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Abstract - In this work, computer simulation results of steady incompressible flow in a 2-D square lid-driven
cavity up to Reynolds number (Re) 65000 are presented and compared with those of earlier studies. The
governing flow equations are solved by using the finite volume approach. Quadratic upstream interpolation
for convective kinematics (QUICK) is used for the approximation of the convective terms in the flow
equations. In the implementation of QUICK, the deferred correction technique is adopted. A non-uniform
staggered grid arrangement of 768x768 is employed to discretize the flow geometry. Algebraic forms of the
coupled flow equations are then solved through the iterative SIMPLE (Semi-Implicit Method for Pressure-
Linked Equation) algorithm. The outlined computational methodology allows one to meet the main objective
of this work, which is to address the computational convergence and wiggled flow problems encountered at
high Reynolds and Peclet (Pe) numbers. Furthermore, after Re > 25000 additional vortexes appear at the
bottom left and right corners that have not been observed in earlier studies.
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INTRODUCTION

Lid-driven cavity flow of Newtonian fluids is one
of the most well-known problems in the Computational
Fluid Dynamics (CFD) literature due to its peculiar
challenges in the form of singularities in spite of its
simple geometry (Figure 1) (Botella and Peyret,
1998). In addition, the availability of both analytical
solutions and experimental results for the lid-driven
cavity flow field has enabled researchers to test and
improve their computational methods through this
benchmark geometry.

Recently, physical, mathematical and numerical
aspects of the steady incompressible lid-driven cavity
flow were discussed in detail by Erturk (2009). The
findings of the study were also compared with those
of earlier publications.
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Figure 1: Square lid-driven cavity geometry with
boundary conditions.
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The main outcome of the study can be listed as
follows. Due to the Taylor-Gortler-Like (TGL) vortices
appearing even at moderate Reynolds (Re) around
1000, it is misleading to assume that flow in a lid-driven
cavity is steady and 2-D. At even higher Re 2-D flow
becomes completely fictitious (Shankar, 2000). On
the other hand, 2-D incompressible steady driven
cavity flow can be computable at high Re (Erturk,
2009) with its peculiar computational challenges.
Therefore, steady lid-driven cavity flow, especially
at high Re (Re > 10000), has been exploited by many
researchers in order to test and improve robustness
and stability of their computational methods (Erturk,
2009; Erturk et al., 2005; Ramsak and gkerget, 2004;
Erturk and Gokgel, 2006; Sahin and Owens, 2003;
Barragy and Carey, 1997; Schreiber and Keller, 1983;
Ghia et al., 1982).

In their report, Erturk et al. (2005) used stream
function-vorticity formulation for the solution of 2-D
steady incompressible flow in a lid-driven cavity.
With a uniform grid size of 601x601 they obtained a
second-order accurate steady solution up to Re of
21000. Rausak and Skerget (2004) introduced a new
formulation of the integral boundary element method
(BEM) using subdomain technique. They used a non-
uniform grid of 100x60 sub-domains. With this tech-
nique, they were able to obtain a steady solution of
driven cavity flow up to Re = 50000 by transient
computation. However, their results suffer from os-
cillations at this high Re because of the coarse mesh
structure. To the best knowledge of the authors, this
value of Re is the highest one in the literature when
steady solution of lid-driven cavity flow is con-
cerned. The main objective of the present study is to
demonstrate that the numerical solution of 2-D steady
incompressible flow in a lid-driven cavity can be ob-
tained at even higher Re (Re < 65000) by using high-
order linear schemes such as the quadratic upstream
interpolation for convective kinematics (QUICK)
proposed by Leonard (1979).

It has been well established that accuracy of a
numerical solution is improved by using a smaller
mesh in the regions of high gradients than the mesh
size of bulk flow (Hartmann et al., 1990; Wang et al.,
2005; Lilek and Peri¢, 1995). More specifically, in
the case of flow in the lid-driven cavity, adopting a finer
grid structure near the lid than in the bulk region
enables one to resolve high gradients (Erturk and
Gokgel, 2006) and to obtain an oscillation-free solu-
tion at high Re numbers (Erturk ez al., 2005). Use of
a non-uniform grid structure entails modification of
the numerical schemes. In the current study, a non-
uniform version of the QUICK scheme (Yuguo and
Baldacchino, 1995; Arampatzis et al., 1994; Freitas

