
Alexandria Engineering Journal (2017) xxx, xxx–xxx
HO ST E D  BY

Alexandria University

Alexandria Engineering Journal

www.elsevier.com/locate/aej
www.sciencedirect.com
ORIGINAL ARTICLE
Numerical simulation of oscillating lid driven

square cavity
* Corresponding author.

E-mail address: mranji1@nitk.edu.in (R. Maniyeri).

Peer review under responsibility of Faculty of Engineering, Alexandria

University.

http://dx.doi.org/10.1016/j.aej.2017.07.011
1110-0168 � 2017 Faculty of Engineering, Alexandria University. Production and hosting by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Please cite this article in press as: J.V. Indukuri, R. Maniyeri, Numerical simulation of oscillating lid driven square cavity, Alexandria Eng. J. (2017), http:
org/10.1016/j.aej.2017.07.011
Jagadeesh Varma Indukuri, Ranjith Maniyeri *
Department of Mechanical Engineering, National Institute of Technology Karnataka (NITK), Surathkal, Mangalore
575025, Karnataka, India
Received 29 March 2017; revised 14 July 2017; accepted 27 July 2017
KEYWORDS

Finite volume method;

First order upwind scheme;

Oscillating lid driven cavity;

Simple algorithm
Abstract This paper aim to develop a two-dimensional computational model to study the fluid

dynamic behaviour in a square cavity driven by an oscillating lid using staggered grid based finite

volume method. Firstly the developed computational model is validated with that of other research-

er’s results for the case of finite wall motion. Later the numerical simulations are performed for the

case of top wall oscillations for various combinations of Reynolds number and frequencies. From

these simulations an optimum frequency is chosen and then with the optimum frequency the sim-

ulations are carried out to explore the vortex behaviour for the cases of parallel wall oscillations

(both top and bottom walls moving in the same direction) and anti-parallel wall oscillations (both

top and bottom walls moving in the opposite direction). From these simulations it may be con-

cluded that Re = 1000 is medium range of operation for better mixing inside the cavity for the cases

of parallel and anti-parallel wall oscillations.
� 2017 Faculty of Engineering, Alexandria University. Production and hosting by Elsevier B.V. This is an

open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Flow in a cavity driven by finite wall motion has long been
considered as the benchmark problem in the field of computa-

tional fluid dynamics. Eventhough the geometry appears to be
simple, but this model provides a better understanding of more
complex flow regimes in a cavity. Generally fluid mixing is the

important field of research in chemical and process engineering
industries. There are several methods involved to enhance the
fluid mixing, some methods are like using the stirrers in the
flow domain and repeated stretching and folding of the fluid.
Oscillating lid improves the disturbances of fluid flow patterns
inside the cavity apart from the lid moving with finite wall
motion.

Koseff et al. [1] and other researchers have done experimen-
tal investigations on end wall effects in lid driven cavity flows
[1,2]. Benchmark results are done by Ghia et al. [3] on two-
dimensional lid driven square cavity problem for high Rey-

nolds number using a multigrid method. Later the research
has been extended to study the effects of aspect ratios on cavity
and vortex behaviour inside the cavity for wide range of Rey-

nolds number using lattice Boltzmann method, finite difference
method and stream vorticity approach [4–6]. Many studies
have been reported on finite wall motions for different config-

urations of the lid driven cavity for wide range of Reynolds
number but, less attention has been made on oscillating lid dri-
ven cavity flows with finite volume method. Mendu et al. [7]
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Nomenclature

u* X-component of velocity (m/s)

u*ref reference velocity (m/s)
Lc reference length (m)
U non-dimensional x-component velocity
v* Y-component of velocity (m/s)

V non-dimensional y-component velocity
p* pressure (N/m2)
P non-dimensional pressure

