Applied and
Computational

Applied and Computational Mechanics 20 (2026) XXX-YYY é :: ; Mechanics

Numerical investigation of fluid flow in a T-shaped
lid-driven cavity by CFD
D. S. Ravichandran®, D. A. Perumal®*, R. Manimaran®

aDeparlment of Production Engineering, National Institute of Technology Agartala, Barjala, Jirania, Tripura 799046, India
bDepurtment of Mechanical Engineering, National Institute of Technology Karnataka, Surathkal, Mangalore 575025, India
€School of Mechanical Engineering, Vellore Institute of Technology Chennai, Chennai, Tamil Nadu 600127, India

Received 18 August 2025; accepted 13 February 2026

Abstract

The present research aims at providing a numerical fluid flow prediction of the less explored T-shaped lid-driven
cavity problem. It is solved two ways, first using a finite-difference-method-based vorticity-stream function for-
mulation that is applied to the two-dimensional incompressible Navier-Stokes equations and then by using the
SIMPLE algorithm implemented in the finite-volume-method-based OpenFOAM system. Firstly, a numerical in-
house code is developed for a classical lid-driven square cavity problem, and successively verified by comparing
it with results from the literature. Once the code’s credibility is established, the fluid flow characteristics are
thoroughly investigated considering three different wall motions: single-sided, double-sided with co-directional
wall motion, and double-sided with counter-directional motion. The investigation also focuses on how the fluid
flow characteristics are influenced by both the Reynolds number of the flow and the aspect ratio of the domain.
Through numerical simulations, the centerline velocity profiles are plotted, and also the structure and formation
of vortices in a T-shaped cavity are compared between both finite difference and finite volume schemes. As the
Reynolds number of the domain rises, many recirculation zones are formed, the fluid is shown to flow faster in
the wall-driven enclosures. As the aspect ratio increases the strength of the vortices diminishes at the walls of the
computational domain.
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1. Introduction

The most primitive form of the lid-driven cavity problem consists of a moving top wall and
other stationary bounding walls [24]. In the field of fluid mechanics, this makes an interest-
ing case to study, especially due to the internal re-circulating flows that are created when the
driving lid pushes the fluids that are bound by walls. Recently, thorough investigations have
been conducted on the flow generated by two walls moving both in co-directional and counter-
directional directions [12, 13]. Later, there has been a growing interest to explore different
complex cavity shapes, such as triangular and trapezoidal L-shaped cavities, in the lid-driven
cavity problem [1,6, 10,20, 27].

Researchers have also been able to observe the varying trends in flow patterns due to the
changes in cavity aspect ratio. In this case, it is worthy to note that the effect of a particular
aspect ratio is different for different Reynolds numbers. Initial research of the two-dimensional
steady flow in a single lid-driven cavity was carried out by Burgraff [5] for a square cavity, while
Pan and Acrivos [17] investigated a variety of geometrical aspect ratios for the same problem.
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The need for benchmark solutions for code developers led Ghia et al. [8] to study lid-driven
cavities for high Reynolds number flows using a vorticity-stream function formulation and to
establish exemplary results. Shen [25] and Goodrich et al. [9] worked on a variant of the single
sided two-dimensional lid driven cavity that had time dependent results. In [13], Kuhlmann
et al. expanded the investigation into the double-sided moving wall configuration with counter-
directional motion. They performed numerical investigations of the two-dimensional lid-driven
cavities and conducted experiments for the three-dimensional problem for various aspect ra-
tios and Reynolds numbers. In their study, they concluded that the double-sided configuration
of the lid-driven cavity was ideal for capturing the characteristics of viscous corner eddies.
Perumal and Dass [22] also investigated a double-sided lid driven cavity problem with both co-
directional and counter-directional wall motions using an alternate direction implicit technique
implemented through the finite difference method. In [15], Moffatt discovered that the interac-
tion between the wall jet and the pressure gradient that is induced by the corner of the cavity
leads to a separation of the jet from the wall and the formation of an additional swirling flow
pattern in the corner of the cavity domain. These corner eddies were termed as Moffatt vortices.
A detailed description of these eddies is also given by Kelmanson and Lonsdale in [11].