et al., 1985) is used for the approximation of convec-
tive terms. Generally the implementation of the high-
order schemes is carried out by using the deferred
correction method that was proposed by Khosla and
Rubin (1974). A well-documented study that applied
this approach for the formulation of the uniform
QUICK scheme is given by Hayese et al. (1992).
They tested and compared their formulation of
QUICK that satisfies the five sets of rules proposed
by Patankar (1980), with the other formulations on
2-D lid-driven square cavity flow. They concluded
that their formulation is both numerically robust and
faster than the others. Moreover, they pointed out
that the low-order boundary condition approximation
reduces the overall accuracy of the solution. For that
reason, they recommended that at least second-order
accurate schemes should be employed at the bounda-
ries. Recently, Nacer et al. (2007) proposed a new
formulation for the uniform QUICK scheme. The
layout treatment of the lower-order term in the de-
ferred correction equation appears to be the main
difference between the formulations of Hayese et al.
(1992) and Nacer et al. (2007). In their formulation,
Nacer et al. (2007) employed the central difference
scheme (CDS) instead of the upwind difference
scheme (UDS) provided that the magnitude of Peclet
(Pe) number |Pe|<2. They reported that this modifi-

cation of QUICK leads to decreased computational
time due to the smaller source term in CDS com-
pared to the UDS.

In the numerical study on 3-D lid-driven cavity
flow, Lilek et al. (1997) reported that the use of CDS
is not necessarily restricted to a Peclet number of 2.
They showed that, with their computational method-
ology, lid-driven cavity flows having Peclet number
up to 100 can be handled without any significant
convergence problem or wiggles. Similarly, Shyy et al.
(1992) also used CDS and second-order upwind
schemes for convective transport terms in the flow
equations for 2-D lid-driven cavity flow up to Re <
3200. They emphasized that both CDS and second-
order upwind schemes result in oscillation-free solu-
tions in the studied range of Re number.

In the light of the reported findings, if the mesh
structure is sufficiently refined near the boundaries,
it seems possible to use CDS instead of UDS to
obtain deferred correction coefficients with two
important consequences. The first one is that oscilla-
tions and convergence problems appearing at high
Re are eliminated. No Pe number restriction can be
considered as the second benefit of CDS as opposed
to the stringent criterion of |Pe<2 for UDS. The
authors then believe that exploring the promising
CDS to materialize these potential benefits would be
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a major contribution to the CFD literature. Therefore,
in the current computational study on 2-D incom-
pressible steady lid-driven cavity flow the promising
approach, i.e., the use of CDS along with near boundary
mesh refinement, is adopted for the formulation of
a non-uniform version of QUICK scheme at high
Reynolds numbers (Re < 65000). It should also be
emphasized that this methodology also enables one
to treat the boundaries through second order accuracy.

The rest of the paper is organized as follows. In
the following sections governing equations and new
formulation of the QUICK scheme on a non-uniform
mesh are introduced. Subsequently, numerical results
for lid-driven cavity flow with Re < 65000 are pre-
sented. The numerical results of the proposed formu-
lation are also compared with those of earlier studies
in the literature. Finally, conclusions are provided.

GOVERNING EQUATIONS AND
NUMERICAL METHODOLOGY

We consider steady, incompressible and isothermal
flow via Navier-Stokes equations in a two-dimen-
sional Cartesian coordinate system (X,y). Stream-
wise (x) and cross-stream (y) velocity components
are u and v, respectively. Then the equation of conti-
nuity and the components of momentum equation in
their dimensionless form can be written as follows:

ny o
duu —t— v _ = @+i(az—u+@J 2)
ox 0Oy ox Rel ox? ayz
ow ow _ dp, azv o’ 3)
ox ay ay Re| ox? 6y2

These non-linear PDEs are discretized by using the
finite volume method (Patankar, 1980; Versteeg and
Malalasekera, 1995) in non-uniform staggered grid
arrangement. Continuity and momentum equations
can be written in the general form as follows:

B ) 80
6X(A¢ F&xj 0y[A¢ rayj S @)

where A represents the density p in the momentum
conservation equation and the relaxation time A in

the constitutive equation; I" is the diffusion coefficient
and the source term S, stands for different flow

quantities, depending on the equation, as shown in
Table 1. The term ¢ represents any scalar quantity

field, u or v being the x and y-components of the
velocity field in this case. Equation (4) contains both
diffusion and convective terms. In this study, diffu-
sion terms are approximated by the central difference
scheme. On the other hand, the non-uniform version
of the QUICK (Yuguo and Baldacchino, 1995;
Arampatzis et al., 1994; Freitas et al., 1985) scheme
that provides third order spatial accuracy for a uniform
grid structure is used for the convective terms. The
QUICK scheme is based on the use of the three point
upstream weighted quadratic interpolation technique
(Hayese et al. 1992) for the prediction of the depend-
ent variables at the control volume faces.

Table 1: Definition of the constants and functions
in the dimensionless form of Eq. (4).

