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ABSTRACT 

Flow past bluff bodies like square cylinders is important in engineering 

applications, but flow patterns behind staggered cylinder arrangements remain 

poorly understood. Existing studies have focused on tandem or side-by-side 

configurations, while offset orientations have received less attention. The aim of 

this paper is to numerically investigate flow dynamics and force characteristics 

behind two offset square cylinders using the single relaxation time lattice 

Boltzmann method. The effects of changing both the Reynolds number (Re = 1-

150) and gap spacing ratio (g* = 0.5-5) between the cylinders are analyzed. 

Instantaneous vorticity contours, time histories of drag and lift coefficients, 

power spectra of lift, and force statistics are used to characterize the flow. 

Different flow regimes have been identified in various ranges of Re and g* - 

including steady, chaotic, flip-flopping, single-bluff body, and fully developed 

flows. Larger spacings led to more regular vortex dynamics and force statistics. 

Smaller spacings promoted complex interactions and modulated forces. Offset 

cylinder orientation and spacing significantly influence flow features in 

staggered arrangements. The findings provide new modalities for controlling 

fluid dynamics past bluff bodies by tuning Re and gap parameters. 
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1. INTRODUCTION 

The fluid dynamics features and instability of the 

wake structure mechanism behind complex bluff bodies of 

different cross sections plays a key role in engineering 

problems and researchers are attracted to this field due to 

its practical importance. Proximity in multiple cylinders 

increases complication in problems due to interaction in 

wakes galloping and shear layers. We can encounter daily 

life examples such as bridges, heat exchanger tubes, 

offshore structures, transmission cables, and smokestack 

to understand the practical usefulness of flow past bluff 

bodies. In previous research, flow past circular cylinders 

have been regularly encountered. In various engineering 

applications, square structure serves a vital role among 

different bluff structures. 

In most of our problems we used dimensionless 

number known as Reynolds number (𝑅𝑒 = 𝑈∞𝑑/𝑣 ), 

which shows the uniform inflow type of velocity is the 𝑈∞, 

𝑑 represents the diameter of the structure and 𝑣 describes 

the viscosity that named kinematic) to analyze flow 

behavior around cylinders. Tong et al. (2015) numerically 

methodology of investigated flow behind both cylinders 

like staggered circular and observed change in pressure 

distribution at different incident angles (𝛼), smaller drag 

force (𝐶𝐷 = 2𝐹𝐷/𝜌𝑈∞
2 , where 𝐹𝐷 shows the special force 

towards the direction like a stream wise and 𝜌 is represents 

the density) is observed at low alignment angles as 

compared to single cylinder and high alignment angles. A 

study on flow induced vibrations and characteristics was 

conducted by Kim and Alam (2015) on two adjacent 

cylinders arrangements by using single sheets. They 

observed four distinct vibrations patterns at different 

intervals of separation ratio (g*= 𝑠/𝑑, here 𝑠 represents 

the distance among the cylinders accordingly to surface to 

surface) and analyzed that fluid-structure interaction 
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contrasting elastic and fixed cylinder are not same. 

Furquan and Mittal (2015) studied flow over square 

cylinders by varying flexibility of splitter plate positioned 

side by side and found that natural structure frequency is 

lower than the frequency of out of phase vibrations. 

Octavianty and Asai (2016) examined that attaching short 

length splitter plate to two side-by-side square cylinders 

can reduce sound level of sound pressure and if we attach 

short spanwise length splitter plate to cylinders in 

staggered array then antiphase vortex shedding and in-

phase sound radiation will be dominating. 

Wake behind two staggered cylinders is 

experimentally analyzed by Alam et al. (2016) at 𝑅𝑒 =
1.3 × 104 and found four different flow regimes and they 

also discuss the physical aspect of flow to initial 

conditions and Strouhal numbers (𝑆𝑡 = 𝑓𝑠𝑑/𝑈∞, here 𝑓𝑠 

translates the frequency for shedding style vortex). A 

computational investigation of incompressible flow 

behind two parallel cylinders was conducted by Singha et 

al. (2016) because of using unstructured finite volume 

method (FVM) Rehman et al. (2021) and Abdulaziz et al. 

(2022) at low 𝑅𝑒 (20 ≤ 𝑅𝑒 ≤ 160) and find different 

types of flow regimes for unsteady and steady flow. Vu et 

al. (2016) compared numerically the flow characteristic 

behind two different cylinders at next to each other and 

tandem arrangement by varying 𝑅𝑒 and g* and they also 

observed vortex shedding, 𝐶𝐷 and pressure distribution 

behind both arrangements. Liu and Jaiman (2016) studied 

gap flow effect on vortex that induced vibration of circular 

cylinders at parallel to one another. Baranwal and Chhabra 

(2016) studied numerically free convection heat transfer 

in power law fluids from cold and heated cylinders set up 

in two-dimensional (2D) flow regimes side by side.  Flow 

that regimes past two staggered types of square cylinders 

are numerically simulated at fixed values of 𝑅𝑒 and 

varying separation ratio from 0.1 to 6 by Aboueian and 

Sohankar (2017) using FVM and observed that upstream 

cylinder (𝐶1) experienced smaller 𝐶𝐷 than the downstream 

cylinder (𝐶2). Hsu et al. (2017) use spectral element 

method to determine the flow regimes over two staggered 

cylinders array at low 𝑅𝑒 (𝑅𝑒 = 100 − 800) by varying 

g* and 𝛼. Griffith et al. (2017) give a thorough analysis of 

the dynamic response of elastically mounted cylinders in 

various arrangements (staggered and tandem) in free-

stream flow at fixed Re = 200. 

