms for stream function-vorticity formulation

(i) Setinitial conditions at time t 0fory, &, T.

(i) Calculate ¢; ; attime level t + At for each interior grid
point from (13) and (17).

(iii) Obtain v, ; at all points by solving Eq. (3) using new §
values at interior points.

(iv) Update velocities by calculating u = %, v = —%.

(v) Calculate T;; at time level t + At for each interior
grid point from (14) and (18) using u and v values at
interior points.

(vi) Update &; ; at the boundaries using ¥ and ¢ values at
internal points.

(vii) Return to Step (ii) if the solution is not converged.

6. RESULTS AND DISCUSSION

This section discusses the numerical results of streamline
contours, isotherm contours, and the average Nusselt number
at the left and right walls of the square enclosure. The results
are analyzed for different values of Darcy number (Da = 0.01,
0.001), viscosity ratio (A = 1, 3), Grashof number (Gr =
50,000), porosity (¢ = 0.2), and Prandtl number (Pr = 7) for
two different cases as mentioned above. The numerical
computations are carried out in a transient form at different
time levels £ = 0.01, 0.1, 0.5, 1, 10 and many more We have
observed that the numerical results attain their steady-state
solutions for Darcy number Da = 0.001 and the viscosity ratios
(4 =1, 3) at time level ¢ = 1.5. In contrast, it has oscillating
behavior for Darcy number Da = 0.01 and both the viscosity
ratios (4 = 1, 3) after a specific time period.



6.1 Case: 1

Figures 2 to 5 present the streamline contours for a parallel
sided lid-driven cavity problem with different values of Darcy
number (Da = 0.01, 0.001) and viscosity ratios (4 = 1, 3) at
various time levels. The streamline contours have different
behavior for distinct viscosity ratios at Da = 0.01. Figure 2
depicts the streamline contours for Darcy number Da = 0.01
and viscosity ratio (4 = 1) at distinct time levels. The
streamline contours attain an elliptic shape near the horizontal
walls of the cavity at time level #=0.01. The two small circular
type contours are generated near the left and right wall of the
cavity, inside a single contour of absolute value 0.1 at #=0.1.
The four contours are formed about the horizontal and vertical
line through the mid of the cavity at # = 0.5. As time increases
from #= 0.5 to 1, the two small contours on the diagonal corner
along with a large circular contour with centre at (0.5, 0.5) are
developed. This large circular contour moves in an anti-
clockwise direction. With an increment of time 7= 1 to 2.6, the
weaker top-diagonal contour starts expanding (with a
clockwise rotation) and shifting the large anti-clockwise
rotating contour towards the right vertical wall. And finally,
the clockwise rotating contour occupies the whole cavity with
two weaker contours in the anti-diagonal corner of the cavity
at time level 1= 2.7.

The weaker contour in the left-bottom corner of the cavity
starts expanding with an anti-clockwise rotation and vanishing
the larger clockwise rotating shape with an increment of time
t=2.7 to 5.2. The streamline contours attain the same position
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as it was at the time level of t = 1. This occupying and
vanishing the clockwise or anti-clockwise rotating shapes
continue as time increases due to the oscillating behavior in
the average Nusselt number at Da = 0.01 (see Figure 10).

Figure 3 illustrates the streamlined contours for Da = 0.01
and viscosity ratio (4 = 3) at different time levels. The
streamline contours of viscosity ratio (4 = 3) are similar to A
=1 attime = 0.01, but the intensity of the streamline contours
are higher than that of 4 = 1. At ¢+ = 0.1, the innermost
streamline contours regarding the mid-horizontal line through
the geometric centre of the cavity look like a human foot as it
has a depression. The streamline contours above the geometric
centre of the cavity have a clockwise rotation. In contrast, it
has an anti-clockwise rotation in the bottom half of the cavity.
It attains a nano-car structure as time increases 0.5 to 1. This
behavior retains till time level ¢ = 7.8, and then it starts
changing its behavior as time increases. As time increases ¢ =
10 to 11.2, the clockwise rotating elliptic streamline contours
dominate the anti-clockwise rotating contours present in the
lower half of the cavity. The streamline contours in the lower
half of the domain start expanding and shifts the clockwise
streamlined contours in the top left corner of the cavity as time
increases from 11.33 to 11.37. With an increment in time ¢ =
11.37 to 11.48, the clockwise rotating streamlined contours
start dominating the anti-clockwise one in the lower half of the
cavity. This process continues as time increases due to the
periodicity of the average Nusselt number for Da =0.01 and 4
=3 (see Figure 10).
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Figure 2. Streamline contours for two-sided lid-driven square porous cavity with Da =0.01 and A =1
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Figure 3. Streamline contours for two-sided lid-driven square porous cavity with Da=0.01and 4 =3

