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Abstract: Many researchers investigated different ways of improving the mixing inside a square lid-driven cavity by proper 

modification of the cavity geometric configuration. The present paper investigates the characteristics of the vertical structure 

inside a lid-driven square cavity with a central obstacle at different Reynolds numbers. The Multiple-Relaxation-Time Lattice 

Boltzmann Method (MRTLBM) is used to model the flow at Reynolds numbers between 100 and 1000. The results show that 

the position and shape of the main cavity is highly sensitive to the flow Reynolds number while the two lower side vortices are 

not affected by the change of the Reynolds number or the presence of the obstacle compared to the standard lid-driven cavity 

case. The reported results were verified against the standard lid-driven cavity case and showed good agreement. The results 

also show that adding a central obstacle to the standard cavity configuration can dramatically enhance its mixing capability. 

The reported results have significant importance for the enhancement of the mixing mechanisms inside the cavity for heat and 

mass transfer applications. 
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1. Introduction 

The lid-driven cavity flow is a standard benchmark 

problem for any computational fluid dynamics technique [1-

4]. Because it involves a circulating flow and high shear rate 

zones, it has been selected for benchmarking new CFD 

methods for their suitability and accuracy. Recently, the 

interest in studying different variants of the standard lid-

driven cavity case has grown [5-7]. The unique features of 

this flow problem encouraged many researches to use it for 

applications where better mixing and heat transfer rates are 

needed [8-11]. 

The cavity flow is characterized by its unique vertical 

structure which consists of a central main vortex and two 

lower side vortices [12] which involves high velocity 

gradients and shear rates. Modification of the standard lid-

driven case allows the improvement of its unique features 

and encourages further investigation of its suitability for 

applications requiring these features. 

The effect of the change in the geometric configuration of 

the standard square lid-driven cavity on the hydrodynamic 

and thermal fields inside the cavity has been studied by many 

researchers [11, 13-15] however these studies lacked an 

extensive investigation of the effect of adding a central 

obstacle on the hydrodynamic field inside the cavity. 

The main goal of this paper is to investigate the 

characteristics of the vertical structure in a square cavity with 

a central obstacle at different Reynolds numbers. The 

Multiple-Relaxation-Time Lattice Boltzmann Method is used 

for the simulation of the flow field in the cavity for Reynolds 

numbers between 100 and 1000. The change in the properties 

of the vortices with the Reynolds number is investigated. The 

reported results include the flow streamlines, the velocity 

profiles at the mid-plane of the cavity and the velocity 

contours. The conclusion section then summarizes the paper 

findings. 

2. The Physical Domain 

The modeled geometry consists of a square cavity with a 

central square obstacle. The flow inside the cavity is driven 
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by the movement of the top boundary with a horizontal 

velocity. Figure1 shows a schematic of the modeled 

geometry and the used boundary condition. Note that the 

standard lid-driven cavity flow case does not include the 

central obstacle. In the standard lid-drive cavity case, three 

vortices develop inside the cavity, central one and two side 

ones on the two lower corners. The effect of adding the 

central obstacle on the structure of these vortices will be 

explained in the results section. 

3. The Multiple-Relaxation-Time Lattice 

Boltzmann Method 

The LBM solves the Boltzmann equation in a discrete 

form using a specific set of velocity directions. The discrete 

Boltzmann equation is given by: 

����� � �Δ�, � � Δ�
 � ���� , �
 � Ω��
       (1) 

 

Figure 1. The modeled geometry and boundary conditions. 

�� is the particle distribution function along direction�, � is 

the lattice speed� � Δ� Δ��  and Ω��
 is the collision operator. 

For the D2Q9 lattice, the directional velocities ��  are given 

by: 

�� � � �0,0
� � 0��1,0
�, �0, �1
�� � 1: 4��1,�1
�� � 5: 8                       (2) 

For the standard LBM Ω��
 is replaced by the Bhatnagar–

Gross–Krook (BGK) collision operator [16]. Due to many 

limitations of the standard LBM, the MRT LBM is used. In 

the MRT LBM the collision operator is given by: 

Ω��
 � ����. �. �� � �� !                      (3) 

�  is a transformation matrix to transform the particle 

distribution function � from the velocity space to the moment 

space. The equilibrium distribution function ��  is also 

transformed to �� . 
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� is the diagonal relaxation matrix. 