The flow pattern behind two circular cylinders 

numerically studied at low 𝑅𝑒 from 40 to 200 at various 

rotation by Dou et al. (2018). They observed that length of 

the wake become shorter with increasing in 𝑅𝑒. Wu et al. 

(2018) applied lattice Boltzmann of type immersed 

boundary to flux to examine the flow characteristics at 

laminar regime. Zhang et al. (2018) used lattice 

Boltzmann method (LBM) simulations to know about 

flow interference past two circular cylinders by keeping 

one cylinder fixed and forced second one to vibrate in 

crosswise direction at fixed 𝑅𝑒 = 100 and noticed 

different role of response state, oscillating frequency and 

pitch ratio. Heat transfer and fluid dynamics behavior is 

numerically investigated at incidence past two square 

cylinders at fixed 𝑅𝑒 = 100 and differing 𝛼 from 0° to 

45° with step size of 5°  by Patel et al. (2018). They 

observed maximum heat transfer at 45°. Liu and An 

(2018) numerically examined far-wake structure flow past 

two circular type cylinders that are arranged in an offset 

pattern at 𝑅𝑒 = 100. Islam et al. (2019) numerically 

investigated different flow behaviors with square-shaped 

cylinders arranged irregularly at 𝑅𝑒 = 160 and g* ranges 

from 0 to 6 by implementing Lattice Boltzmann technique 

with single relaxation time (SRT-LBM). 

Wu et al. (2020) numerically establish studied for the 

different flow past two stationary staggered cylinders at 

high 𝑅𝑒 =  1.4 ×  105) by varying center-to-center pitch 

and 𝛼 from 1.5 to 4 and 0° to 90° and successfully 

simulated critical aerodynamics phenomena. Wake pattern 

in side-by-side arrangement of two vibrating cylinders 

using 2D Computational Fluid Dynamics (CFD) are 

numerically analyzed by Chen et al. (2019). The numerical 

investigation on 2D flow past two circular staggered 

cylinders at fixed 𝑅𝑒 = 100 with various g* at streamwise 

and transverse directions are performed by Zhang et al. 

(2019). They analyzed intensely perturbed wake flow 

between centerlines and beside 𝐶1, and the flow at 

downstream of both cylinder shows multiple peaks 

fluctuation because of complex interaction. Zhang et al. 

(2021) investigate the vortex-induced vibration over two 

staggered circular cylinders with 𝑅𝑒 ranges from 22,000 

to 88,000 and varying in-line and crossflow gap. Xu et al. 

(2020) studied hydrodynamic-induced vibration 

characteristic past two flexible staggered cylinders 

Robichuax et al. (1999) with fixed aspect and mass ratio 

and varying 𝑅𝑒 and towing velocities. Vinodh and 

Supradeepan (2020) observed control cylinder affect with 

twin circular type of cylinder placed next to each other by 

varying control cylinder position downstream along the x-

axis with fixed 𝑅𝑒 = 100 by using the proper method 

orthogonal decomposition (POD) and other is Fourier fast 

transform (FFT). 

The experimental study of biostability phenomenon 

downstream around two circular finite cylinders are 

presented by Woyciekoski et al (2020). They used hot wire 

anemometry for aerodynamic channel and for hydraulic 

channel they examine flow visualization by injecting ink 

into the water. Bai et al. (2020) uses direct numerical 

approach with state of art special dynamic mode 

composition to analyzed deflected oscillatory wake 

pattern past two different circular round cylinders. Guo 

and Shu (2020) used particle image velocimetry (PIV) 

explore the impact of inclination 𝛼 over the flow wake 

characteristics past two and as well as three next to each 

other inclined cylinders and find flip-flop gap flow, not 

any type of deflection over gap flow and purely deflected 

flow pattern for both arrangements. Sanyal and Dhiman 

(2020) investigate the thermal buoyancy's influence in a 

viscosity that is stratified flow field for a type of shear-

thinning fluid passing past two heated along the square 

cylinders at 𝑅𝑒 ranges for 1 to 40. Energy transmission in 

turbulent flows past two different square cylinders stacked 

in tandem was investigated in numerical research by Zhou 

et al. (2020). The influence of dual splitter plate lengths, 

both in front of and behind parallel square cylinders, at a 

fixed Reynolds number (Re) of 150 was the focus of a later 

study by Zhou et al. (2021). In the investigation, 'g*' and 

the splitter plate length were systematically changed 
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between 0.5 and 5 and 1 to 5, respectively. The wake 

structure was significantly impacted due to the splitter 

plates being longer. Moreover, with a constant value of  
"𝑅𝑒" of 100 and “g*," Zhou et al. (2021) conducted and 

proved a numerical study of the flow around two square 

cylinders in different configurations. Findings from this 

study demonstrated that the flow patterns of the various 

designs varied. In a related study, Aboueian et al. (2021) 

examined and showed that the flow past finite square 

cylinders mounted on walls (Murtaza and Ahmad 2024).  

