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Abstract: In this paper we have proposed a numerical scheme for the solution of two dimensional, steady state isothermal and i
incompressible Navier-Stokes equations. The proposed method is the modified version of semi-implicit Taylor-Galerkin-Pressure-
Correction algorithm (Chandio and Webster 2002). The projection method, originally developed for unsteady flow problems by |
Chorin and Temam (1968), is used here for solving incompressible Navier-Stokes equations for the solution of primitive variables. |
The velocity and pressure fields are computed in a decoupled manner. To validate the accuracy and consistency of the proposed !
scheme, one-sided lid driven square cavity is considered here. The behaviour of primary, secondary and tertiary vortices are !
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1. INTRODUCTION

The rotating flows of viscous, incompressible
and Newtonian fluids have gained great significance
from industrial point of view. In particular, lid-driven
cavity flow has been a subject of main interest among
the researchers in which the fluid is induced to move by
the motion of one of the walls of the cavity. A good deal
of work on lid-driven cavity flow has been carried out
by the researchers since sixties when Kawaguti (Aidun
et al, 2002) conducted the pioneering study on the
subject. The literature on the investigation of vortex
structure inside the 2D square and rectangular cavities is
in abundance and covers a considerable amount of
computer-based simulations for considering different
aspect ratios of length to width of the cavity.

Experimental phase of the study of lid-driven
cavity has been the source of inspiration for the
investigators. Practical-oriented work has attached a
great importance to this class of flows.

Taneda (1979) has experimentally visualized
the behaviour of shear driven flow inside the rectangular
cavities at very small Reynolds number. He examined
four cavities of various lengths to width aspect ratios.
He found two corner vortices in the cavity with
D=L/W=3 and only one primary vortex in the remaining
cavities was presented.

Migeon et al (2000) carried out experiments to
examine flow phenomenon inside three standard
industrially modeled square, rectangular and semi-
circular cavities with aspect ratios of 2:1 for Re=1000.
The cavity was driven by one of its vertical walls.

investigated at high Reynolds numbers. The governing equations are discretized using Galerkin finite element method. Simulation
is performed for a various Reynolds numbers ranging from 500 to 20000. The obtained results are compared with the experimental
and numerical results available in the literature and are in good agreement with them.
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Besides a primary vortex, one secondary vortex
developed in square and two secondary vortices in
rectangular; while semi-circular cavity generated only
one primary vortex.

Number of the research articles pertaining to
the study of flow in a driven cavity may roughly fall
into two categories, i.e. Physical aspect of the flow and
Validation of the newly developed numerical schemes.

Plenty of the work on the physics of the flow is
concerned with the paradigm shift from laminar to
periodic flow and the localization of the first Hopf
bifurcation (Kosinski et al., 2009)

Yih-FerngPenget et al., (2003) studied
transition process from laminar to chaotic flow with
two-branch solutions in square lid driven cavity. They
presented that the flow in the first branch turned out to
be periodic from steady flow at Re=7402 % 4% and then
entered into the second branch as Reynolds number is
increased to 11000; which finally routed to chaotic flow
for Reynolds number greater than 11000.

Charles-Henri et al., (2006) performed
numerical simulations to investigate the limitations of
steady-state solution for high Reynolds numbers in a
square cavity. Their results showed that steady solution
is unstable at Re=10000. They identified a large eddy
with two secondary eddies in the two bottom corners for
Re=1000 and a secondary and tertiary eddies in the
bottom left corner.

Auteri et al (2009) used singular subtraction
technique to investigate the stability of the flow in the

** Corresponding author: mschandio@hotmail.com +929213181 Ext. 2030.

*Department of Basic Sciences and related studies, MUET, Jamshoro


mailto:mschandio@hotmail.com

M. S. CHANDIO et al.,

driven cavity with singular corners and localized the
Reynolds numbers in the interval [8017.6, 8018.8] for
the first Hopf bifurcation.

Aidun et al (1991) studied the stability of a lid-
driven cavity flow and related such flows directly with
coaters. Their results suggested the local stability of the
flow at low Reynolds numbers however unstable
globally.

Pan and Acrivos (1967) studied rectangular
cavities with aspect ratios ranging from 0.25 to 5 both
numerically and experimentally to investigate the steady
flow for Reynolds numbers up to 4000. They observed
that the enlargement in the structure of vortex in the
cavity was dependent on the depth of the cavity.

Shankar (1993) concluded that the primary
corner vortices are the prime source of the evolution of
the large vortex structure in the deep cavity. He used an
efficient computational procedure, based on an
eignfunction expansion, to investigate the dependence
of every secondary main vortex on the merger of each
pair of developing primary corner vortices in 2D
rectangular cavity.

Shankar and Deshpande (2000) elegantly
reviewed the driven cavity flows and emphasized its
importance theoretically and practically. They were of
the view that the simple geometry of the cavity stands as
yardstick to test new computational schemes and it also
helps compare among the results obtained from theory,
numerical simulation and experiment. Secondly, the
flow domain in this class of flows remains unchanged at
very high Reynolds numbers. Thirdly, many important
features of cavity flows such as primary vortices, corner
vortices, longitudinal  vortices, transitions and
turbulence all prevail in the same closed geometry.