Re Reynolds number

Greek symbols
q density (kg/m3)

l dynamic viscosity (N sec/m2)
s non-dimensional time
x* natural frequency (radians/s)

x non-dimensional frequency
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have done the numerical simulations on fluid flow in a cavity
driven by an oscillating lid using lattice Boltzmann method.
The investigations, mainly focuses on mixing characteristics

inside the cavity based on the Reynolds number and the fre-
quency of the lid motion. Zhenhong et al. [8] have investigated
the fluid dynamic behaviour in a oscillating lid driven cavity by

smoothed hydrodynamic particle approach, where the investi-
gations mainly focusses on low Reynolds number. Sheremat
et al. [9] have done numerical study on buoyancy effects in a

lid driven cavity filled with a water based nano fluid using
stream function and vorticity based formulation. Their investi-
gations helped to know the parameters (moving parameters

and Richardson number) that effect the flow, heat and mass
transfer mechanisms inside the cavity. Gibanov et al. [10] have
presented the mixed convection heat transfer taking place in a
lid driven cavity with heat conducting solid backward step.

They mainly concentrated on the parameters like Richardson
number, distance between the left wall and backward step,
nano particle volume fraction, backward step height and ther-

mal conductivity ratio. They mainly concluded that the aver-
age Nusselt number near the hot moving lid and nanofluid
flow rate are desending functions of backward step height ratio

and Richardson number.
Most of the investigations based on the literature survey

infers that, wide range of computational study has been carried
Fig. 1 Schematic diagram representing the physical domain of oscilla

wall oscillation and (c) anti-parallel wall oscillation.
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out using finite wall motions with different configurations. The
study on oscillating lid driven cavity has given less attention.
Mainly the research on oscillating lid driven cavity has been

carried out for the case of single wall oscillation with Reynolds
number ranging to 1000 using lattice Boltzmann method and
smoothed hydrodynamic particle approach. To the best of

our knowledge no investigations have been reported for the
cases of parallel and anti-parallel wall oscillations. Motivated
by this, we develop a two-dimensional computational model

using staggered grid based finite volume method with SIMPLE
algorithm [11] to study fluid dynamics of a single wall oscillat-
ing lid driven square cavity. Based on the optimum frequency

obtained from the simulations of single wall oscillating lid dri-
ven square cavity, the simulations are carried out for the cases
of parallel wall and anti-parallel wall oscillations with Rey-
nolds number ranging up to 2000.
2. Mathematical modelling and numerical procedure

Fig. 1 shows the schematic diagrams of oscillating lid driven

square cavity with different wall oscillation configurations.
Fig. 1(a) shows single wall oscillation which is given a
horizontal oscillating motion varying as cosine function i.e.,

urefcos (x�t) where uref is the oscillation amplitude, x� is the
ting lid driven square cavity (a) Single wall oscillation. (b) Parallel
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Fig. 2 Schematic diagram representing the grid size 129 � 129.

Table 1 Dimensional boundary conditions for oscillating wall

cases.

Walls Single wall

oscillation

Parallel wall

oscillation

Anti-parallel

oscillation

Top wall u* = u*ref cos

(x�t�), v* = 0

y* = H,

0 � x* � L

u* = u*ref cos

(x�t�), v* = 0

y* = H,

0 � x* � L

u* = u*ref cos

(x�t�), v* = 0

y* = H,

0 � x* � L

Bottom

wall

u* = v* = 0

y* = 0,

0 � x*�L

u* = u*ref cos

(x�t�), v* = 0

y* = 0,

0 � x* � L

u* = �u*ref cos

(x�t�), v* = 0

y* = 0,

0 � x* � L

Left wall u* = v* = 0

x* = 0,

0 � y* � H

u* = v* = 0

x* = 0,

0 � y* � H

u* = v* = 0

x* = 0,

0 � y* � H

Right

wall

u* = v* = 0

x* = L,

0 � y* � H

u* = v* = 0

x* = L,

0 � y* � H

u* = v* = 0

x* = L,

0 � y* � H

Table 2 Non-dimensional boundary conditions for oscillating

wall cases.