Equation A r Se
Continuity 1 0 0
u-momentum 1 1 —@
Re ox
v-momentum 1 1 —@
Re oy

To ensure the stability of the higher-order
schemes, a well-known and widely used technique,
the deferred correction given by Eq. (5) (Khosla and
Rubin, 1974), is used to implement the QUICK
scheme along with CDS. The brief survey provided
in the introduction on CDS demonstrated that the
numerical solution with CDS shows no oscillatory
solution even with a Peclet number much larger than
the critical value of 2. Therefore, CDS can be treated
as a lower-order scheme in Eq. (5). Here this
approach is adopted for the formulation of the non-
uniform version of the QUICK scheme, which is the
same formulation proposed by Leonard (1979) for
the uniform QUICK.

br = 050 + (410~ k0 ) )

The superscripts LO, HO and 0 represent lower-
order, higher order and values of the previous
iteration, respectively.

For the sake of clarity, in the following lines the
implementation of QUICK scheme with CDS on a
one-dimensional system approximated by a non-
uniform mesh is shown in Figure 2.
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Figure 2: Grid points in the x direction.

Here east and west cell-face values of the de-
pendent variable can be plugged into Eq. (5) as:

0
+ _ 4 CDS +QUICK CDS
Ue 20 ¢e — Ve +( e — We )

(6)
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The other face values of the dependent variables
in the cross-stream direction can be obtained in a
similar way. For one-dimensional flow, Eq. (4) sim-
plifies to

) L0
&(puq) raxj_sd,. (8)

Integration of Eq. (8) over a control volume,
which is depicted in Figure 2, yields

(pu), o —(pu),, by — (F%l i (F%L

(€]

After implementation of CDS for diffusive terms
Eq. (9) becomes
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Fe(l)e - FW(I)W - De ((I)E - (I)P) + Dw ((bP - (I)W)
=SpAxp

(10)

where

F, =(pu) ,F, =(pu) D,=—=r,

D, = tw

T (xe—xw)
Substituting Egs. (6) and (7) into Eq. (10) and

then rearranging leads to the final form of the
discretized flow equation as follows:

aphp =agdg +aywdy +by (11)
where the coefficients are expressed through the

following relations, provided that the central differences
scheme is employed

aE :_feFe +De
ay =(l—fW)FW +D,,
ap =[aE +ay +(F, —FW)]/%

bd) = SAXP +(1_a¢)aP¢g +bs

_ (Czw‘l)w +Cepdp + C;E(I)E)
maX(Fe’O){—(fe(bE +(1—fe)¢P) }

+max (-F,,0) (C;P(bl’ +Cepdp + C;EE(I)EE)
T (fee + (1= 1) bp)

Cowwdww + Cuwow
+max (Fy,0)| ([ +Cypbp
~(fy0p + (1=, ) dw)

“max(—E,0)| (Cowbw +Cupto+ Cir
. _(fW¢P+(1_fW)¢W)

where bg in the source term is one of the extra

deferred correction terms of the QUICK scheme
treated explicitly from the values obtained in the
previous iteration. In addition, the under-relaxation
factor o is introduced implicitly in the equations.

In this study, SIMPLE (Patankar, 1980) is em-
ployed to solve the coupled system of the continuity

and momentum equations. A non-uniform staggered
grid arrangement is employed to discretize the flow
geometry. The set of linear algebraic equations is
then solved by using the Line-by-Line technique
based on the TDMA (Thomas algorithm or the tridi-
agonal matrix algorithm) and the alternative direc-
tion implicit (ADI) scheme. To stabilize the calcula-
tions, global under-relaxation factors are employed,
depending on the values of the Reynolds number.
The solution process is reiterated until the maximum
relative changes of flow variables (u, v, p) are less
then a prescribed tolerance or residual as:

ntl _ n

res = MAX <1x107° (12)

o]

where ¢ = (u, v,p)T.

RESULTS AND DISCUSSIONS

The aforementioned numerical algorithm was
applied to incompressible steady 2-D lid-driven
cavity flow. In the following parts, mesh refinement
analysis is first carried out by employing the series
of refined meshes given in Table 2 for the purpose of
comparison of the CDS and QUICK schemes at Re =
10000. Then the results obtained on highly graded
dense mesh with the QUICK scheme are compared
with the available results in the literature for various
Re numbers. After that, a detailed investigation of
lid-driven cavity flow is carried out at Re numbers
up to < 65000.

Table 2: Main characteristics of the meshes used.

Meshes Number of nodes Minimum Ax = Ay
Ml 256x256 7.1790x107
M2 320x320 5.7273x10™
M3 384x384 4.7639x10
M4 448x448 4.0780x10*
M5 512x512 3.5647x10™
M6 768x768 2.3710x10™

To ensure stability of the solution, under-relaxa-
tion factors of 0.7 and 0.1 are employed for the
velocity at Re numbers of 1000 and 65000, respec-
tively. Figure 3 demonstrates differences between
the minimum values of the stream function, WV,
computed by the QUICK and CDS schemes for
Re = 10000 as a function of the minimum grid sizes
on a log-log scale. The reference value is obtained by
using the QUICK scheme and the finest mesh of M6.
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Although the CDS scheme provides convergent as
well as non-oscillatory solutions for the meshes used,
QUICK with CDS enables the same degree of rela-
tive error at much coarser mesh structures than the
CDS scheme. The slopes of the lines that provides
the relative accuracies are 2.51 and 1.86 for QUICK
and CDS schemes, respectively.