Figures 4 and 5 show the streamline contours for Da =0.001
with viscosity ratios 4 = 1 and 4 = 3 respectively. The
streamline contours for 4 = 1 and 4 = 3 are having a similar
behavior at a particular time level £=0.01, 0.1, 0.5, 1, 10. The
streamlined contours about the horizontal centerline of the
cavity are elliptic. They have a bend towards the mid of the
right vertical wall of the domain for both the viscosity ratio /4
= 1, 3. The difference is in the magnitude of the stream
function . The absolute value of stream function y decreased
with an increase of viscosity ratio 4 = 1 to 3 and a decrease of
Darcy number from Da = 0.01 to 0.001.

The isotherm contours for different values of Darcy number
(Da = 0.01,0.001), viscosity ratio (4 = 1, 3) at different time
levels are presented in Figures 6 to 9. The isotherm contours
shift towards the cavity's midpoint with an increment of time ¢
=0.01 to 0.1. These contours settle near the domain's boundary
at time ¢ = 1. As time increases from 1 to 2.6, the isotherm
contours occupy almost the whole cavity except the middle
part of the lower half of the domain. The left-half region of the
cavity contains cold profiles, while the other half includes the
hot one. With an increment of time from 2.6 to 4.5, the cold
isotherm contours start occupying the whole cavity by pushing
the hot isotherms towards the right wall. The contours occupy
a y type structure and leave the top middle region of the
domain at ¢+ = 4.7. Further, as time increases 4.7 to 5.2,
isotherm contours attain the same structure as a case of time ¢
= 1. Now, this process continues again and again due to the
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periodicity of the average Nusselt number.

Figure 7 depicts the isotherm contours for Da = 0.01 and 4
3 at different time levels. The isotherm contours are
symmetric about the horizontal line in the mid of the cavity at
t=0.5. The temperature profiles shifts from the hot (right) wall
to the cold (left) wall in an electric bulb-like structure. The
cold isotherm from the left vertical wall moves along the top
and bottom's mid-wall. While the hot isotherm contours move
towards the left wall from the middle of the right wall at ¢t =
0.5 and 1. This position shifts upward along the right boundary
as time increases from 1 to 11.20. Further, it tends anti-
diagonally as time rises from 11.20 to 11.37. These contours
start changing their position to the original one (at z = 1), and
then it oscillates between two shapes (that occurred at a time
level 1 and 11.37) as time increases.

Figures 8 and 9 show the isotherm contours for Da = 0.001
with viscosity ratio 4 = 1 and 3 at distinct time levels. The
isotherm contours behave like that of Da=0.01, A = 3 till time
t =1 and then attain its steady state. Figures 8 and 9 depict that
the cold isotherm contours occupy the region near the left, top,
and bottom wall of the cavity from ¢ = 0.5 onwards for both
viscosity ratios 1 and 3, Da = 0.001. In contrast, the hot
isotherm contours occupy the area near the right boundary and
the middle part of the domain as a Conical Flask placed
vertically at time level 0.5 and then attain a test-tube structure.

Figures 10 and 11 present the average Nusselt number along
the left and right wall of the cavity for different values of



Darcy number (Da =0.01,0.001) and viscosity ratio (4 =1, 3).
Figure 10 illustrates the average Nusselt number at both left
and right wall oscillate periodically after # =2 with a period of
2.06 for the viscosity ratio 4 =1 and Da = 0.01. While for 4 =
3, the average Nusselt number at both side walls first attains a
steady-state (at approximately ¢ = 1) and then starts oscillating
with a minor frequency till 11.206. This frequency enlarges
after 11.206 and attains a steady oscillating behavior with a