Cheng and Hung (2006) performed a
remarkable work on the vortex structure of steady flow
in a lid-driven cavity of different aspect ratios for
various Reynolds numbers up to 5000. They used
Lattice Boltzmann method to investigate the impact of
aspect ratios and Reynolds number on the formation of
vortices in the cavity. They showed that when Reynolds
number gets closer to zero, the flow displays symmetric
vortex structure and asymmetric behaviour as Reynolds
number increases.

Zdanski et al., (2003) numerically simulated
the comparison between laminar and turbulent flows
over shallow cavities and investigated the effect of
aspect ratio, Reynolds number and inlet turbulence level
on turbulent flow; in which case the external flow
touched the bottom of the cavity for a certain value of
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each of the above parameters. Their results suggested
that the increasing Reynolds decreased the center of
laminar structure of vortex. On the contrary, the center
of both the large and small structure for turbulence case
was observed unchanged.

Trianta fillaopoulos et al., (1998) visualized
numerically flow observations in a diagonal lid-driven
cavity, supposed to be a main source for coating
process. They proposed that the machine speed affects
the flow in cavity which results in the formation of
vortex the nip of the blade. Thus the changing speed of
the machine influenced the vortex size considerably but
the location of the vortex remained fixed.

Ercan Erturk (2009) studied lid-driven cavity
flow in detail considering physical, mathematical and
numerical aspects, and suggested that finer grids are
important for the resolution of the flow at very high
Reynolds numbers. Quaternary vortex at the bottom left
corner was showed at Re=7500, which was
improvement over previous results.

Zoran et al., (2006) proposed a numerical
scheme with the combination of Boundary Element and
Finite Element methods to make better the accuracy of
boundary vorticities computation. A 3D lid-driven
cavity was used to test the algorithm.

Fuat G urcan (2003) carried a work on
rectangular cavity with two moving walls. The
symmetric flow behavior was displayed for Aspect ratio
A=0.9 at the origin (0, 0). As A exceeded 0.9, the centre
(0, 0) changed to saddle point; which turned to centre
again when A approached zero.

Flow with temperature effects in cavity is
another industrial-oriented and an interesting aspect of
lid-driven cavity. Tanmay Basak et al (2009) used a lid-
driven square cavity to analyze the natural and forced
convection flows and showed that the increasing
Reynolds number decreases the effect of natural
convection and increases the forced convection. Rejane
De et al, (2009) analyzed numerically entropy
generation inside rectangular cavities. Youssef Stiriba
(2008) conducted a numerical study of the flow and heat
transfer past an open cubical cavity. Steady three-
dimentional structure of the stable flow was showed at
moderate Grashof number and unstable was observed at
large Richardson number.

Kosinski et al., (2009) simulated the
interaction between fluids and solid particles in a driven
cavity and reported the effect of the particle clouds on
the flow.

Wang (2009) studied fibrous medium mixed
with a viscous fluid contained in a lid-driven rectangular
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cavity by using Eigen function method. He presented
that the effect of porous medium diminished the
strength and the number of developing vortices.

Numerical Scheme

For an incompressible and isothermal laminar
flow, the mathematical model consist the system of
governing equations which may be described by the
conservation of momentum and the continuity
equations. Here, the problem under study is
incompressible, steady state and 2D in Cartesian
coordinate systems. In the absence of body force, the
governing equations can be described in vector calculus
form as:

pQE:yV%-puVu—Vp
ot (1)
Vu=0

where, u(x,y) is the velocity, p is the pressure, p is the
density and g is the dynamic viscosity. Adopting
appropriate non-dimensional character scale for u, v, p,
p, and x an equivalent non-dimensional system of
equations to (1) is obtained as:

Reégzvm-ReuVu—Vp
ot @)

Vu=0
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where Re — 2L

7

is the non-dimensional Reynolds
number.

For the solution of governing equations (2), we
have used projection method as proposed by Chorin and
Temam (1968)[21]. Adopting the notation of Cuvelier
et al., (1992) on the velocity and pressure fields on the
specified domain, the Galerkin finite element method is
chosen for the discretization of the system of governing
equations, details may be seen on fractional stages in
Chandio and Webster (2002).

2. RESULTS AND DISCUSSION

We have considered a lid-driven square cavity
flow. The cavity of unit width and height is filled with
constant density and viscosity Newtonian Fluid. Top
wall of the cavity is set to move with constant unit
velocity in the x-direction, where as the bottom and side
walls are kept non-moving, see figure 1. Here, the goal
is to validate accuracy, stability and consistency of the
proposed numerical scheme for high Reynolds numbers.
The density of the fluid is taken as p = 1000 g/m® and

viscosity, W, of the fluid is computed from Re = LUL
7

Here L is the characteristic length of the cavity, (1m)
and U is the characteristic velocity of the lid (1m/s). The
normal pressure gradient on the fixed walls is taken as
zero and the initial conditions for u, v, and p are set to
zero.

v

4+——u=v=0

A

v
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Fig.1. Schematic diagram of the square width lid-Drive cavity flow
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Fig.2. (a) Course Mesh 25x 25 (b) Dense Mesh 50x50

Fig.4. Streamline patterns at Re=1000 for course and Dense Meshes.