Walls Single wall

oscillation

Parallel wall

oscillation

Anti-parallel

oscillation

Top wall U = cos (xs),
V = 0,

Y = 1.0,

0 � X � 1.0

U = cos (xs),
V = 0,

Y = 1.0,

0 � X � 1.0

U = cos (xs),
V = 0

Y= 1.0,

0 � X � 1.0

Bottom

wall

U = V= 0,

Y = 0,

0 � X � 1.0

U = cos (xs),
V = 0,

Y = 0,

0 � X � 1.0

U = �cos (xs),
V = 0,

Y = 0,

0 � X � 1.0

Left wall U = V= 0,

X = 0,

0 � Y�1.0

U = V= 0,

X = 0,

0 � Y � 1.0

U = V= 0,

X = 0,

0 � Y � 1.0

Right

wall

U = V= 0,

X = 1.0,

0 � Y � 1.0

U = V= 0,

X = 1.0,

0 � Y�1.0

U = V= 0,

X = 1.0,

0 � Y � 1.0

Fig. 3 Schematic diagram representing grid independence test

(65 � 65, 129 � 129, 251 � 251) for mid-point x component

velocity for the case of finite wall motion at Re = 1000.
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oscillating frequency and t is the time period of oscillation.
Fig. 1(b) shows parallel wall oscillation in which both top

and bottom walls moving with same oscillating velocity and
Fig. 1(c) represents anti-parallel wall oscillation in which both
top and bottom wall are given opposite oscillations.

We use a uniform grid system comprising of 129 � 129 grid
which is shown in Fig. 2. The selected grid size is optimum one
based on grid independent test.

The flow behaviour inside the cavity is studied using conti-
nuity and Navier-Stokes equations, which are shown below in
Eqs. (1) and (2) in dimensional form as,

r � u� ¼ 0 ð1Þ

q
@u�

@t�
þ u� � ru�

� �
¼ �rp� þ lr2u� ð2Þ

The dimensional boundary conditions for the case of single
wall, parallel wall and anti-parallel wall oscillation case is

shown in Table 1.
Please cite this article in press as: J.V. Indukuri, R. Maniyeri, Numerical simulation
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The geometric and flow variables in the continuity and
momentum equations are non-dimensionalised using charac-

teristic values of length, velocity and time as shown

below.U ¼ u�
u�
ref

, V ¼ v�
u�
ref

, X ¼ x�
Lc
, Y ¼ y�

Lc
, x ¼ x�Lc

u�
ref

, P ¼ P�
qu�2

ref

,

s ¼ t�u�
ref

Lc
, where ‘ref’ means characteristic values.

The non-dimensionalized continuity and momentum equa-
tions are shown below in Eqs. (3) and (4).

r �U ¼ 0 ð3Þ

@U

@s
þU � rU

� �
¼ �rPþ 1

Re
r2U ð4Þ

where Re is called Reynolds which is given as Re ¼ qurefLc
l . The

non-dimensional boundary conditions for oscillating wall
cases are given in Table 2.

In this present work staggered grid based finite volume
method is used with SIMPLE algorithm [11] to solve the
of oscillating lid driven square cavity, Alexandria Eng. J. (2017), http://dx.doi.
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(a) (b)

Re=100 

Re=1000

Re=400 

e

Fig. 4 Validation of present results for finite wall motion (a) Centerline u velocity variation along y axis. (b) Centerline v velocity

variation along x axis.
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continuity and momentum equations. The convective terms in
the momentum equations are treated with first order upwind
scheme and the algebraic equations obtained for X and Y

momentum equations are solved using TDMA (tridiagonal
matrix algorithm). Euclidean norm of residual is taken into
consideration for convergence of each independent flow

variable.
The discretised form of convective fluxes at the east, west,

north and south faces are represented below

Fe ¼ ððui;j þ uiþ1;jÞ � dyÞ=2:0

Fw ¼ ððui;j þ ui�1;jÞ � dyÞ=2:0
Please cite this article in press as: J.V. Indukuri, R. Maniyeri, Numerical simulation
org/10.1016/j.aej.2017.07.011
Fn ¼ ððvi;j þ viþ1;jÞ � dxÞ=2:0

Fs ¼ ððvi;j�1 þ viþ1;j�1Þ � dxÞ=2:0
where ui;j and vi;j are x-direction and y-direction velocities, dx

and dy are grid sizes in x and y direction. The discretisation
form of diffusion terms at east, west, north and south faces
are calculated by the following terms given below,

De ¼ dy

ðRe � dxÞ ; Dw ¼ dy

ðRe � dxÞ ; Dn ¼ dx

ðRe � dyÞ ;

Ds ¼ dx

ðRe � dyÞ
of oscillating lid driven square cavity, Alexandria Eng. J. (2017), http://dx.doi.
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Re=100 Re=400 Re=1000

Fig. 5 Schematic diagrams representing the streamline patterns for the case of top wall motion for a range of Reynolds number.