period of 0.29. Figure 11 shows that the average Nusselt
number at both sides has the same behavior for both the
viscosity ratio 4 =1 and 3, at Da = 0.001. The average Nusselt
number at the left (or right) wall first decrease, then increases,
again decreases, and settles steady-state solution at £ = 1.25.
The numerical simulations were carried out till time level 40
and found it attains steady-state solutions after = 1.25.
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Figure 4. Streamline contours for two-sided lid-driven square porous cavity with Da=0.001and 4 =1
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Figure 5. Streamline contours for two-sided lid-driven square porous cavity with Da = 0.001 and 4 =3
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Figure 6. Isotherms contours for two-sided lid-driven square porous cavity with Da=0.01and 4 =1
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Figure 7. Isotherms contours for two-sided lid-driven square porous cavity with Da=0.01and 4 =3
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Figure 8. Isotherms contours for two-sided lid-driven square porous cavity with Da =0.001, 4 =1
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Figure 9. Isotherms contours for two-sided lid-driven square porous cavity with Da =0.001, A = 3
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Figure 10. Average Nusselt-Number for a two-sided lid-
driven square porous cavity with Da =0.01, 4 =1 and 3, at
the left and right wall

6.2 Case: 2

In this subsection, we will discuss the numerical results for
Case 2, in which all the four walls of the cavity are kept
moving. The top, bottom, and left, the right walls move with a
uniform velocity from left to right, right to the left and top to
down, down to the top, respectively. The top and bottom walls
are maintained at constant temperature 7 = 1 and -1,
respectively. The heat flux is provided at the left and right
walls of the cavity.

The streamline contours for Darcy number Da = 0.01, 0.001
and viscosity ratio 4 = 1, 3, are depicted in Figures 12 and 13
at different time levels. The two streamline contours are
formed one above and the other below the geometric centre of
the cavity at t = 0.01. These contours reduce to a single circular
contour with some inclination towards the diagonal of the
cavity at t = 0.1. The two small contours inside large contours
are generated as time increases from t = 0.1 to 0.5. These
contours reduce their sizes with an increment of time and
attain a steady-state at t = 1 onwards. The inclination of the
streamline contours towards the diagonal is greater for 4 = 1
in comparison to 4 = 3.

Figures 14 and 15 show two streamline contours are
generated about the geometric center of the square cavity at ¢
= 0.01. These two contours take a peanut-like shape with
bends diagonally at ¢+ = 0.1. The streamline contours are
arranged almost perpendicular to the horizontal axis as time
increased from ¢ = 0.1 to 0.5 and attained steady-state. The
stream function y decreases with increasing viscosity ratio /4
=1 to 3 for Darcy number Da = 0.01 and 0.001. The stream
function y decreases with decreasing Darcy number from Da
=0.01 to 0.001 at a particular viscosity ratio.

Figures 16 to 19 present the isotherm contours for different
values of Darcy number (Da =0.01,0.001) and viscosity ratios
A=1and 4 =3 at different time level t =0.01, 0.1, 0.5, 1 and

0 2 # B B 2«
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Figure 11. Average Nusselt-Number for a two-sided lid-

driven square porous cavity with Da =0.001, 4 =1 and 3, at

left and right wall

10. Figures 16 and 17 show that the isotherm contours are
straight lines near the top and bottom walls of the cavity at ¢ =
0.01. The isotherm contours of the top wall shift towards the
cavity's left wall at T = 0.1 while contours of the bottom wall
shift towards the right wall. The maximal temperature between
the top and bottom walls increases from 0 to 0.2 as time
changes from 0.01 to 0.1. In the middle of the cavity, isotherm
contours bend sharply for viscosity ratio 4 = 1 in comparison
to 4 = 3. As time changes from 0.1 to 0.5, isotherm contours
from the bottom wall increases then decreases and again
increases to approach the top wall for both viscosity ratio (4 =
1, 3). The effect of viscosity ratio is negligible after ¢t = 0.5
onwards. The isotherm contours attain their steady-state
solution after 1= 0.5.

Figures 16 to 19 illustrate that the isotherm contours behave
almost the same for Darcy numbers Da = 0.01 and 0.001. The
variation in contours becomes negligible for 4 = 1, 3 at Da =
0.001. At t = 0.5, isotherm contours increase smoothly from
the bottom wall to approach the top wall.