In this study we have used course mesh of size
25x25 and dense mesh of size 50x50 grids (see figure
2.a. and 2.b.) In figure 3.a, the stream line patterns in
the cavity of grid 25x25 at Re=500 are shown. It is
observed that a large vortex fills the whole space of the
cavity with two bottom corner vortices. The centre of
the vortex is slightly away from the vertical line of the
cavity and seems to be moving towards the right wall of
the cavity. The size of the right bottom corner is larger
than that of the left one. Almost the same flow
behaviour is shown for the large vortex when the mesh

is further refined to 50x50, (see Fig. 3.b.), where a
small enhancement in the size of corner vortices is
observed.

At Re=1000, the centre of the vortex further
moves towards the right wall of the cavity and corner
vortices grow in size slightly (see Fig. 4.a.). The shape
of the large vortex is little bit circular as compared with
the vortex formed when Re=500. The corner vortices
seem to be growing in size for the refined mesh of size
50x50 (see Fig. 4.b.)
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Fig.7. Streamline pattern at Re=20000 for course and Dense Meshes.

A considerable change in the flow pattern is
observed at Re=5000 (Fig. 5.a.). Centre of the vortex
lies at the centre of the cavity and the large vortex is
developing circular in shape. The curved pattern of
streamlines at the top left corner indicates the possible
emergenceof the fourth vortex at high Reynolds number.
A significant growth in the bottom corner vortices is
visible. Right bottom corner vortex grows at faster
growth rate than the left corner vortex when Reynolds
number increases. We observe that the refinement in the
mesh affects the size of bottom  corner vortices and
gives a little rise in their sizes (Fig. 5.b.).

When Reynolds number reaches 10000, the
flow behaviour looks more circular (Fig. 6.a.). No
significant effect on the size of right bottom corner
vortex is shown at Re=10000; while left bottom corner
appears to be enhanced in the shape as compared with
the left bottom corner vortex formed when Re=5000.

The fourth vortex emerging at the top left
corner at Re=20000 for the refined mesh of size 50x50
(Fig.7.b); whereas no such vortex is visible in the cavity
for the mesh of size 25x25 (Fig. 7.a.). Both the bottom
corner vortices have further grown in size but the right
bottom corner vortex is still larger than the left one.
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Pressure line contours are shown in (Fig. 8 and
Fig. 9) at various Reynolds numbers ranging from 500
to 2000. Here, we can see that the pressure of the fluid
inside the lid-driven cavity is decreasing with the
increasing Reynolds number (see Fig. 8-9). The
maximum pressure of the flow in the cavity occurs at
the top right corner of the cavity and the minimum
pressure appears at the top left corner of the cavity. The
fluid, with the motion of the moving lid, starts flowing
and it spreads the whole cavity after striking with the
right wall of the cavity. In result, the pressure gradually
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decreases in the lower part of the cavity (see Fig. 8-9).
For the refined mesh of size 50x50, the magnitude of
pressure is large as compared with the pressure of flow
in the cavity with course mesh of size 25x25 (see Fig. 8
(a-d)). At low Reynolds numbers (500 and 1000), it is
observed that the magnitude of pressure for the refined
mesh increases rapidly in comparison with course mesh
at high Reynolds numbers (Re>1000), (see Fig. 8-9).
No significant change in the magnitude of pressure is
observed for refined mesh, (see Fig. 9 (a-d).
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U-velocity distribution indicates that the flow  significant influence of the increasing Reynolds number
is dominant along the lid of the cavity due to non-  on U-velocity distribution is observed.
moving right and left walls (see Fig. 10-11). No
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Fig.12. V-Component of velocity at various Reynolds numbers
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Fig.13. V-Component of velocity at various Reynolds numbers
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InV-velocity distribution, behaviour of the flow
shows its dominancy along the left wall of the cavity
and the reverse flow on the right wall (Fig. 12-13). No
significant influence of the increasing Reynolds number
on V-velocity distribution is observed.

3. CONCLUSION

In the current paper, the numerical simulation
of the behaviour the structure of the vortices of viscous
flow in 2D lid-driven square cavity is studied. Here, the
obtained results are in good agreement with the
numerical results available in the literature. In the
present study we observed that the proposed modified
Semi-implicit Taylor-Galerkin method remained stable
for large Reynolds number with refined mesh size of
50x50. However, in the literature (Auteri et al, 2002),
the stability and convergence of the numerical scheme is
achieved with refined mesh size of 1260x1260. Thus we
can conclude that the proposed scheme has shown
consistency, stability and accuracy for large Reynolds
numbers for mesh size of 50x50. We will use the
proposed method for rectangular meshes of various
aspect ratios with both top and bottom lid-driven cavity
viscous flows.
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