Many researchers has adopted two-dimensional 

computation involving numerous bluff bodies for  𝑅𝑒 <
200 (e.g., Furquan and Mittal (2015), 𝑅𝑒 = 100; Singha 

et al. (2016), 20 ≤ 𝑅𝑒 ≤ 160; Aboueian and Sohankar 

(2017), 𝑅𝑒 = 150; Zhang et al. (2018), 𝑅𝑒 = 100; Patel 

et al. (2018), 𝑅𝑒 = 100; Liu and An (2018), 𝑅𝑒 = 150; 

Islam et al. (2018), 𝑅𝑒 = 160; Chen et al. (2019), 𝑅𝑒 =
100; Zhang et al. (2019), 𝑅𝑒 = 100). 𝑅𝑒 and spacing in 

our provided example range from 0 to 150 and 0.5 to 5, 

and two-dimensional computation is the foundation of our 

work in the paper. Flow past two offset square cylinders 

with varying 𝑅𝑒 and g* is not available in literature. The 

motivation of the current work is to observe flow behavior 

past offset cylinders with changing  𝑅𝑒 and g*.  

Shen et al. (2021) observed the flow past two 

staggered circular cylinders shows rich wake patterns 

owing to the interactions between the shear layers from 

two cylinders. Understanding the wake dynamics behind 

two staggered cylinders is of fundamental importance for 

practical engineering applications such as the design of 

heat exchanger tube bundles. Cylinders are widely 

employed in engineering applications, such heat 

exchangers, according to Rashidi et al. (2020). Optimizing 

thermohydraulic performance of heat exchangers requires 

in-depth comprehension of the heat transfer mechanisms 

from cylinder arrays. Sharma et al. (2021) this paper, an 

attempt has been made to understand the vortex dynamics 

in the wake downstream of a wall-mounted square 

cylinder by using machine learning algorithms, namely, 

cluster-based reduced order modeling and long short-term 

memory neural networks. Veena et al. (2020) - Toward 

this, the flow-induced vibration characteristics of two 

identical square cylinders mounted elastically in tandem 

arrangements are numerically investigated in this paper, 

for a fixed upstream cylinder and a cylinder that is 

permitted to vibrate in the direction of crossflow. The 

response is found to depend significantly on the gap 

between the cylinders (Abid et al. 2024). 

We have organized our paper as follows: description 

of problem, conditions for initial and boundary, and LBM 

for nearly incompressible NS equations is described in 

Section 2. The investigation of grid independence, the 

influence of domain for computational part, and validation 

of code are all presented in Section 3. Section 4 shows the 

computed findings, including patterns of flow, analysis of 

forces by time history, analysis of lift coefficient 

frequency spectra, also includes vorticity images at a 

specific instant by visualization, as well as visualization of 

streamlines, and force of statistics. The result discussion 

and including the comparison has been presented in   

 

 

Fig. 1 Diagrammatic representation of the flow 

through two offset cylinders 

 

section 5. Conclusion and final remarks are presented in 

Section 6. 

2. PHYSICAL MODEL AND NUMERICAL 

STUDY 

We will discuss problem geometry, initial and 

boundary conditions, single-relaxation-time LBM, and 

force evaluation in this section briefly. 

2.1 Problem Geometry 

The schematic picture of the simulated model is 

presented by the Fig. 1. Two type cylinders 𝐶1and 𝐶2 are 

upstream and downstream cylinders arranged offset in an 

unconfined channel. Both cylinders are subjected to cross 

flow with 𝑈∞. The symbol ∞ is used as a subscript in 𝑈∞ 

for the representation of distant values from the cylinders. 

g, D, Lu, Ld, Lx and Ly are the separation ratio, size of the 

cylinder, upstream position, downstream distance, length, 

and the domain’s height, respectively. To make the 

analysis of the suggested problem computational viable, 

the computational domain’s boundaries are located 

sufficiently far away from the cylinder (Saqlain et al. 

2024). Constant inflow velocity is used at the position of 

inlet. Convective and periodic type of conditions are 

implemented at the exit and walls of the channel, 

respectively Krüger et al. (2017). No-slip conditions are 

used for the cylinder surfaces Mohamad (2011). The 2D 

flow is characterized by employing a two-dimensional 

coordinate system (x and y), with the x-axis side 

representing the streamwise way of the direction and the 

y-axis line representing the cross-sectional direction. After 

a following convergence test is satisfied, simulation is 

stopped. 

error =
√∑ [𝑢𝑖,𝑗(𝑡+1)−𝑢𝑖,𝑗(𝑡)]2

𝑖,𝑗

√∑ [𝑢𝑖,𝑗(𝑡+1)]2
𝑖,𝑗

≤ 5 × 10−6                                 (1)   