Fig. 6 . Centerline u and v velocity variation for single wall oscillation Re = 100 and x = 2p/6 (a) first half cycle (s = 0–3). (b) Second

half cycle (s = 3–s = 6).
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The convergence term is taken into account after solving
the momentum equations for the case of steady state problem

which is represented in Eq. (5), whereas for the unsteady state
problem like oscillating lid driven cavity no convergence is
taken into consideration, but it is ensured that the solution is

oscillatory after certain time periods and then the results are
captured at certain time step.

ðui;j � ui�1;jÞDyþ ðvi;j � vi;j�1ÞDx 6 10�8 ð5Þ
3. Results and discussions

3.1. Grid independence test

The grid independence test is done for the case of standard lid

driven square cavity with top wall moving with finite motion
having Reynolds number case (Re= 1000) and the remaining
Please cite this article in press as: J.V. Indukuri, R. Maniyeri, Numerical simulation
org/10.1016/j.aej.2017.07.011
walls are kept at stationary position. Mainly, the grid indepen-
dent test is done for three different uniform grid sizes of

65 � 65, 129 � 129 and 251 � 251. The variation of the mid-
point x component velocity is taken into consideration for dif-
ferent grid sizes. Fig. 3 represents the variation of mid-point

velocity for different grid sizes. From Fig. 3 it is observed that
the solution accuracy is nearly same for the case of 129 � 129
and 251 � 251 with a deviation of only 5%. Since, the grid size

251 � 251, takes large computational time to get the same
results, we chose 129 � 129 as the optimum grid size for
further simulations. It is to be noted that, Ghia et al. [3] have
used the same grid size 129 � 129 with whom the validation of

the present work is done for different Reynolds numbers.

3.2. Validation of the developed model

First of all, the developed numerical model for a square cavity
of size 1 � 1 is used to validate for the case of single wall
of oscillating lid driven square cavity, Alexandria Eng. J. (2017), http://dx.doi.
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Re=100 

Re=1000 

Re=2000 

(a) (b)

Fig. 7 Centerline velocity variation for single wall oscillation for range of Reynolds number and x = 2p/6 first half cycle (s= 0–3.0)

(a) u velocity variation along y axis. (b) v velocity variation along x axis.
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motion (top wall moving with finite velocity) for three different
Reynolds numbers (Re= 100, 400 and 1000). We select a time
step of 0.01. Fig. 4(a) and (b) shows the comparison of present
results of u and v velocity variation along y and x axis at the

centre of the cavity with that of Ghia et al. [3] results. From
Please cite this article in press as: J.V. Indukuri, R. Maniyeri, Numerical simulation
org/10.1016/j.aej.2017.07.011
these plots, it can be seen that the present results are in good
agreement with that of Ghia et al. [3] which proves the
reliability of our developed model. Fig. 5 shows the streamline
patterns inside the cavity for the three Reynolds numbers for

top wall motion. From Fig. 5 it can be inferred that, as the
of oscillating lid driven square cavity, Alexandria Eng. J. (2017), http://dx.doi.
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Re=100

Re=1000

U=-1       

Re=2000

Fig. 8 Streamline patterns for single wall oscillation at various time intervals with optimum frequency x = 2p/6.
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Reynolds number increases, the formation of primary vortex

center moves towards the geometric center and the increase
in size of secondary corner vortices is also noticed.

3.3. Single wall oscillation

Next, simulations are performed with the developed model for
single wall oscillation. The numerical simulations are per-

formed for various Reynolds number ranging from Re= 100

to 2000 with various frequency’s x ¼ p
6
; 2p
6
; 5p
6
; p; 4p

3

� �
and 2p.

For every frequency there are certain periodic oscillations.