� � )�*+�0, ,�, ,-, 0, ,., 0, ,/, ,0 , ,0             (5) 

For the D2Q9 lattice, the sonic speed is given by: 

�1 � 2√4                                      (6) 

The kinematic viscosity 5 is related to ,0  by the following 

relation: 

5 � �1- 6 �17 � �-8                             (7) 

The equilibrium particle distribution function ��  is given 

by: 

��� � 9�: ;1 � 2<.=2>? � �2<.=
?-2>@ � =.=-2>?A            (8) 

And the macroscopic density : and velocity B  are given 

by: 

:��, �
 � ∑ ����, �
�                          (9) 

BD��, �
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∑ ��D����, �
�                  (10) 

4. Verification of the Used Numerical 

Model 

 

Re = 100 
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Re = 300 

 

Re = 400 

 

Re = 500 

 

Re = 600 
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Re = 800 

 

Re = 900 

 

Re = 1000 

Figure 2. The steady state streamlines. 

The used MRT LBM numerical model results were 

verified by simulating the flow in a standard lid-driven cavity 

flow at different Reynolds numbers and comparing the 

results to the ones given in literature. Table1 shows the 

location of the center of the main vortex predicted by the 

current model and the ones published in literature. 

5. Numerical Results 

The MRT LBM numerical method is used to model the 

flow in a square cavity with a central square obstacle. The 

central obstacle edge size is 30 % of the square cavity edge 

size. 

The results include the streamlines, the velocity contours 

and the velocity profiles for the horizontal and vertical 

components at different sections inside the cavity. 

Figure2 shows the streamlines for selected Reynolds 

numbers. Due to the presence of the central obstacle, the 

main vortex at the center of the cavity has moved to the top 

which results in a much smaller size for the vortex and higher 

velocity gradient. The figure shows that with the increase in 

the Reynolds number, the top vortex becomes smaller and 

moves downwards. At high Reynolds numbers (more than 

600) the vortex is squeezed more against the top and right 

sides of the central obstacle. 

Figure 3 shows the velocity contours for selected 

Reynolds number. It is clear that the presence of the 

central obstacles resulted in a much lower velocity at the 

center of the cavity. 

To confirm the presence of higher gradients especially near 

the top boundary, the horizontal and vertical velocity 

components are plotted at the mid-vertical and mid-

horizontal planes inside the cavity. The profiles shown in 

Figure 4 show a very high gradient especially for the 

horizontal velocity component. 

 

Re = 100 
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Re = 800 

 

Re = 900 

 

Re = 1000 

Figure 3. Total velocity contours. 

6. Conclusion 

The Multiple-Relaxation-Time Lattice Boltzmann Method 

is used to model the flow in a square lid-driven cavity with a 

central square obstacle at a wide range of Reynolds numbers. 

The results showed the change in the location and size of the 

central cavity with the change in the Reynolds number. The 

calculated velocity profiles at deferent sections inside the 

cavity confirm the high velocity gradients and shear rates 

compared to the stander lid-driven cavity case. The higher 

velocity gradients are very beneficial for increasing the 

mixing and heat transfer efficiency for heat and mass transfer 

applications. 

 

(a) Horizontal velocity at the mid-vertical plane. 

 

(b) Horizontal velocity at the mid-horizontal plane. 
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(c) Vertical velocity at the mid-vertical plane. 

 

(d) Vertical velocity at the mid-horizontal plane. 

Figure 4. Velocity components at different sections inside the cavity. 

Table 1. The location of the center of the main vortex. 

Re 100 400 1000  

Primary X Y X Y X Y 

[17] 0.619 0.738 0.557 0.600 0.544 0.563 

[18] 0.617 0.734 0.555 0.606 0.531 0.563 

[4] 0.620 0.737 0.561 0.608 0.533 0.565 

[2] 0.617 0.742 0.557 0.607 0.529 0.564 

[19] 0.613 0.738 0.550 0.613 0.525 0.563 

Present 0.621 0.742 0.559 0.533 0.533 0.565 
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