 To ensure appropriate time averaging simulation were 

run for several values in the vicinity of a million-time steps 

if the criteria for the convergence do not meet for the 

requirement. We utilize the 64-bit Fortran 90 platform to 

construct in-house computational code utilizing LBM. HP 

ProBook 450 G5 (8GB RAM, 256 GB SSD, and Intel(R) 

Core (TM) i5-8250U CPU @ 1.60GHz) and Haier Y11C 

(8GB RAM, 1TB hard disk, and Intel® Core™ M-7Y30) 

with Windows 10 (64-bit) system is used for 

computations. Vorticity and streamlines graphs are drawn 

by using Tecplot 360. Moreover, plots of power spectra of 
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C_L and history time analysis of both 𝐶𝐷 and 𝐶𝐿 are drawn 

by using MATLAB R2020a. The first few thousand 

simulation steps represent the transient part of the flow 

and are not taken into account for determining the 

statistical force. 

2.2 The Boltzmann Lattice Method 

 Lattice Boltzmann equation algorithm is very simple, 

consisting of two steps, the particle streaming step 

followed by a collision. Rather than other numerical 

schemes (Haq et al. 2024), the implementation of LBM is 

relatively straight-forward so that complex boundaries can 

easily be implemented Guo and Shu (2013). The kinetic 

nature of the LBM makes it different from other traditional 

numerical schemes. Its result logic is very simple and can 

be easily implemented in parallel computing. Bhatnagar et 

al. (1954) 𝑑𝑛𝑞𝑚 (where n denotes problem given 

dimension and including the m that denotes the aggregate 

of individual type directions for streaming density 

function on regular standard grids) model is used in this 

section. Flow past two offset cylinders with varying Re 

and g* by using LBM is not present in literature. Unlike 

other computational methods, LBM deals with the fluid 

containing fictive particles and these particles plays a 

major role in streaming and collision Guo and Shu (2013). 

 The Boltzmann equation can be explained as follows 

in the absence of an external force:  

𝜕𝑡𝑓 + 𝒆. ∇𝑓 = 𝜓                                                             (2) 

on 𝑓 local value not on its surface slope. Collision 

operators introduce by Bhatnagar et al. (1954) can be 

written as follows: 

𝜓 =
1

𝜏
(𝑓(𝑒𝑞) − 𝑓)                                               (3) 

Here, 𝜏 and 𝑓(𝑒𝑞) are the relaxation time parameter and 

equilibrium distribution type function, respectively. Now 

putting Eq. (3) into Eq. (2) we can get the followings: 

𝜕𝑡𝑓 + 𝒆. ∇𝑓 =
1

𝜏
(𝑓(𝑒𝑞) − 𝑓)                              (4) 

 Now the form in term of discretized of Eq. (4) is: 

𝜕𝑡𝑓𝑖 + 𝒆𝑖 . ∇𝑓𝑖 =
1

𝜏
(𝑓𝑖

(𝑒𝑞)
− 𝑓𝑖)               (5) 

 By using Chapman-Enskog expansion in Eq. (5) 

Krüger et al. (2017) we can easily obtain Navier-Stokes 

equations and Continuity equations. Where streaming and 

collision part are shown by left- and right-hand side of Eq. 

(5). 

𝑓𝑖(𝒙 + 𝒆𝑖. 𝑡, 𝑡 + ∆𝑡) = 𝑓𝑖(𝒙, 𝑡) + [𝑓𝑖
(𝑒𝑞)

(𝒙, 𝑡) −

𝑓𝑖(𝒙, 𝑡)] ∆𝑡/𝜏                          (6) 

 The above Eq. (6) is also known as lattice Boltzmann 

equation and drives the evolution of microscopic mass. 

The function for the discrete velocity distribution 𝑓𝑖(𝒙, 𝑡) 

and is often referred to as the particle population in LBM. 

Figure 2. represents the lattice arrangement of d2q9 

model. The presented model is consisted of velocity 

vectors of number nine. One of the particles is  

stationary at central node. The we have 𝑓1, 𝑓2, 𝑓3, 𝑓4, 𝑓5, 𝑓6, 𝑓7,  

 

Fig. 2 Lattice structure for d2q9 model 

 

and 𝑓8 are the distribution functions with speed of 𝒆(1,0), 

𝒆(0,1), 𝒆(−1,0), 𝒆(0, −1), 𝒆(1,1), 𝒆(−1,1), 𝒆(−1, −1), 

and 𝒆(1, −1), where 𝑓1, 𝑓2, 𝑓3, and 𝑓4 move along axis and 

𝑓5, 𝑓6, 𝑓7, and 𝑓8 moves alongside with diagonals. Now the 

weighting factors  𝜉𝑖  that are 
4
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36
,

1

36
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1

36
 and 

1

36
 for different values of  𝑓0,  𝑓1,  𝑓2,  𝑓3,  𝑓4,  𝑓5,  𝑓6,  𝑓7, and 

𝑓8 respectively. The equilibrium distribution function for 

the lattice Boltzmann method (LBM) is expressed across 

nine discretized velocity directions as follows: 

𝑓𝑖
(𝑒𝑞)