0.00045
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(W =W
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—&— QUICK

)
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Ax
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Figure 3: Estimated error in the minimum stream
function values computed at the center of the pri-
mary vortex versus mesh size for Re = 10000.

In Tables 3 and 4 minimum values of the stream
function and vorticity obtained at the center of the
primary vortex for various Re numbers, including
1000, 10000, 15000 and 20000, are compared with
those obtained in the earlier studies. Good agreement
between the results of different studies is observed,
especially at low Re numbers (Re = 1000), as pointed
out by Sahin and Owens (2003) and Erturk et al.
(2005). At higher Re (Re = 10000) differences between
the results become more pronounced. The order of

the scheme used for discretization of the convective
transport terms and the mesh sizes used are believed
to play an important role in these differences (Erturk
et al., 2005). The results included in Table 3 show
that, in the case of lower order schemes, to achieve a
similar degree of accuracy to that of the higher order
one, the number of grids should be increased
substantially.

Discretization of the flow using a graded mesh
instead of a uniform mesh size throughout the flow
domain has been observed to affect the accuracy of
the computational results. For example, Hartmann
and Peric (1990) used a finite volume multigrid
method for the solution of natural convection flow in
a square cavity. They presented accurate solutions
obtained from both a uniform and non-uniform mesh
of 640x640 up to a Rayleigh number of 10°. They
reported improved accuracy provided by the use of
the non-uniform mesh structure compared to the
uniform one having the same number of nodes.
Sahin and Owens (2003) introduced a novel implicit
cell vertex finite volume method for the solution of
both the steady and unsteady Navier-Stokes
equations. They applied their method to the lid-
driven cavity flow up to Re = 10000. Their results
indicate that the positive impact of adopting a non-
uniform mesh structure or higher resolution near the
lid boundary becomes more pronounced at higher
Re. The advantage of a non-uniform grid structure is
also observed in Table 4. Both results compare well
with each other. Therefore, a non-uniform grid
structure seems to compensate the disadvantages
associated with the lower order schemes, especially
at high Re. Hence, using a non-uniform mesh on the
lid and cavity walls not only leads to improved
accuracy of the solution, but also to non-oscillatory
solutions at high Re.

Table 3: Comparison of the stream function (¥) and vorticity (o) at the center of the primary vortex for

Re =1000 and 10000.

References Re=1000 Re =10000

Mesh size b d [0) b d [0)
Present 768x768 -0.118931 -2.066910 -0.122369 -1.918100
Sahin & Owens (2003) 257x257 -0.118800 -2.066400 -0.122489 -1.923100
Erturk et al. (2005) 601x601 -0.118781 -2.065530 -0.120403 -1.888987
Erturk & Gokcol (2006) 601x601 -0.118938 -2.067760 -0.122306 -1.918187
Erturk (2009) 1025x1025 -0.118888 -2.067052 -0.121781 -1.909677
Barragy & Carey (1997) 257x257 -0.118930 - -0.122393 -
Schreiber & Keller (1983) 180x180 -0.118940 -2.067700 -0.122920 -1.926300
Ghia et al. (1982) 257x257 -0.117929 -2.049680 -0.119731 -1.880820
Botella & Peyret (1998) 160 -0.1189366 -2.067753 - -
Marchi et al. (2009) 1024x1024 -0.118936708 - - -
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Table 4: Comparison of the stream function (¥) and vorticity (o) at the center of the primary vortex for

Re =15000 and 20000.

References Re =15000 Re=20000

b d [0) b d [0)
Present -0.122274 -1.909128 -0.122150 -1.903898
Erturk & Gokcol (2006) -0.122060 -1.907651 -0.121694 -1.900032
Erturk (2009) -0.121342 -1.895353 -0.120865 -1.884630
Erturk ez al. (2005) -0.119239 -1.863618 -0.118038 -1.841814

929

In the following parts of this paper, the effect of
increasing Re on the flow field is investigated in
detail. The finest mesh M6 was used unless other-
wise stated. Furthermore, the incremental continua-
tion technique (Schreiber and Keller, 1983) was em-
ployed to obtain a convergent solution at Re higher
than 10000. The incremental value of Re was 5000.