Figures 20 and 21 present the average Nusselt number along
the left and right wall of the cavity for different values of
Darcy number (Da = 0.01, 0.001) and viscosity ratio 4 =1 ,3.
The average Nusselt number at the left (or right) wall has the
same behavior for both viscosity ratio 4 = 1 and 3, at a
particular Darcy number. Figure 20 shows that the average
Nusselt number at the left (or right) wall first increases, then
decreases, and finally attains steady solution for both viscosity
ratios 4 = 1 and 3.

Figure 21a shows that the average Nusselt number at the left
wall first decreases then increases and again decreases to attain
the steady-state solution for both viscosity ratios 4 = 1 and 3,
at Da = 0.001. The average Nusselt number at the right wall
was first raised then reduced to achieve a steady-state solution
(see Figure 21b).
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Figure 20. Average Nusselt-Number for a four-sided lid-driven
square porous cavity with Da = 0.01, 4 = 1 and 3, at left and
right wall

The average Nusselt number at the left (right) wall decrease
with an increase of viscosity ratio from 4A=1 to 3 for both the
Darcy number (Da = 0.01, 0.001). It also decreases with a
decrease of Darcy number from Da = 0.01 to 0.001 at a
particular viscosity ratio (4 =1 and 3).
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7. CODE VALIDATION
To validate our present computer code, we have compared

the streamline contours and isotherm contours with the results
of Venkatachalappa et al. [1], in which all walls are kept



stationary. It has been found that our results and those of [1]
are good in agreement (see Figures 22 and 23).
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Figure 22. Comparison between the present result (top) and

Venkatachalappa et al. [1] of streamline contours for Da =
0.01, 0.001 with viscosity ratio 4 =1
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Figure 23. Comparison between the present result (top)
and Venkatachalappa et al. [1] of isotherms contours for Da
=0.01, 0.001 with viscosity ratio 4 =1
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8. CONCLUSIONS

This paper investigates the mixed convection inside a two-
sided and four-sided lid-driven square cavity filled with
porous media. We have employed the finite difference method
to calculate the numerical solutions. We have compared our
present results with the particular case in which all four walls
of the cavity are stationary with previously published work and
found to be in good agreement. We can conclude the following
points from the current study.

Case 1: Two-sided lid-driven square cavity

L The absolute value of y decreases with an increase of
viscosity ratio 4 = 1 to 3 and a decrease of Darcy
number Da = 0.01 to 0.001.

The viscosity ratio has a significant role in the
numerical computation of isotherm contours at Da =
0.01. The effect of viscosity ratio 4 = 1, 3 is
negligible with decreasing of Darcy number Da =
0.01 to 0.001.

The average Nusselt number at the left and right wall
has oscillating behavior for Da = 0.01 with viscosity
ratio 4 = 1 and 3. The average Nusselt number at the
left and right wall for A4 = 3 attains an approximate
steady-state solution at ¢ = 1.25.

IL.

III.

Case 2: Four-sided lid-driven square cavity

L. The stream function y decreases with an increasing
of viscosity ratio 4 = 1 to 3 and a decreases of Darcy
number from Da = 0.01 to 0.001.

The absolute value of average Nusselt number at left
(or right) wall decrease with an increase of viscosity
ratio from 4 = 1 to 3 and a decreasing of Darcy
number from Da = 0.01 to 0.001.

II.
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NOMENCLATURE

Da Darcy number

g Acceleration due to gravity

Gr Grashof number

K thermal conductivity, W.m?, K1

L Length of the cavity

n Number of grid points

Nu Average Nusselt number

P Dimensionless pressure

Pr Prandtl number

Re Reynolds humber

S Ratio of specific heat

T Dimensionless temperature

6 Dimensional Temperature

04 Reference Temperature

t Dimensionless Time

t Dimensional Time

u,v Dimensionless Component of velocity
u, v Dimensional Component of velocity
X,y Dimensionless Cartesian Co-ordinates
x,y' Dimensional Cartesian Co-ordinates
Ax, Ay Grid spacing along x and y axis.

At Grid spacing along t-direction

Greek symbols

TOGEPMD< DR

thermal diffusivity, m?. s-!
thermal expansion coefficient, K
viscosity ratio

dimensionless temperature
kinematic viscosity
Dimensional vorticity
Dimensionless vorticity
Eigenvalues of matrix
Dimensionless stream function
Dimensional stream function
Porosity

Dynamic viscosity



Subscripts R Right wall
ij Grid points
L Left wall
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