Many geometrical shapes have been studied throughout time as far as the lid-driven cavity
problem is concerned. In [14], McQuain et al. studied the effect of geometry on the flow struc-
ture. The geometry was changed from a rectangle to a triangle through a series of trapezoids
and the authors concluded that a triangular cavity would be less effective for studying heat and
mass transfer due to a large stagnant region at the center. Bhopalam et al. [2, 3] investigated a
cross-shaped cavity and an L-shaped cavity separately and thoroughly examined the extent of
fluid mixing in these geometries. The classical lid-driven square cavity is extended by deep cav-
ity flow in [19]. The authors studied different Reynolds numbers and aspect ratios of the deep
cavity domain. The numerical study of lid driven cavity is extended by a corrugated bottom, ob-
stacles and wave length inside the computational domain [4,18,21,23,26]. Researchers studied
fluid flow and heat transfer characteristics in terms of the Reynolds number and aspect ratio of
the domain. In [4], Bisht et al. investigated lid-driven cavity flow with a corrugated bottom wall
and demonstrated that surface corrugation significantly alters vortex structures and enhances
mixing, highlighting the strong influence of geometric modifications on confined flows. Rajan
and Perumal [23] analyzed lid-driven cavities with internal obstacles of various shapes using
the lattice Boltzmann method (LBM), showing that an obstacle geometry strongly affects flow
separation and recirculation patterns. In [21], Perumal and Dass validated the applicability and
accuracy of the LBM for incompressible viscous flows, providing a numerical foundation for
later cavity-flow studies using this method. Shetty et al. [26] studied cavity flows in bounded
domains with non-standard cavity shapes and demonstrated the sensitivity of vortex dynamics
to cavity geometry, reinforcing the need to study complex cavity configurations. In [18], Park
performed direct numerical simulations of lid-driven cavities over a wide range of the Reynolds
number, offering high-fidelity benchmark data for the verification of numerical schemes.

On the basis of literature review and to the best knowledge of the authors, the T-shaped
lid-driven cavity has received much less attention from researchers in comparison to other com-
plex shapes. Given its practical applications, the present T-shaped cavity deserves a thorough
investigation as the flow within it is an idealized representation of several engineering situa-
tions, such as the flow over cutouts, designs and repeated slots on the walls of heat exchangers
in electronic cooling devices. Since T-shaped cavities are extensively used as heat exchangers
in electronic cooling devices, this study helps us to identify the efficiency of fluid mixing that
is facilitated inside such cavities. This paper delves into the behavior of a T-shaped cavity and
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investigates the effects of wall motions, Reynolds number, and aspect ratios on the incompress-
ible flow inside the cavity. The numerical method used for solving the fluid flow involves a
vorticity-stream function formulation that is implemented with the help of a finite difference
scheme. A variety of streamline patterns are presented along with centerline velocity plots that
would help us make logical inferences with regards to the mixing effects. Additionally, the na-
ture of secondary, tertiary and corner vortices for different aspect ratios and Reynolds numbers
are analyzed.

The current study presents a numerical prediction of the flow induced inside a T-shaped lid-
driven cavity with three distinct wall motions: single-sided, double-sided with co-directional
motion, and double-sided with counter-directional motion. The paper is structured into four
main sections as follows: Section 2 outlines the problem statement and defines the computa-
tional domain where simulations will be conducted using an in-house code and OpenFOAM.
In Section 3, the numerical scheme employed in the study is described, and the code’s correct-
ness is established through verification tests. Once the code’s reliability is confirmed, Section 4
showcases the results and discussions derived from the simulated scenarios. Finally, Section 5
delivers a comprehensive summary that concludes the entire study.