Figures 4 and 5 show profiles of the horizontal
(u) and vertical (v) velocity components as a function
of Re along the centerlines x=0.5 and y=0.5, respec-
tively. In addition, the maximum, positive direction,
and minimum, negative direction, values of the
velocity components at the corresponding centerlines
and intensities of the primary vortex at its center
with their corresponding locations are tabulated in
Table 5. Here subscripts denote values pertaining to

Re=1000

0.8 L 08

06

02| 02l

ol b L ) ol T

Re =10000

the minimum and maximum velocities. One could
expect that, as the inertial effects increase, the
movement of the lid should be convected deeper and
deeper in the flow, resulting in velocity components
of higher magnitude and boundary layers of smaller
thickness, in addition to the continuous movement of
primary vortex center position towards the cavity lid.
Up to a Re value of 20000 this trend is obtained in
the flow, as shown in Figures 4 and 5 and Table 5.
At higher Re no appreciable change in the magnitudes
of the velocity components is observed. Furthermore,
the upward shift in the primary vortex center position
halts after Re of 25000, while the stream function at
the center of the primary vortex starts to decrease
after Re of 10000, which was also observed in an
earlier study (Erturk ez al., 2005).
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Figure 4: Profiles of the horizontal component of velocity, u, along the line x = 0.5 at different Re values.
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Figure 5: Profiles of the vertical component of velocity, v, along the line y = 0.5 at different Re values.

Table 5: Horizontal minimum velocity, vertical minimum and maximum velocity through the centerlines
of the cavity and intensities of the primary eddies with the corresponding locations.

Re Wmin Ymin Vmin Xmin Vmax Xmax b d (0] X y

1000 | -0.38855224 | 0.17207089 | -0.52706236 | 0.90880934 | 0.37692433 | 0.15851484 | -0.11893101 | -2.06691089 | 0.5304 | 0.5644
3200 | -0.43586968 | 0.09320438 | -0.56842970 | 0.94744987 | 0.43295929 | 0.09628207 | -0.12180809 | -1.96041993 | 0.5178 | 0.5393

5000 | -0.44726878 | 0.07438453 | -0.57608503 | 0.95724580 | 0.44745463 | 0.07972965 | -0.12220753 | -1.93972975 | 0.5152 | 0.5342
7500 | -0.45498775 | 0.06054538 | -0.58038044 | 0.96479116 | 0.45828649 | 0.06682467 | -0.12236217 | -1.92591017 | 0.5127 | 0.5317
10000 | -0.45898675 | 0.05255013 | -0.58210526 | 0.96903473 | 0.46482704 | 0.05829323 | -0.12236928 | -1.91810098 | 0.5127 | 0.5292
15000 | -0.46270593 | 0.04336974 | -0.58299355 | 0.97394267 | 0.47270802 | 0.04914801 | -0.12227481 | -1.90912874 | 0.5102 | 0.5292
20000 | -0.46402031 | 0.03801269 | -0.58262229 | 0.97668850 | 0.47745029 | 0.04275420 | -0.12215019 | -1.90389817 | 0.5102 | 0.5266
25000 | -0.46428703 | 0.03466230 | -0.58195151 | 0.97886878 | 0.48067876 | 0.03858794 | -0.12202737 | -1.90038345 | 0.5102 | 0.5266
30000 | -0.46403022 | 0.03199893 | -0.58104722 | 0.98054509 | 0.48305849 | 0.03576007 | -0.12191391 | -1.89781175 | 0.5076 | 0.5241
35000 | -0.46347054 | 0.02994932 | -0.58020587 | 0.98136126 | 0.48487516 | 0.03358320 | -0.12181400 | -1.89594152 | 0.5076 | 0.5241
40000 | -0.46271515 | 0.02845802 | -0.57932778 | 0.98255869 | 0.48631884 | 0.03147987 | -0.12172295 | -1.89446462 | 0.5076 | 0.5241
45000 | -0.46188542 | 0.02700508 | -0.57848632 | 0.98295079 | 0.48749644 | 0.02994932 | -0.12164238 | -1.89333287 | 0.5076 | 0.5241
50000 | -0.46096901 | 0.02605733 | -0.57781002 | 0.98372461 | 0.48849319 | 0.02845802 | -0.12157085 | -1.89237859 | 0.5076 | 0.5241
55000 | -0.46004027 | 0.02512598 | -0.57700120 | 0.98410638 | 0.48936891 | 0.02748518 | -0.12150994 | -1.89167585 | 0.5076 | 0.5241
60000 | -0.45911257 | 0.02421079 | -0.57636387 | 0.98485978 | 0.49012315 | 0.02652914 | -0.12145597 | -1.89109491 | 0.5076 | 0.5241
65000 | -0.45818018 | 0.02375917 | -0.57576110 | 0.98523146 | 0.49078679 | 0.02558962 | -0.12141040 | -1.89070722 | 0.5076 | 0.5241

Figures 6 and 7 depict computed streamlines and intensity with respect to Re are apparent in the figures.
vorticity contours, respectively. In the figures, the The vorticity contours shown in Figure 7 indicate that it
stream function contour levels are set with values simi- is possible to obtain a smooth solution at a relatively
lar to those of Sahin and Owens (2003) and Barragy and high Re of 65000 by using the QUICK with CDS
Carey (1997). Additional vortices increasing in size and scheme for the approximation of the convective terms.
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Re=1000 Re=10000 Re=20000

Re = 65000

Figure 6: The stream functions as a function of Re.
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Figure 7: The vorticity contours as a function of Re. The contour levels are shown from -10 to 10 with
increment of 1.