= 𝜌 𝜉𝑖[1 + (2𝑒𝑖 . 𝒖 − 𝒖. 𝒖)/2𝑐𝑠
2 + (𝒆𝑖 . 𝒖)2/2𝑐𝑠

4] +

𝑜(𝒖2).                                                                            (7) 

 Where sound speed is 𝑐𝑠 and fluid density is presented 

by 𝜌 for d2q9 Wolf-Gladrow (2004). LBM consist of 

collision and as well as streaming so step for collision is 

given as: 

𝑓𝑖(𝒙, 𝒚, 𝑡 + ∆𝑡) = 𝑓𝑖(𝒙, 𝒚, 𝑡)[1 −  𝜉] +

 𝜉𝑓𝑖
(𝑒𝑞)

(𝒙, 𝒚, 𝑡),         𝑖 = 0, … ,8                                     (8) 

 Streaming step can be written as follows:  

𝑓𝑖(𝒙 + ∆𝑥, 𝒚 + ∆𝑦, 𝑡 + ∆𝑡) = 𝑓𝑖(𝒙, 𝒚, 𝑡 + ∆𝑡),        
  𝑖 = 1, … ,8                                                                     (9) 

 Here ∆𝑥 and as well as the ∆𝑦 indicates the lattice 

spacings both in the stream wise as well as transverse 

direction, respectively. In term of summation of 

distribution function, the macroscopic type of fluid density 

in each lattice is given as:  

𝜌 = ∑𝑓𝑖, = ∑𝑓𝑖
(𝑒𝑞)

,       𝑖 = 0, … 8.                  (10) 

The macroscopic kind of velocity can be written as:  

𝜌𝒖 = ∑𝑒𝑖𝑓𝑖 , = ∑𝑒𝑖𝑓𝑖
(𝑒𝑞)

       𝑖 = 0, … 8                        (11) 

By using equation of state, we can calculate pressure as:  

𝑝 =  𝜌𝑐𝑠
2.                                                                      (12) 

 The single based relaxation depending on the time 

parameter is intricately connected to the viscosity of a 

fluid, and it is expressed as follows:  

𝑣 = ∆𝑥2𝑐𝑠
2(𝜏 − 0.5)/∆𝑡.                                             (13) 
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Table 1 Independence grid analysis (D) around a square cylinder with a Reynolds number of 150 

𝑫 𝑪𝑫𝒎𝒆𝒂𝒏 𝑺𝒕 𝑪𝑫𝒓𝒎𝒔 𝑪𝑳𝒓𝒎𝒔 

10.0 1.6005(5.85%) 0.1728(4.29%) 0.0825(6.1%) 0.2918(5.6%) 

20.0 1.5060 0.1634 0.00274 0.2649 

30.0 1.5394(5.8%) 0.1622(0.85) 0.0272(1.01%) 0.1738(0.75%) 

 

Table 2 Upstream location 
𝑳𝒖

𝑫
 influence for Reynolds number of 150 on the airflow around a square cylinder 

𝑳𝒖

𝑫
 𝑪𝑫𝒎𝒆𝒂𝒏 𝑺𝒕 𝑪𝑫𝒓𝒎𝒔 𝑪𝑳𝒓𝒎𝒔 

5.0 1.660(2.91%) 0.1586(2.45%) 0.0279(2.45%) 0.2919(2.52%) 

10.0 1.5260 0.1744 0.00274 0.2849 

15.0 1.5338(1.10%) 0.1732(0.75%) 0.0162(1.15%) 0.2741(0.75%) 

 

Table 3 Downstream location 
𝑳𝒅

𝑫
  influence for Reynolds number of 150 on the airflow around a square cylinder 

𝑳𝒅

𝑫
 𝑪𝑫𝒎𝒆𝒂𝒏 𝑺𝒕 𝑪𝑫𝒓𝒎𝒔 𝑪𝑳𝒓𝒎𝒔 

25.0 1.5502(1.45%) 0.1682(1.75%) 0.0167(1.67%) 0.2694(1.65%) 

35.0 1.5260 0.1744 0.00274 0.1749 

55.0 1.5362(0.68%) 0.1644(0.71%) 0.0271(0.69%) 0.1732(0.7%) 

 

2.3 Initial Conditions 

 The provided simulations of every possible case 

selected in this study that were initially started along with 

a stationary fluid where the velocity (u = v = 0), with the 

exception of for the nodes at the edges. 

2.4 Boundary Conditions 

At the inlet position, the source boundary conditions 

mean inflow are given as:  

𝑢 = 𝑈∞,  and.    𝑣 = 0,                                                 (14) 

At the domain's exit, the convective boundary 

condition [49] is used. 

𝜕𝑡𝑢𝑖 + 𝑢𝑐𝑜𝑛𝑣𝜕𝑥𝑢𝑖 = 0                                                 (15) 

𝑢𝑐𝑜𝑛𝑣 was set toward the uniform type of inflow kind of 

velocity in Eq. 15 and at outflow 𝑢𝑐𝑜𝑛𝑣 cannot be zero it 

must be positive. Depending on the problem, 𝑢𝑖 can be a 

function of temperature, pressure, or velocity in a 

convective boundary condition. On the other hand, no-slip 

boundary conditions are imposed to the main cylinders 

body surfaces and the bottom and upper walls of the 

computing domain have periodic boundary conditions 

(Guo and Shu 2013). 