2. Numerical method

2.1. Problem formulation

In this study, our specific aim revolves around the examination of flow attributes within the
T-shaped geometry of a lid-driven cavity, Fig. 1. It is important to mathematically define pa-
rameters such as the Reynolds number (Re) and the aspect ratio (AR) for all the configurations,
as their effects are particularly investigated in this study. Consistently throughout the investiga-
tion, a constant velocity magnitude U 1is applied on the lids of the cavity. The two characteristic
lengths of the cavity are given by H and [ and the kinematic viscosity of the fluid is given by v.
The mathematical definitions of the parameters used in the study are written as follows:
UH H—2]

AR = . 1
Re = i (D

Further, the empirical expression
hy = 21 2)

relating the two dimensions h; and [, as shown in Fig. 1, is maintained for all simulations to
preserve the thickness of the cavity along the top column.
2.2. Solver based on the vorticity-stream function formulation

The current study implements a finite difference code that solves the two-dimensional (2D)
Navier-Stokes equations that are represented in the form of finite-difference-based vorticity and
stream function. The equations are as follows:

%Y 0%

9 + a2 —w, 3)
a_w + a_w + a_w — i 82_(,4.) + 82_(,0 (4)
ot ox Uay ~ Re \ 022 0y2 )’

where w is the amount of rotation in terms of vorticity, ¢/ is the stream function, Re is the
Reynolds number, and « and v are the velocity components in the x- and y-directions, respec-
tively. We achieve the steady state solution by coupling the discretized form of the governing
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Fig. 1. Schematic diagram of the T-shaped Fig. 2. Conventional lid-driven cavity
lid-driven cavity configuration with boundary conditions

momentum equation in terms of stream function-vorticity formulation, and further by solving it
sequentially in time using an iterative procedure. However, using an explicit scheme with a for-
ward time-marching approach of first order accuracy with derivative term and a central spatial
discretization often leads to a very small time step due to stability limitations. Consequently, the
convergence to the steady state for higher Reynolds numbers becomes extremely slow. Thus,
equipping a central space-differencing poses significant challenges in achieving the final result.
With respect to this issue, a first-order accurate forward-differencing method is utilized for the
flow distribution terms. At the moving walls, a velocity of U = 1 is applied and, at the station-
ary walls, a velocity value of u = 0 is applied. It is very important to note that even though this
modification reduces the computational time, it could potentially compromise the accuracy of
the solutions by a slight margin.

2.3. SimpleFoam solver

SimpleFoam is a steady-state solver for turbulent, incompressible flows that uses the semi-
implicit method for pressure linked equations (SIMPLE algorithm). The solver employs an
approach of segregated solutions for the continuity and Navier-Stokes equations

V-v=0, )

0
g{a—;}%—(v-V)v]:—Vp%—V-T%—gg, (6)

where o is the density of the fluid, v = [u, v]T indicates the velocity vector, p is the pressure, T is
the stress tensor, and g denotes the vector of gravitational acceleration. This implies that the ve-
locity and pressure variables that made up the system’s equations are solved one after the other,
with the updated variables from the earlier equations being incorporated into the latter one. The
non-linearity in the momentum equations can be fixed by computing it using the pressure and
velocity values from the previous iteration. In order to prevent the momentum and pressure
equations from decoupling and to avoid the subsequent emergence of high frequency oscilla-
tions in the numerical solution, a pressure dependency is included. The pressure equation is
created using the momentum and continuity equations. Until convergence, the aforementioned
iterative solution process is repeated.
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Table 1. Grid independence study for Re = 1 000

Method Grid size Umin |—] Vmin |—|
101 x 101 | —0.37463 | —0.499 67
Vorticity-stream function method | 129 x 129 | —0.38072 | —0.509 52
161 x 161 | —0.38281 | —0.51547
10° —0.38154 | —0.498 54
OpenFOAM 3-10° —0.38261 | —0.514 78
5-10° —0.38283 | —0.51495

2.4. Grid independence study

To ensure the accuracy of our code while investigating the flow inside the T-shaped cavity,
it is important to carry out a grid independence study. In the present study, two different
approaches, namely the vorticity-stream function method and OpenFOAM, are used. To en-
sure grid-independent results, an analysis was performed for Re = 1000 with results listed
in Table 1. Three different grids, namely coarse (101 x 101), medium (129 x 129), and fine
(161 x 161), are used in the in-house code based on the vorticity-stream function formulation.
From Table 1, it is apparent that the percentage deviation of coarse grid from the fine grid is min-
imal (within 2 %) in predicting velocity values. In the present study, the fine grid (161 x 161) is
used for in-house code simulations. In the case of OpenFOAM simulations, a coarse (10° cells),
a medium (3-10° cells), and a fine (5 - 10° cells) grid are used to predict u-velocity values. From
Table 1, one can notice that the percentage error is minimal and it is insignificant when using
coarse or fine grid in the OpenFOAM simulation.