Based on the frequency of oscillation certain time step is
decided to capture the fluid behaviour inside the cavity. By
observing how well the lid oscillations are transferred to bulk

motion of the fluid inside the cavity for various frequencies, an
Please cite this article in press as: J.V. Indukuri, R. Maniyeri, Numerical simulation
org/10.1016/j.aej.2017.07.011
optimum frequency is chosen as x = 2p
6
. Fig. 6(a) shows the

variation of centerline u velocity along y axis for the first half
cycle s = 0–3). From this figure an interesting fluid behaviour
is observed when compared to that of lid moving with a finite

velocity case in Fig. 4(a). Here, the x component of fluid veloc-
ity from top to bottom experiences more complex behaviour
than the case of lid moving with finite velocity. This phe-

nomenon is happening mainly due to the oscillatory motion
of lid. Similarly, Fig. 6(b) shows the centerline u velocity vari-
ation for the second half cycle s = 3.0–6.0), which clearly indi-
cates u velocity variation is exactly reversal of the first half

cycle and conforms the periodicity.
Fig. 7 indicates the centre line u velocity variation along the

ordinate and v velocity variation along the abscissa for singe

oscillating wall case. From Fig. 7(a) it is observed that initially
of oscillating lid driven square cavity, Alexandria Eng. J. (2017), http://dx.doi.
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(a) (b) 

Re=100 

Re=1000 

Re=2000 

Fig. 9 Pressure distribution for single wall oscillation at first half time interval (s = 0–3.0) with optimum frequency x = 2p/6 (a) Center

line pressure variation along abscissa. (b) Center line pressure variation along ordinate.
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at low Reynolds number the particles near to lid portion expe-

riences higher disturbances, as the Reynolds number increases
the disturbances are restricted near to the lid portion. From
Fig. 7(b) it is observed that for low Reynolds number

(Re = 100) case two local maxima values can be found for a
particular time step. This maxima value indicates the presence
of two vortices inside the cavity (Primary and counter rotating
Please cite this article in press as: J.V. Indukuri, R. Maniyeri, Numerical simulation
org/10.1016/j.aej.2017.07.011
vortex). As the Reynolds number increases (Re= 1000, 2000)

local maxima values (four) increases indicating that presence
of more complex vortices inside the cavity.

Fig. 8 shows the streamline patterns for the case of single

wall oscillation with Reynolds number ranging from 100 to

2000 for optimum frequency (x = 2p
6
). From Fig. 8, for

Re= 100 at time s = 1.2, it is observed that the major portion
of oscillating lid driven square cavity, Alexandria Eng. J. (2017), http://dx.doi.
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Re=100 

Re=1000 

Re=2000 

Fig. 10 Vorticity contours for single wall oscillation at various time intervals with optimum frequency x = 2p/6.
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of the cavity is filled by the primary vortex and minor portion
is occupied by the secondary vortices at the corners, which is

interesting that the behaviour is almost same as that of lid
moving with finite velocity at the same Reynolds number. At
time s = 2.1 as the lid reverses its direction (U = �0.58778)

a counter rotating vortex is observed just below the lid and
the counter rotating vortex penetration is restricted by primary
vortex. Finally, as the time progresses at the end of simulations

at s = 3.0 the entire cavity is dominated by secondary vortex
by completely mixing with the primary vortex. For
Re= 1000 and s = 1.2 it is interesting to note that along with
the primary vortex a secondary vortex is formed near the left

wall. As the time progresses the secondary vortex near the left
top corner wall enlarges its size by mixing with the counter
rotating vortex generated by the reversal motion of the lid.

At time s = 2.1 two secondary vortices are formed, one at
the right side wall and the other is at the left bottom corner.
Interestingly, the primary vortex is diminished along the diag-
Please cite this article in press as: J.V. Indukuri, R. Maniyeri, Numerical simulation
org/10.1016/j.aej.2017.07.011
onal side in case of Re= 1000. Finally, at the first half time
interval, the most of the space inside the cavity is dominated

by a secondary vortex leaving the primary vortex at the top
right corner of the cavity. For Re= 2000 the behaviour of
streamline patterns are almost same for the similar instanta-