3.  GRID-INDEPENDENCE AND 

VALIDATION OF CODE 

Before presenting the main findings from the 

numerical simulations, this section addresses the issues of 

independence for grid, independence of domain, and 

validation for code. Table 1 displays the result of the grid-

independence test for the mean drag coefficient (𝐶𝐷𝑚𝑒𝑎𝑛) 

𝐶𝐷𝑟𝑚𝑠, 𝐶𝐿𝑟𝑚𝑠, and  𝑆𝑡. All values in table 1, 2, 3 are 

calculated using Eq. (16). 

𝑝𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛 𝑜𝑓 𝑖𝑛𝑎𝑐𝑐𝑢𝑟𝑎𝑐𝑦 =
 𝑎𝑏𝑠𝑜𝑙𝑢𝑡𝑒 𝑣𝑎𝑙𝑢𝑒 (𝐺𝑟𝑒𝑎𝑡𝑒𝑠𝑡 𝑣𝑎𝑙𝑢𝑒 –  𝑆𝑚𝑎𝑙𝑙𝑒𝑠𝑡 𝑣𝑎𝑙𝑢𝑒)/
𝐺𝑟𝑒𝑎𝑡𝑒𝑠𝑡 𝑣𝑎𝑙𝑢𝑒) ∗  100                   (16) 

The scale of the computational type set of a domain in 

all across the three cases chosen cases (𝐷 =
10.0, 20.0 𝑎𝑛𝑑 30.0) is same [i.e.,𝐿𝑈/𝐷 =  10.0,  𝐿𝑑/
𝐷 = 35.0 and with impediment percentage 𝐿𝑦/𝐷 =  5.0]. 

4. CALCULATION 

In current section, we have discussed characteristics of 

flow behind offset square cylinder using important 

parameters Re and g* from 1 to 150 and 0.5 to 5. We will 

also discuss different flow features and force 

characteristics for flow behind square cylinders. The most 

imported computed results will be presented to prevent 

repetition. The visualization of instantaneous vorticity 

contour for fixed value of g*= 1 and varying 𝑅𝑒 is 

presented in Figs. 3(a-e). At 𝑅𝑒 = 1, fully steady flow is 

observed in whole computational domain, and the flow is 

generated by the cylinders with respect to wake center 

lines which is resulting in the generation of symmetric 

bubbles and is referred to as steady attached flow (Fig. 

3(a)). Figure 3(b) also shows steady flow with increasing 

recirculation bubbles length due to increment in 𝑅𝑒. 

Separation in steady flow regimes can manifest from both 

the top and as well as bottom sides of cylinders. Now in 

Fig. 3(c) it can be clearly seen that wake is no longer 

steady and onset of vertex shedding begun with weaker 

vortices and longer wake region can be observed as 

compared to the Figs. 3(a, b). The Serpentine nature of the 

𝐶2 and two minor vortices that near the exit demonstrate 

the wide wing of the distance like a streamwise for the 

vortices and is known as wide-wake flow regimes for 

shear layer reattachment. At 𝑅𝑒 =  150 generation of 

vortices started from both cylinders at downstream 

position which is like the Meneghini et al. (2001) findings  
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(a) For Re= 1.0 and at fixed g*= 1.0 (b) For Re= 30.0 and at fixed g*= 1.0 

  
(c) For Re= 35.0 and at fixed g*= 1.0 (d) For Re= 80.0 and at fixed g*= 1.0           

 
(e) For Re= 150.0 and at fixed g*= 1.0 

Fig. 3 Vorticity contour type visualization of flow past two offset squared cylinders at various Re and at fixed g* 

 

Table 4 The influence of blockage ratio 𝜷 on the flow surrounding a square-shaped cylinder with Reynolds 

number of 150 

𝜷 𝑪𝑫𝒎𝒆𝒂𝒏 𝑺𝒕 𝑪𝑫𝒓𝒎𝒔 𝑪𝑳𝒓𝒎𝒔 

8.0 1.6562(2.6%) 0.1582(2.3%) 0.01691(2.8%) 0.2915(2.3%) 

13.0 1.5262 0.1545 0.00275 0.2848 

18.0 1.5325(1.1%) 0.16381(1.0%) 0.0271(1.1%) 0.2821(0.9%) 

 

for   g*≤ 3 (Fig. 3(d)). Moreover, with increasing 𝑅𝑒 the 

irregular and non-periodic behavior is observed behind 

both cylinders and can be referred to flipflopping flow 

pattern (Fig. 3(e)). 