2.5. Code verification study

For further verification of our code, it is crucial to compare its results with existing data from the
literature. A comparative study was done between the results from the finite-difference-based
vorticity-stream function code and the calculations done by the multigrid-based method [8] for a
single lid-driven square cavity (Fig. 2) at a Reynolds number of 100. Referring to the schematic
drawing in Fig. 2, the top wall is moving with a constant velocity (u = U), whereas the other
three walls are taken as stationary (v = 0). Due to the movement of the top wall momentum
is diffused inside the cavity domain. For the purpose of code verification, centerline velocity
profiles are compared at different Reynolds numbers, Fig. 3. In this case, a very fine grid is
used. The convergence criterion of 1075 is set for velocity components. It is apparent that
the in-house code and the multigrid codes are in good agreement. To understand the agreement
between the finite difference method (FDM) in-house code and the finite volume method (FVM)
OpenFOAM code, the position of vortices at Re = 100 are listed in Table 2.

Table 2. Location of vortex cores in the single-sided lid-driven square cavity at Re = 100

Study
In-house code
Ghia et al. [8]

OpenFOAM

Primary vortex (z,y)
(0.5316, 0.5662)
(0.5313, 0.5625)
(0.5215, 0.5672)

Bottom left (z,y)
(0.0830, 0.0771)
(0.0859, 0.0781)
(0.0825, 0.0743)

Bottom right (z, y)
(0.8640, 0.1124)
(0.8594, 0.1094)
(0.8623, 0.1217)
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Fig. 3. Velocity profiles along the centerline for a single-sided lid-driven square cavity at different
Reynolds numbers

Excellent agreement was achieved between our in-house code, OpenFOAM (using Simple-
Foam) and the data from the literature, indicating that our code accurately captures the flow
characteristics. It can be noted that the existing numerical results of the multigrid-based solver
by Ghia et al. [8], the present in-house code and OpenFOAM are capturing vortex positions
accurately. It is observed that a slight variation between the FDM-based in-house code and the
FVM-based OpenFOAM code occurs. The reason for this is that the FDM-based approach is
first-order accurate, whereas the FVM-based approach is second-order accurate. This compar-
ison serves as an important foundation for our research problem. The error calculated between
in-house code and OpenFOAM is found to be less than 5 % and hence both the codes are con-
sidered for further study.

Next, to ensure a good prediction of flow also inside the T-shaped cavity, we compare the
code results with available experimental and CFD results by Naeem [16]. Table 3 shows the
comparison of the measured PIV data with numerical data from the in-house code and Open-
FOAM. It is apparent that there is a deviation due to numerical diffusion and modeling assump-
tions. The OpenFOAM results at Re = 1250 are comparable with PIV results from [16] and
found to be within 10 % except at locations y = 4mm, y = 6 mm, and y = 8 mm, where the
shear layer or the gradient of the z-component of velocity is not resolved along with the same
phenomenon as observed in [16]. The reason for the significant deviation may come from the
inaccuracy in laser sheet alignment at precise locations within millimeter accuracies.

3. Results and discussion

In this study, the fluid flow inside the T-shaped cavity was investigated for three different types
of moving wall configurations, namely single-sided and double-sided with both co-directional
and counter-directional motions. Various aspect ratios (AR = 0.2, 0.5, and 0.8) along with
different Reynolds numbers (Re = 200, 500, and 1 000) are considered. With its unique phys-
ical features, the T-shaped cavity is expected to yield intriguing results, particularly due to its
protrusions at the top and bottom, which differentiate it from a square cavity. It is anticipated
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Table 3. Comparison of U-velocities measured by the PIV method [16] and computed by CFD [16],
in-house code and OpenFOAM (Y denotes the axis along the vertical direction of the cavity)

Y | PIV[16] | CFD [16] | in-house code | OpenFOAM
0 - 0.042 30 0.042 -

1 0.026 60 0.02213 0.021 0.02541

2 0.028 59 0.01975 0.019 0.027 38

4 0.02777 0.01544 0.015 0.016 73

6 0.02111 0.01082 0.011 0.01017

8 0.004 36 0.006 41 0.007 0.006 48

10 | —0.01024 0.002 08 0.002 —0.01009

12 | —0.01980 | —0.001 55 —0.002 —0.018 30

14 | —0.026 70 0.005 72 —0.006 —0.02520

that there will be an increase in the number of recirculation zones for this very same physical
peculiarity.