neous lid velocity, only change can be inferred that, at the
maximum reversal lid velocity (U = �1.0) the size of the pri-
mary vortex at the top right corner is more when compared

to the case of Re = 1000.
Fig. 9 shows the center line pressure along x direction and

the center line pressure along y direction for first half time inter-
val single wall oscillation (s= 0–3.0). From Fig. 9(a) it is

observed that at intially time period s = 1.2) the pressure mag-
nitude inside the cavity is low, as the time period s = 1.8–3.0)
goes on increasing the pressure magnitude goes high. The mag-

nitude of pressure is high for low Re (Re = 100) cases and also
the pressure magnitude is reducing when it is moved along the x
axis for all time intervals. As the Re increases (Re= 1000) the
of oscillating lid driven square cavity, Alexandria Eng. J. (2017), http://dx.doi.
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Re=100 

Re=1000 

Re=2000 

(a) (b)

Fig. 11 Centerline velocity variation for parallel wall oscillation for range of Reynolds number and x = 2p/6 first half cycle (s= 0–3.0)

(a) u velocity variation along y axis. (b) v velocity variation along x axis.
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pressure magnitude inside the cavity is reducing which can be
clearly observed from the plots. From Fig. 9(b) it is observed
that the pressure fluctuation along y axis is more near to the
top wall for all Reynolds number cases.

The vorticity contours indicated in Fig. 10 shows the distri-
bution of vorticity gradients inside the cavity for a range of
Please cite this article in press as: J.V. Indukuri, R. Maniyeri, Numerical simulation
org/10.1016/j.aej.2017.07.011
Reynolds number. The dark lines indicate positive trend of
vorticity and dashed lines as negative trend of vorticity. The
vorticity gradients are not high in case of single wall oscillation
mainly at the bottom part of the cavity. This indirectly indi-

cates that, the momentum transfer for the case of single wall
oscillation is taking place near to the lid.
of oscillating lid driven square cavity, Alexandria Eng. J. (2017), http://dx.doi.
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U=0.30901      U=-0.58778      U=-1       

Re=100
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Fig. 12 Streamline patterns for parallel wall oscillation at various time intervals with optimum frequency x = 2p/6.
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3.4. Parallel wall oscillation

Fig. 11 shows the centre line u velocity variation along the
ordinate and v velocity variation along the abscissa for parallel
oscillating wall case. From Fig. 11(a) it is observed that ini-

tially at low Reynolds number (Re= 100) the particles at
the centre part of the cavity experiences higher disturbances,
as the Reynolds number increases the disturbances at the cen-

tre part of the cavity decreases. From Fig. 11(b) it is observed
that for low Reynolds number (Re= 100) case two local max-
ima values can be found for a particular time step. This max-

ima value indicates the presence of two major vortices inside
the cavity (two primary vortices). As the Reynolds number
increases (Re= 1000, 2000) local maxima values (three)

increases indicating the presence of major vortices (primary
and counter rotating vortices) occupying the cavity space.

Fig. 12 shows the streamline patterns for the case of parallel
wall oscillations, at Re= 100, 1000 and 2000 with optimum
Please cite this article in press as: J.V. Indukuri, R. Maniyeri, Numerical simulation
org/10.1016/j.aej.2017.07.011
frequency. From Fig. 12 it is seen that at initial time period
s ¼ 1:2 for the case of Re= 100 there are two primary vortices

which are mirror images to each other from the centreline of y
axis. As the time period is increasing s ¼ 2:1 the lid reverses its
direction creating two counter rotating vortex at the top and

bottom part of the cavity by diminishing the primary vortex.
Finally, at the first half time period (s ¼ 3:0), major portion
of the cavity is dominated by two counter rotating vortices

and minor portion by primary vortices which are mirror
images to each other.