As shown in the vorticity graphs above, flow 

characteristics evolve from steady to unstable, followed by 

the production of periodic vortices and finally from 

periodic to totally irregular and complicated flow. The 

same pattern can be seen in Figs. 4(a-d). In a time history 

analyzation of 𝐶𝐷 and 𝐶𝐿, a straight line is observed at 

𝑅𝑒 = 1 and 30, which signifies that flow is stable and 

there are no transverse oscillations in the wake for these 

𝑅𝑒, with further incrementation in Re flow shows 

sinusoidal behavior with amplitude difference for 𝐶𝐷1 and 

periodic behavior with amplitude difference is noticed for 

𝐶𝐷2 (𝑅𝑒 = 35 and 80), and at 𝑅𝑒 = 150 drastically 

unsteady and non-periodic flow can be observed which 

shows irregular variation with time and such type of flow 

can be recommended to flip-flopping type of flow pattern 

(Fig. 4(a, b)). In Figs. 4(c, d) steady behavior with no 

transverse oscillation is observed at 𝑅𝑒 = 1 and 30, quasi 

unsteady behavior is observed for 𝐶𝐿1 and periodic 

behavior can be noticed for 𝐶𝐿2 at 𝑅𝑒 = 35. At 𝑅𝑒 = 180 

periodic behavior with amplitude difference can be 

noticed for both 𝐶𝐿1 and 𝐶𝐿2, whereas unsteady and  

non-periodic flow behavior is noticed for 𝐶𝐿 at 𝑅𝑒 = 150 
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 (a)  (b) 

  
 (c)  (d) 

Fig. 4 Result for analyzing the temporal evolution of forces under varying conditions with 𝑹𝒆 and fixed g*= 𝟏. 𝟎    

 

The power type spectrum analysis of 𝐶𝐿 at various values 

of 𝑅𝑒, and fixed g*=  1 is displayed in Figs. 5(a-d). The 

first primary vortex shedding frequency are represented by 

the largest peak in the graphs, and the frequencies for 

secondary cylinder type interaction are presented by other 

peaks. No peak is observed at 𝑅𝑒 = 1 and 30 and for  𝑆𝑡1 

of 𝑅𝑒 = 35 that’s why these graphs are not included. At 

𝑅𝑒 = 35 One primary vortex shedding frequency is 

observed at 𝑆𝑡2 indicating that vortex formation has 

started behind downstream cylinder (Fig. 5(a)). One little 

peak can be seen at 𝑅𝑒 = 80 on 𝑆𝑡1 graph in Fig. 5(b), 

and one large peak can be observed at Fig. 5(c). Secondary 

peaks with the principal vortex shedding exist at 𝑅𝑒 =
 150, confirming the impact of secondary kind of cylinder 

interaction frequencies that is on flow features, 

particularly vortex shedding of the cylinders at the 𝑆𝑡2 and 

similar behavior with smaller amplitude is noticed for 

𝑆𝑡1which is not shown (Fig. 5(d)). Furthermore, it's 

important to acknowledge that when 𝑅𝑒 increases, the 

primary peak for both cylinders increase as well, and we 

also found different numerical values for 𝐶1 and 𝐶2 of 𝑆𝑡. 

Now Figs 6(a-d) as well as the Figs 6(a-d) show the 

vorticity contour show visualization for entirely distinct g* 

from 0.5 to 5 at fixe 𝑅𝑒 = 150. These graphs clearly 

illustrate the influence of value of g* on characteristics of 

flow. We can observe from graphs that at g*= 0.5 jet flow 

merge within the shed style of vortices at down-stream 

position of the given cylinders which results in a regular 

shed vortex with different wake length (Fig. 6(a)). In Fig. 

6(b) with the passage of time shed vortices change its 

behavior continuously, and in far-wake region one can 

clearly observe unsteadiness in flow behavior and such 

type of flow pattern can be named as flipflopping flow 

pattern, because as they go downstream, shed vortices 

interact intensely with each other forming a trend. At 

𝑅𝑒 = 150 and g*=  3 it is clearly illustrated the in-
phase separation behind both cylinders and it can be 
clearly seen that provides the negative type vortices 
are generating from upper side corner of 𝐶1 and C2 and 
lapse is investigates among the vortex of type of 
shedding due to existence of both type streamwise and 
transverse distance intervals among cylinders due to 
which irregularities can be watchable at far 
downstream of the cylinders (Fig. 6(c)). Due to large g* 
the wake between offset cylinders have practically 
dissipated and we saw periodic separation of vortices 
from both cylinders in alternate pattern, which 
creating oscillating type wake in the form of two 
distinct vortices (Fig. 6(d)).  

Figures 7(a-d) represents the analysis of time-based 

account of both type 𝐶𝐷 as well as 𝐶𝐿. The flow is unsteady 

and unpredictable, and it varies irregularly throughout 

time at g*= 0.5, also it can be seen that size and as well as 

the length of shed vortices change uniformly, such type of 

low pattern is an example of bistable flow that shows the 

pattern. At g*= 1.5 and 3 the presence of modulated 𝐶𝐷 

signal is noticed with amplitude difference which is due to 

fact that size and shape of the vortices is not same for both  
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(a) 𝑅𝑒 = 35 and fixed g*= 1 of lift coefficients (b) 𝑅𝑒 = 80 and fixed g*= 1 of lift coefficients 

  

(c) 𝑅𝑒 = 80 and fixed g*= 1 of lift coefficients (d) 𝑅𝑒 = 80 and fixed g*= 1 of lift coefficients 

Fig. 5 Analyzing the power spectra at various values of 𝑹𝒆 and fixed g*= 𝟏 of lift coefficients 