3.1. Single-sided T-shaped lid-driven cavity

By studying the results of the single wall motion, it can be noted that for AR = (0.2 the number
of recirculation zones remains constant throughout for different Reynolds numbers, Fig. 4. It
is evident that since the cavity is narrow for this particular aspect ratio, it behaves similarly
to a deep cavity [19] as it forms many recirculation zones in the narrow cavity. A similar
result has also been obtained for corrugated cavities and other shapes of the cavity domain
[4,7,16,18,21,23,26]. The case of streamline patterns for AR = 0.5 produces interesting
results to visualize the steady state configuration change for each Reynolds number, Fig. 5. For
Re = 200, only two recirculation zones are observed, whereas for Re = 500, it is noted that
an additional secondary vortex is also formed in response to the continuous shearing movement
produced by the primary vortex.

At Re = 1000, it is found that one of the corner eddies from the left side coalesces with
the secondary vortex from the bottom half of the cavity at the steady state, Fig. 6. Streamline
patterns AR = (.8 does not produce many variations with one large recirculation zone and
several corner eddies that are also termed as Moffatt vortices. These vortices form at sharp
concave edges [15]. They are also visible at the corners for AR = 0.5, and they keep growing
as the Reynolds number increases. However, at AR = 0.8, the Moffatt vortex from the left
does not grow large enough to coalesce with the secondary vortex from the bottom. The reason
behind this difference is attributed to the cavity’s small step size and the lack of energy in the
flow. In general, the in-house code and OpenFOAM results show great agreement, except for a
few minor differences such as the fundamental configuration of the primary vortex at AR = 0.2
and the Moffatt vortices that are absent at Re = 200 for the in-house code.

The centerline velocity profiles presented in Fig. 7 provide valuable insights into the extent
of fluid mixing. From the plot, it is also evident that the magnitude of the extrema increases with
the increase in Reynolds number for the u-velocity. However, it is interesting to note that for the
v-velocity, the magnitude of the extrema is largest for AR = 0.5. This is because the concave
corner of the cavity lies closer to the horizontal line that bisects the top region of the cavity.
In addition to that, the v-velocity trend varies very drastically from negative to positive values.
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Fig. 4. Streamline patterns in the single-sided T-shaped lid-driven cavity for different Reynolds numbers
(AR = 0.2): (left) in-house code, (right) OpenFOAM
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(c) Re =1000

Fig. 6. Streamline patterns in the single-sided T-shaped lid-driven cavity for different Reynolds numbers
(AR = 0.8): (left) in-house code, (right) OpenFOAM
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Table 4. Location of vortex cores in the single-sided T-shaped lid-driven square cavity for various aspect
ratios at Re = 500

Code Aspect | Primary | Secondary | Secondary | Secondary
ratio vortex vortex 1 vortex 2 vortex 3
In-house (0.7952, | (0.5030, (0.4995, (0.5000,
0.2 0.9072) 0.7427) 0.4623) 0.1828)
' (0.7853, | (0.5135, (0.4879, (0.5012,
OpenFOAM
pett 09175) | 07732) | 0.4548) | 0.1798)
In-house (0.6687, | (0.4662, (0.1490, o
0.5 0.7719) 0.3992) 0.6027)
' (0.6753, | (0.4712, (0.1487,
OpenFOAM —
pett 0.7624) | 0.4002) | 0.5997)
(0.5483,
In-h — — —
fi-house 0g | 0:5973)
' (0.5456,
OpenFOAM — = —
pen 0.5965)