Brazilian Journal of Chemical Engineering Vol. 30, No. 04, pp. 923 - 937, October - December, 2013



932 K. Yapiciand Y. Uludag

For the assessment of the accuracy of the present
results, the vorticity values at the center of the
primary vortex in Table 5 are plotted with respect to
Re in Figure 8. Also shown in the figure is the theo-
retically obtained value of the corresponding vor-
ticity, 1.886, at the infinitely large Re limit (Burggraf,
1966). The results asymptotically approach the limiting
value, demonstrating good agreement between the
present computations and the theory.

-1.86

©
<]
mmn RN R LN R AN RRRRS AR R

In Figure 9, enlarged views of the stream function
close the corners of the cavity are shown. The abbre-
viations BL, BR and TL refer to bottom left, bottom
right and top left corners of the cavity, respectively.
The stream function contours are plotted for three
different Re numbers, including 20000, 50000 and
65000. The secondary, tertiary and quaternary vortices
can be identified in the bottom left and right corners
for each Re number.
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Figure 8: Comparison of the vorticity values
with the theoretically obtained one, 1.886,
(Burggraf, 1966) at the center of the primary
vortex as a function of Re.
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Figure 9: Enlarged view of the stream functions for three different Re numbers. Top row is the top left
corner of the cavity; middle row is the bottom left corner of the cavity; bottom row is the bottom right

corner of the cavity.

At Re = 65000 an additional new quinary vortex
(BR4) appears at the bottom right corner. However,
numerical results tabulated in Table 7 indicate that
this new vortex forms after Re = 25000 in the
bottom left (BL4) and right corners (BR4). This
quinary vortex has not been observed in previous
numerical studies. Detailed views of the quinary
vortex at the bottom left (BL4) and right corners
(BR4) are presented in Figures 10 and 11, respec-
tively. The size of this vortex grows with increasing
Re number.

Re =25000

Results associated with the secondary vortices are
listed in Table 6, which also includes relevant results
obtained by Erturk (2009) for two different Re
numbers of 10000 and 20000. It should be pointed
out that, in the Ilatter, a uniform mesh size of
1025x1025 was used, as opposed to the non-uniform
mesh of 768x768 used in this study. The results of
both studies agree with each other well. Furthermore,
secondary vortices up to a Re number of 65000 with
the increment of 5000 are tabulated in Table 7 to
enable further comparisons in the future.
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Figure 10: Stream line contours of the quinary vortex at the bottom left corner (BL4) for different values of Re.
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Table 6: Comparison of the secondary vortices; stream function () and vorticity () for Re = 10000 and 20000.
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Figure 11: Stream line contours of the quinary vortex at the bottom right corner (BR4) for different

values of Re.

Re References b d [0) X y

TLI Present 2.6305E-03 2.31033 0.0705 0.9108
Erturk (2009) 2.6129E-03 2.297052 0.0703 0.9111

BRI Present 3.1958E-03 3.802096 0.7745 0.0590
Erturk (2009) 3.1846E-03 3.751749 0.7754 0.0596

BR2 Present -1.4025E-04 -0.304910 0.9352 0.0676
Erturk (2009) -1.3770E-04 -0.302428 0.9355 0.0674

10000 BR3 Present 3.9642E-09 0.002307 0.9959 0.0039
Erturk (2009) 3.8803E-09 0.002178 0.9961 0.0039

BL1 Present 1.6201E-03 2.131120 0.0594 0.1615
Erturk (2009) 1.6118E-03 2.145982 0.0586 0.1621

BL2 Present -1.1327E-06 -0.032325 0.0172 0.0203
Erturk (2009) -1.0866E-06 -0.031184 0.0166 0.0205

BL3 Present 3.1938E-11 0.000240 0.0012 0.0011
Erturk (2009) 4.0286E-11 0.000142 0.0010 0.0010

TL1 Present 3.7580E-03 2.509813 0.0802 0.9118
Erturk (2009) 3.7012E-03 2.469855 0.0801 0.9121

TL2 Present -7.2490E-05 -0.968006 0.0244 0.8200
Erturk (2009) -6.8864E-05 -0.941342 0.0244 0.8203

BRI Present 2.8184E-03 6.193041 0.7234 0.0433
Erturk (2009) 2.8038E-03 6.080160 0.7246 0.0439

BR2 Present -4.6405E-04 -0.562123 0.9303 0.1048
20000 Erturk (2009) -4.5797E-04 -0.559633 0.9307 0.1045
BR3 Present 2.7717E-08 0.005841 0.9931 0.0070
Erturk (2009) 2.6758E-08 0.005531 0.9932 0.0068