For the case of Re = 1000, at the initial time period
s ¼ 1:2, along with the primary vortex, a secondary vortex at

the left hand side wall is observed, which are also mirror
images to each other. As the time period advances s ¼ 1:2
the two secondary vortices near the left hand side wall

increases its size by mixing with the counter rotating vortex,
which is formed due to reversal of lid motion at the upper
and lower part of the cavity. At the end of first half time
of oscillating lid driven square cavity, Alexandria Eng. J. (2017), http://dx.doi.
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Re=100 

Re=1000 

Re=2000 

Fig. 13 Pressure distribution for parallel wall oscillation at first half time interval with optimum frequency x = 2p/6 (a) Center line

pressure variation along abscissa. (b) Center line pressure variation along ordinate.
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s ¼ 3:0 the counter rotating vortex in the cavity occupies the

main portion of the top and bottom part of the cavity leaving
the primary vortices and a small secondary vortices at the right
boundary of the cavity. For Re = 2000, the streamline pat-
terns behaviour is almost same as that of case Re= 1000.

The only minor change is that, the size of the primary vortex
formed at the right side wall of the cavity at s ¼ 3:0 is large
when compared to the case of Re = 1000.
Please cite this article in press as: J.V. Indukuri, R. Maniyeri, Numerical simulation
org/10.1016/j.aej.2017.07.011
Fig. 13 indicates the center line pressure along x direction

and the center line pressure along y direction for first half time
interval parallel wall oscillation s= 0–3.0). From Fig. 13(a) it
is observed that the magnitude of pressure is high for low Re
(Re = 100) cases and also the pressure magnitude is reducing

when it is moved along the x axis for all time intervals. The
pressure magnitudes in case of parallel wall oscillating case is
more when compared to single wall oscillating case which
of oscillating lid driven square cavity, Alexandria Eng. J. (2017), http://dx.doi.
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Fig. 14 Vorticity contours for parallel wall oscillation at various time intervals with optimum frequency x = 2p/6.
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can clearly observed from the pressure plots. As the Re
increases (Re=1000) the pressure magnitude inside the cavity
is reducing which can be clearly observed from the plots. From

Fig. 13(b) it is observed that the pressure fluctuation along y
axis is more at the middle portion of the cavity for high Rey-
nolds number (Re= 1000, 2000) cases.

Fig. 14 shows the vorticity contours for the case of parallel
wall oscillation. The vorticity gradients are high for the cases of
high Reynolds number (Re= 1000, 2000) when compared to

low Reynolds number (Re= 100) at different time intervals.

3.5. Anti-parallel wall oscillation

Fig. 15 shows the centre line u velocity variation along the

ordinate and v velocity variation along the abscissa for anti-
parallel oscillating wall case. From Fig. 15(a) it is observed
that initially at low Reynolds number (Re= 100) the particles

at the centre part of the cavity experiences twisted tape like dis-
turbances indicating the presence of co-rotating vortices, as the
Reynolds number increases the disturbances at the centre part

of the cavity decreases. From Fig. 15(b) it is observed that for
low Reynolds number (Re= 100) case two local maxima val-
ues can be found for any particular time step. This maxima
value indicates the presence of two major vortices inside the
Please cite this article in press as: J.V. Indukuri, R. Maniyeri, Numerical simulation
org/10.1016/j.aej.2017.07.011
cavity (primary and counter rotating vortices). As the Rey-
nolds number increases (Re = 1000, 2000) local maxima val-
ues (three) increases indicating the presence of at least one

vortex at the local maxima (primary or counter rotating vor-
tices) occupying the cavity space.

Fig. 16 shows the streamline patterns for the case of

anti-parallel wall oscillation at Re = 100, 1000 and 2000 with
optimum frequency. In Fig. 16, at initial time period (s ¼ 1:2)
for the case of Re= 100, it is can be seen that, a pair of two

co-rotating vortices in the main primary vortex. As the time
period increases (s ¼ 2:1) a counter rotating vortex is formed
at the upper and lower portion of the cavity detaching the
primary vortex. At the first half time period (s ¼ 3:0) the entire
cavity is occupied by counter rotating vortex by mixing with
primary vortex. When the Reynolds number increases from
100 to 1000, the streamline pattern behaviour is entirely differ-

ent when compared to the case of Re= 100. At the initial time
period (s ¼ 1:2) a primary vortex aligned diagonally contain-
ing two co-rotating vortex and two secondary vortex at the

upper left and lower right corners of the cavity is observed.
As the time advances (s ¼ 2:1) the top left and bottom right
portion vortices of the cavity tries to mix with counter rotating
vortex at the top and bottom part of the cavity which is formed

due to the reversal of the lid direction. Finally at the first half
of oscillating lid driven square cavity, Alexandria Eng. J. (2017), http://dx.doi.
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Fig. 15 Centerline velocity variation for anti-parallel wall oscillation for range of Reynolds number and x = 2p/6 first half cycle (s = 0–