This is a very desirable and well known characteristic, which leads to an increased intermixing
of the fluid. The wv-velocity plots of different aspect ratios have fairly distinct patterns for a
given Reynolds number; this indicates that the aspect ratio plays a significant role in deciding
the number of vortices formed at steady state and thereby enhances the mixing capabilities.
However, the extrema of the velocities show variation due to the change in the aspect ratios. It
would be quite fair to conclude from the velocity profiles that the cavity with an aspect ratio of
0.5 is the most effective at mixing liquids. Overall it can be concluded that a single lid-driven T-
shaped cavity is suitable for carrying out an energy and mass transfer study inside the bounded
domain. Table 4 presents the coordinates of the core of vortices in a single-sided T-shaped lid-
driven square cavity for Re = 500 for various aspect ratios. As the aspect ratio increases, the
formation of secondary vortices disappears in the bounded domain.

3.2. Double-sided T-shaped lid-driven cavity with co-directional wall motion

With both top as well as bottom walls moving in co-directional motion, four recirculation zones
are observed for AR = (.2 at all Reynolds numbers, Fig. 8. Although it is worth noting that the
middle recirculation zone of the three recirculation zones in the narrow cavity keeps expand-
ing with every Reynolds number increment and thereby pushes both the vortices adjoining it
outward. At AR = 0.5, the number of recirculation zones keeps increasing with subsequent
Reynolds numbers from two to five, Fig. 9. The secondary vortices that develop at the cor-
ners of the cavities keep growing as the Reynolds number increases. It can be noted that just
like in the case of the single lid-driven wall motion, the corner eddy tries to merge with the
secondary vortex from the bottom due to the large step size of the cavity at Re = 1 000. How-
ever, at AR = 0.8, much variation could not be observed except for an additional secondary
vortex formed at Re = 500 and 1 000, Fig. 10, and as anticipated, the secondary vortices keep
increasing in size with an increase in the Reynolds number.

Fig. 11 shows centerline velocity variations for the different aspect ratios and Reynolds
numbers considered in this study. Similarly to previous cases, it can be noted that the v-velocity

12
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Fig. 8. Streamline patterns in the double-sided T-shaped lid-driven cavity with co-directional motion for
different Reynolds numbers (AR = 0.2): (left) in-house code, (right) OpenFOAM

13



D. S. Ravichandran et al. / Applied and Computational Mechanics 20 (2026) XXX-YYY

o
w

N
S

o
N

(A z«)ﬁ
01 02 03 04 05 O 0.7
X

o

e e ©
Now s

o UL RRNEE RN BRI R

o
N

o

o
>

0.4

N
N w
o
w

o
o
o
o

o
o

BN SAREE RRNNE RRERE ERREE ERNN
o
N

0

0.1 02 03 04 0.5 0.6 0.7 08

(c) Re =1000

Fig. 9. Streamline patterns in the double-sided T-shaped lid-driven cavity with co-directional motion for
different Reynolds numbers (AR = 0.5): (left) in-house code, (right) OpenFOAM
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Fig. 10. Streamline patterns in the double-sided T-shaped lid-driven cavity with co-directional motion
for different Reynolds numbers (AR = 0.8): (left) in-house code, (right) OpenFOAM
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geometric centerline for different Reynolds numbers and aspect ratios
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Table 5. Location of vortex cores in the double-sided T-shaped lid-driven cavity with co-directional
motion for various aspect ratios at Re = 500

Code Aspect | Primary | Secondary | Secondary | Secondary
ratio vortex vortex 1 vortex 2 vortex 3
(0.7952, | (0.5030, (0.5058, (0.5240,
In-house
0.2 0.9072) 0.7427) 0.2849) 0.0524)
' (0.7967, | (0.5068, (0.5049, (0.5342,
OpenFOAM
pen 0.9187) | 0.7419) | 02857) | 0.0556)
(0.6474, | (0.5356,
In-h — —
fi-ouse 05 | 07660) | 0.1962)
' (0.6456, | (0.5328,
OpenFOAM — —d
pen 0.7875) | 0.1978)
(0.5538, | (0.5530, (0.9083,
In-house ==
0.8 0.7171) 0.1980) 0.3110)
' (0.5576, | (0.5543, (0.9074,
OpenFOAM _
pen 0.7186) | 0.1976) | 0.3145)