BLI Present 1.6416E-03 2.964897 0.0481 0.1831
Erturk (2009) 1.6298E-03 2.932753 0.0479 0.1826

BL2 Present -8.5043E-05 -0.250708 0.0594 0.0539
Erturk (2009) -8.2094E-05 -0.250093 0.0586 0.0547

BL3 Present 2.4336E-09 0.001933 0.0035 0.0033
Erturk (2009) 2.2569E-09 0.001819 0.0039 0.0029
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Table 7: Properties of secondary vortices; stream function (¥) and vorticity (®) up to Re = 65000.
Re Y [0) X y Re 4 [0) X y
TL1 | 4.1040E-03 | 2.577629 | 0.082963 | 0.911773 TL1 | 5.1887E-03 | 2.795668 | 0.088714 | 0.913712
TL2 | -1.3125E-04 | -1.242067 | 0.029198 | 0.815243 TL2 | -2.9871E-04 | -1.802597 | 0.029198 | 0.807845
BRI | 2.6452E-03 | 7.344911 | 0.704397 | 0.038587 BRI | 2.1113E-03 | 1243921 | 0.645840 | 0.025125
BR2 | -5.7179E-04 | -0.631189 | 0.932770 | 0.117427 BR2 | -9.4218E-04 | -0.712258 | 0.924303 | 0.122256
BR3 | 9.5370E-08 | 0.009170 | 0.990262 | 0.010227 BR3 | 1.1252E-05 | 0.120704 | 0.969290 | 0.029447
25000 | BR4 | -2.8307E-12 | -0.000080 | 0.999282 | 0.000597 | 50000 | BR4 | -3.1701E-10 | -0.000805 | 0.998293 | 0.001832
BL1 | 1.5794E-03 | 3.454993 | 0.043678 | 0.192990 BL1 | 1.2996E-03 | 5.725287 | 0.031221 | 0.226431
BL2 | -1.4293E-04 | -0.323365 | 0.068870 | 0.059788 BL2 | -2.8254E-04 | -0.499656 | 0.094733 | 0.053247
BL3 | 4.4571E-09 | 0.002527 | 0.004067 | 0.003931 BL3 | 4.6072E-08 | 0.006793 | 0.008149 | 0.007686
BL4 | -2.1119E-13 | -0.000034 | 0.000237 | 0.000356 BL4 |-1.50067E-12 | -0.000069 | 0.000476 | 0.000597
TL1 | 4.3857E-03 | 2.633717 | 0.084851 | 0.912746 TL1 | 5.3286E-03 | 2.828990 | 0.089699 | 0.913232
TL2 | -1.7945E-04 | -1.370601 | 0.030709 | 0.811978 TL2 | -3.2169E-04 | -1.895009 | 0.028703 | 0.809506
BRI | 2.5034E-03 | 8.441040 | 0.689125 | 0.034662 BRI | 2.0439E-03 | 13.39000 | 0.638784 | 0.023759
BR2 | -6.6780E-04 | -0.663091 | 0.932770 | 0.122256 BR2 | -9.8757E-04 | -0.729838 | 0.923419 | 0.124722
BR3 | 4.3760E-07 | 0.019499 | 0.986146 | 0.015893 BR3 | 1.6209E-05 | 0.146601 | 0.964516 | 0.030455
30000 | BR4 | -1.2673E-11 | -0.000136 | 0.999038 | 0.000839 | 55000 | BR4 | -4.6166E-10 | -0.001115 | 0.998040 | 0.002086
BL1 | 1.5195E-03 | 3.915344 | 0.040639 | 0.201460 BL1 | 1.2573E-03 | 6.115466 | 0.029198 | 0.232021
BL2 | -1.8335E-04 | -0.368586 | 0.073949 | 0.059788 BL2 | -3.0315E-04 | -0.513478 | 0.096800 | 0.053247
BL3 | 6.6555E-09 | 0.003113 | 0.004342 | 0.004480 BL3 | 9.2383E-08 | 0.009817 | 0.010063 | 0.009253
BL4 | -3.2999E-13 | -0.000031 | 0.000237 | 0.000356 BL4 | -2.8523E-12 | -0.000050 | 0.000476 | 0.000597
TL1 | 4.6241E-03 | 2.681260 | 0.085806 | 0.912746 TL1 | 5.4496E-03 | 2.845687 | 0.090691 | 0.913712
TL2 | -2.1761E-04 |-1.502372 | 0.031221 | 0.808675 TL2 | -3.4279E-04 | -2.000366 | 0.028703 | 0.810331
BRI | 2.3823E-03 | 9.479481 | 0.675734 | 0.031479 BRI | 1.9832E-03 | 1432762 | 0.631674 | 0.022427
BR2 | -7.4954E-04 | -0.674431 | 0.931129 | 0.123485 BR2 | -9.9278E-04 | -0.784969 | 0.925180 | 0.132327
BR3 | 1.5917E-06 | 0.038762 | 0.981563 | 0.021559 BR3 | 2.6376E-05 | 0.169345 | 0.953151 | 0.034662
35000 | BR4 | -4.4022E-11 | -0.000231 | 0.998792 | 0.001084 | 60000 | BR4 | -7.5137E-10 | -0.001127 | 0.997527 | 0.002343
BL1 | 1.4594E-03 | 4.394940 | 0.037726 | 0.208407 BL1 | 1.2185E-03 | 6.516086 | 0.027726 | 0.010558