3.0) (a) u velocity variation along y axis. (b) v velocity variation along x axis.
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time period (s ¼ 3:0) the entire cavity is occupied by counter

rotating vortex leaving primary vortex at the top right and bot-
tom left of the cavity. When the Reynolds number has
increased from 1000 to 2000, the streamline patterns behaviour

is almost nearly same, but at the final time period (s ¼ 3:0), the
Please cite this article in press as: J.V. Indukuri, R. Maniyeri, Numerical simulation
org/10.1016/j.aej.2017.07.011
size of the primary vortex formed at the top right and bottom

left part of cavity is slightly large in size when compared to that
of Re = 1000 case.

Fig. 17 indicates the pressure plots at the center line pres-

sure along x direction and center line pressure along y direction
of oscillating lid driven square cavity, Alexandria Eng. J. (2017), http://dx.doi.
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Fig. 16 Streamline patterns for anti-parallel wall oscillation at various time intervalswith optimum frequency x = 2p/6.
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for first half time interval anti-parallel wall oscillation (s = 0–
3.0). From Fig. 17(a) it is observed that the magnitude of pres-
sure is high for low Re (Re = 100) cases and also the pressure

magnitude is remaining nearly same at the starting and end of
the x axis for all time intervals. The pressure magnitudes in
case of anti-parallel wall oscillating case is less when compared

to parallel wall oscillating case which can clearly observed
from the pressure plots. As the Re increases (Re = 1000) the
pressure fluctuation at the middle portion of the cavity is

increasing which can be clearly observed from the plots. From
Fig. 17(b) it is observed that the pressure fluctuation along y
axis is more at the middle portion of the cavity for high

Reynolds number (Re= 1000, 2000) cases.
Fig. 18 shows the vorticity gradients for the case of

anti-parallel wall oscillation, from these plots it is inferred
that the vorticity gradients are high when compared to the

cases of single and parallel wall oscillations which means that
the momentum transfer is more in the major portion of the
cavity.
Please cite this article in press as: J.V. Indukuri, R. Maniyeri, Numerical simulation
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4. Conclusions

We develop a two-dimensional computational model to study
the fluid dynamic behaviour in a oscillating lid driven square

cavity using staggered grid based finite volume method with
SIMPLE algorithm. Through numerical simulations, the flow
behaviour and vorticity contours are analysed for three differ-

ent Reynolds number (Re= 100, 1000 and 2000) at an opti-
mum lid frequency. The developed numerical model is
validated with the available researcher’s results. The numerical

simulations are carried out for the cases of single wall, parallel
wall and anti-parallel wall oscillations at the optimum lid fre-
quency. For case of parallel wall oscillations, it is found that
more number of vortices are formed at Re = 1000, which

helps in better mixing of fluid. Whereas in the case of anti-
parallel wall oscillations it is observed that at Re= 1000 vor-
tices are displaced by expanding and minimizing with respect

to time period which indirectly indicates good mixing of fluid
inside the cavity. Finally, it may be concluded that for both
of oscillating lid driven square cavity, Alexandria Eng. J. (2017), http://dx.doi.

http://dx.doi.org/10.1016/j.aej.2017.07.011
http://dx.doi.org/10.1016/j.aej.2017.07.011


(a) (b)

Re=100 

Re=1000 

Re=2000 

Fig. 17 Pressure distribution for anti-parallel wall oscillation at first half time interval with optimum frequency x = 2p/6 (a) Center line

pressure variation along abscissa. (b) Center line pressure variation along ordinate.
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Fig. 18 Vorticity contours for anti-parallel wall oscillation at various time intervals with optimum frequency x = 2p/6.
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the cases of parallel and anti-parallel wall oscillations better
mixing of the fluid inside the cavity is observed at Re = 1000.
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