maxima are achieved for AR = 0.5 rather than 0.8 like in the single lid-driven motion. Apart
from that, the mixing is noted to be enhanced from the previous case where the u-velocity pro-
files were analyzed. Based on the centerline velocity profiles, the aspect ratio of 0.5 outperforms
other cavities in the case of co-directional wall configuration. Table 5 presents the coordinates
of the vortex cores in the double-sided T-shaped lid-driven cavity with co-directional motion at
Re = 200 for various aspect ratios. It is apparent that as the aspect ratio increases, the primary
vortex positions do not change much and secondary vortices disappear.

3.3. Double-sided T-shaped lid-driven cavity with counter-directional wall motion

For a counter-directional wall configuration, it is found that for AR = 0.2 the count of the
vortices increases from four to five as the Reynolds number is increased from 200 to 500 and
above, Fig. 12. The newly formed fifth recirculation zone forms as a result of both adjoining
secondary vortices moving apart. As they keep moving apart with an increment in Reynolds
number, the size of the newly formed secondary vortex keeps increasing. Streamline patterns
of AR = 0.5 (Fig. 13) exhibit complex flow structures with two major recirculation zones and a
minor eddy along the wall at Re = 200. For an increased Reynolds number of 500, a total of five
major recirculation zones are observed and also a Moffatt vortex is formed at the right corner.
Three of the secondary vortices from Re = 500 are seen coalescing at a Reynolds number of
1000, thereby, forming three major recirculation zones with an enlarged Moffatt vortex from
the previous case. Streamline patterns of AR = 0.8 (Fig. 14) do not change significantly. There
is only one major recirculation zone, but an additional Moffatt vortex is induced for Re = 500
and above. The recirculation area of the corner eddies increases with a subsequent increase in
the Reynolds numbers.

The u-velocity centerline profiles that are presented in Fig. 15 indicate that extensive mixing
takes place in the case with anti-co-directional motion in comparison with the rest. The v-
velocity profiles are also a bit different from the previous cases and here it is seen that the
aspect ratio of 0.8 has the largest extreme value compared to the other Reynolds numbers. The
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Fig. 12. Streamline patterns in the double-sided T-shaped lid-driven cavity with counter-directional
motion for different Reynolds numbers (AR = 0.2): (left) in-house code, (right) OpenFOAM
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Fig. 13. Streamline patterns in the double-sided T-shaped lid-driven cavity with counter-directional
motion for different Reynolds numbers (AR = 0.5): (left) in-house code, (right) OpenFOAM
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Fig. 14. Streamline patterns in the double-sided T-shaped lid-driven cavity with counter-directional
motion for different Reynolds numbers (AR = 0.8): (left) in-house code, (right) OpenFOAM
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Fig. 15. Variations of u-velocity (left) and v-velocity (right) for counter-directional wall motion along
the geometric centerline for different Reynolds numbers and aspect ratios
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Table 6. Location of vortex cores in the double-sided T-shaped lid-driven cavity with counter-directional
motion for various aspect ratios at Re = 500

Code Aspect | Primary | Secondary | Secondary | Secondary
ratio vortex vortex 1 vortex 2 vortex 3
(0.7952, | (0.5030, (0.4940, (0.4759,
In-house
0.2 0.9072) | 0.7427) 0.2847) 0.0524)
' (0.7968, | (0.5124, (0.4936, (0.4762,
OpenFOAM
pen 0.9083) | 0.7437) | 0.2876) | 0.0554)
In-house (0.6692, | (0.4523, (0.1484, .
0.5 0.7710) | 0.1666) 0.1666)
' (0.6754, | (0.4543, (0.1492,
OpenFOAM 4
pen 0.7765) | 0.1672) | 0.1676)
(0.5117,
In-h — — —
U e 105222
' (0.5121,
OpenFOAM — — —
pen 0.5233)

values of the v-velocity change from quite large negative values to positive values throughout
the horizontal length of the cavity. The trends of the centerline velocity profiles for all wall
motions are similar to that of Perumal and Dass [22] and Bhopalam and Perumal [2] who also
simulated all three wall motions for a square cavity and a L-shaped cavity, respectively. Table 6
lists the coordinates of the vortex cores in the double-sided T-shaped lid-driven cavity with
counter-directional motion at Re = 200 for various aspect ratios. It is apparent that the position
of vortices follows a similar trend of the other directional motions.