BL2 | -2.1281E-04 | -0.414374 | 0.080185 | 0.057554 BL2 | -3.2190E-04 | -0.519104 | 0.096800 | 0.053247
BL3 | 9.6718E-09 | 0.004899 | 0.004899 | 0.005040 BL3 | 1.8621E-07 | 0.013803 | 0.012431 | 0.010558
BL4 | -4.3394E-13 | -0.000024 | 0.000237 | 0.000356 BL4 | -5.4871E-12 | -0.000075 | 0.000718 | 0.000597
TL1 | 4.8328E-03 | 2.723220 | 0.086768 | 0.912746 TL1 | 5.5570E-03 | 2.865585 | 0.090691 | 0.913712
TL2 | -2.4855E-04 | -1.584454 | 0.030709 | 0.807009 TL2 | -3.6270E-04 | -2.092797 | 0.028212 | 0.810331
BRI | 2.2783E-03 | 10.48815 | 0.664374 | 0.028950 BRI | 1.9257E-03 | 15.258251 | 0.626905 | 0.021991
BR2 | -8.2167E-04 | -0.685368 | 0.928620 | 0.122256 BR2 | -9.5266E-04 | -0.881978 | 0.931953 | 0.148487
BR3 | 3.9175E-06 | 0.066008 | 0.976911 | 0.025589 BR3 | 4.5656E-05 | 0.173936 | 0.917969 | 0.040938
40000 | BR4 | -1.0902E-10 | -0.000535 | 0.998544 | 0.001581 | 65000 | BR4 | -1.2609E-09 | -0.001151 | 0.996741 | 0.003392
BL1 | 1.4012E-03 | 4.853020 | 0.034934 | 0.215504 BL1 | 1.1828E-03 | 6.895490 | 0.026292 | 0.239603
BL2 | -2.3743E-04 | -0.447205 | 0.085806 | 0.056095 BL2 | -3.3874E-04 | -0.527565 | 0.097845 | 0.053247
BL3 | 1.4756E-08 | 0.004389 | 0.005753 | 0.005609 BL3 | 3.5520E-07 | 0.019613 | 0.014583 | 0.012257
BL4 | -5.2257E-13 | -0.000016 | 0.000237 | 0.000356 BL4 | -1.0464E-11 | -0.000124 | 0.000717 | 0.000839
TL1 | 5.0231E-03 | 2.762162 | 0.088714 | 0.913712
TL2 | -2.7435E-04 | -1.694708 | 0.029697 | 0.807009
BRI | 2.1890E-03 | 11.47783 | 0.655160 | 0.027005
BR2 | -8.8607E-04 | -0.696794 | 0.926050 | 0.122256
BR3 | 7.2261E-06 | 0.092522 | 0.972755 | 0.027485
45000 | BR4 | -2.0361E-10 | -0.000656 | 0.998293 | 0.001581
BL1 | 1.3477E-03 | 5274627 | 0.032259 | 0.222751
BL2 | -2.6047E-04 | -0.473590 | 0.090691 | 0.054659
BL3 | 2.4716E-08 | 0.005421 | 0.006929 | 0.006483
BL4 | -8.5731E-12 | -0.000034 | 0.000476 | 0.000356
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CONCLUSIONS

In this work, a numerical solution of 2-D steady
Navier-Stokes equations for a lid-driven cavity at
Reynolds numbers up to 65000 is presented. A non-
uniform version of the QUICK scheme is employed
for the approximation of the convective transport terms.
To implement the QUICK scheme, the deferred cor-
rection technique is used. In this approach a lower-
order scheme is treated by the central difference
scheme. Detailed numerical experiments demon-
strate that this formulation not only provides a
smooth solution, but also enables convergence for
the range of Reynolds number investigated. Further-
more, by using CDS, the compromise in the accuracy
of the solution due to UDS can be limited. Discreti-
zation of the flow field by means of a non-uniform
mesh structure instead of a uniform one leads to both
improved accuracy and non-oscillatory solutions at
high Re.

The present computational results compare well
with those published for the investigated Re number
range. Moreover, close agreement between the present
results and theory is obtained as far as the vorticity
value at the primary vortex center is concerned. New
vortices that have not been reported before appear at
the bottom left and right corner of the cavity after Re
number 25000.
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