Here, OpenFOAM produced quite reasonable results on the 10° mesh with near-wall grid
spacing. The results for the shear-flow at various Reynolds numbers of 200, 500, and 1000 did
not significantly improve when the mesh size was increased from 10° to 5 - 10°. Therefore,
it does not seem that there are any resolution-related reasons for the discrepancies between
OpenFOAM and the in-house code. They may have something to do with the second-order
spatial discretization schemes, which are comparatively lower. Since structured quadrilateral
(2D) meshes were employed in this work, more complicated geometries with a variety of cell
types are advised as this could have an impact on the accuracy of the OpenFOAM results.

OpenFOAM and the in-house code are compared for counter-directional, co-directional and
single wall motion for Re = 1000 and AR = 0.8 in Figs. 16, 17 and 18, respectively. It is found
that the results from the in-house code and OpenFOAM are in close agreement with each other.
The solvers in OpenFOAM are well generalized for this flow condition such that the in-house
code data (Fig. 7e—f) are in agreement with the OpenFOAM output. This further clarifies the
general motion setup in T-shaped junction with parallel (Fig. 11e—f) and anti-parallel motion
(Fig. 15e—f). The in-house code can be formalized to work in extended flow environments to
establish the standards of the OpenFOAM solver in the form of streamlines, centerline velocity
plots and location of stagnation points. All of the present computations were carried out on a
Pentium-based PC with 1 GB RAM.
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Fig. 16. Comparison of OpenFOAM and in-house code for AR = 0.8 and Re = 1000 in single wall

motion along the geometric centerline
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Fig. 17. Comparison of OpenFOAM and in-house code for AR = 0.8 and Re = 1 000 in co-directional

wall motion along the geometric centerline
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Fig. 18. Comparison of OpenFOAM and in-house code for AR = 0.8 and Re = 1000 in counter-
directional wall motion along the geometric centerline
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4. Conclusions

The flow phenomena in a T-shaped cavity was analyzed using a FDM in-house code as well as
the OpenFOAM solver. The well-known continuity and momentum equations for laminar in-
compressible flow were solved in order to determine the flow in the T-shaped cavity of the con-
structed model, treating the pressure in semi-implicit form. The flow patterns in the T-shaped
cavity have been analyzed for different aspect ratios and Reynolds numbers. From the stream-
line patterns and the velocity variation along the centerline, it can be concluded that the T-shaped
cavity proves to be exceptional for fluid mixing processes as various recirculation zones are in-
duced in the cavity. It seems to be a better alternative than a square cavity for energy and mass
transfer purposes. Both the FDM-based in-house code and FVM-based OpenFOAM (Simple-
Foam solver) are in close agreement in the streamline patterns, velocity profiles and position of
vortices. It can be concluded that as the Reynolds number is increased, the recirculation zones
increase in size and the extrema of the centerline velocity profiles increase, enhancing mixing
performance.

* In conclusion, with an increase in the flow’s Reynolds number, it is observed that the area of
recirculation zones increases as well as the extrema of the centerline velocity profiles rises,
enhancing mixing performance.

* The aspect ratio has a very significant effect on the flow in terms of streamline patterns, and
it can be seen to affect the number of formed corner eddies and can also provide the facility
for some of these corner eddies to increase in size with a subsequent increase in the Reynolds
number. It is also the most influential factor in deciding the number of primary recirculation
zones at steady state.

» Wall motions and direction of flows have an important effect on the centerline velocity pro-
files, thereby playing a major role in enhancing the mixing performance, with counter-direc-
tional motion being the most suitable for improving mixing.

» The T-shaped cavity, due to its narrow cavity width for particular aspect ratios, behaves like a
deep cavity (also known as a L-shaped cavity), in terms of the number of formed recirculation
zones and overall flow characteristics.

* Both the in-house code and the OpenFOAM solver can solve the problem to a similar accu-
racy.
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