 

  
(a) For g* = 0.5 and at fixed 𝑅𝑒 = 150 (b) For g* = 1.5 and at fixed 𝑅𝑒 = 150 

  

(c) For g* = 3.5 and at fixed 𝑅𝑒 = 150 (d) For g* = 5.0 and at fixed 𝑅𝑒 = 150 

Fig. 6 Visualization of vorticity contours in the flow around two square cylinders positioned off-center, with 

variations in their configuration of g* and at fixed 𝑹𝒆 = 𝟏𝟓𝟎 
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(a) (b) 

  
(c) (d) 

Fig. 7 Time history investigation and analysis of forces at varying g* and at fixed 𝑹𝒆 = 𝟏𝟓𝟎 

 

cylinders. Whereas at g*= 5, we can see that periodic 

behavior behind both cylinders, where 𝐶2 experience 

higher 𝐶𝐷 than the 𝐶1 and both cylinders behave like single 

cylinder with periodic fluctuations (Figs. 7(a, b)). On the 

other hand, in 𝐶𝐿  shows similarity with 𝐶𝐷 at g*= 0.5. At 

g*= 1.5 and 3 periodic nature with fluctuations is 

observed for both  𝐶𝐿1 and 𝐶𝐿2 which indicate that 

amplitude is increasing for period of sometime before 

declining with each subsequent cycle and at g*= 5, 𝐶𝐿 

exhibits sinusoidal behavior due to alternate vortex 

shedding from the cylinder, confirming antiphase 

synchronized vortex shedding with periodic fluctuations 

(Figs. 7(c, d)). 

Figure 8 (a-f) shows the power spectrum type of 

analysis of  𝐶𝐿 at different g *= 0.5 to 5 and at fixed 𝑅𝑒. 

Multiple irregular scattering frequencies are observed with 

the pre-dominant primary vortex frequency. The vortices 

are affected by the jet flow, resulting in the presence of 

several peaks due to highly modulated 𝐶𝐿 signals, and we 

can also see that 𝑆𝑡 of 𝐶2 is more affected than 𝐶1 (Figs. 8 

(a-e)). For both cylinders, the major vortex shedding 

frequency is only visible at g*= 5  at 𝑆𝑡2 (Fig. 8(f)). At g 
*= 1.5 and 5 𝑆𝑡1 graphs are not included because of 

similar behavior with 𝑆𝑡2. Primary vortex shedding 

frequency is the highest peak in the spectrum and it is also 

worth noting that with increasing in space between 

cylinders reduces irregularities in flow. 

Figures 9 (a-d) describes vorticity contour at fixed 

g*= 2.5 and varying 𝑅𝑒.  At 𝑅𝑒 =  35 steady flow is 

observed throughout the domain computational model 

with no transition. In Fig. 9(a), the flow is constant, and as 

well as the separation take place on both the top as well as 

the bottom sides of the 𝐶1, and immediately reattaches 

itself to the 𝐶2 such a flow regime is known as steady flow 

regime. We can also observe that the wavelength increases 

with increasing the 𝑅𝑒. In Fig. 9(b) it can be clearly seen 

that wake is no longer steady and onset of vertex shedding 

begin with weaker vortices, which can be seen in far 

downstream position. At 𝑅𝑒 = 75 we can observe in-

phase flow separation behind both cylinders and negative 

side of vortices are generating from upper side of both 

upstream and downstream cylinders. The wake behind 

both cylinders is narrow and wide, and no relationship can 

be found between them because moving toward 

downstream position they flipped from one to another and 

can be referred to flip-flopping flow regime (Fig. 9(c)). 

The antiphase combination occurs at 𝑅𝑒 =  125. Flow 

shows approximately periodic behavior up to sometime 

but at far downstream position wake becomes complexed 

and shows merging behavior (Fig. 9(d)). 

Now again the analysis of time history of both 𝐶𝐷 and 

𝐶𝐿 at fixed g*=  2.5 and with varying 𝑅𝑒 is presented in 

Fig. 10(a-d). The 𝐶𝐷 of both type of cylinders are constant 

at 𝑅𝑒 = 35. This is because the shear layers that are 

emerging from the side of 𝐶1 neither reattach to 𝐶2 nor roll 

up to due to vortices in the gaps with further increment at 

𝑅𝑒 = 40 the 𝐶𝐷 of both cylinders shows a little fluctuation 

which is the indication of switching to wake mode. The 𝐶𝐷 

at 𝑅𝑒 = 75 and 125 fluctuate and are bistable which is a 

sign of the presence of the modulated 𝐶𝐷 signals this 

behavior is because size and shape and the magnitude of 

modulation is not same for both cylinders (Fig. 10(a, b)). 
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(a) For g*= 0.5 of lift coefficients and fixed 𝑅𝑒 

 

(b) For g*= 0.5 of lift coefficients and fixed 𝑅𝑒 

  
(c) For g*= 1.5 of lift coefficients and fixed 𝑅𝑒 (d) For g*= 3.0 of lift coefficients and fixed 𝑅𝑒 

  
(e) For g*= 3.5 of lift coefficients and fixed 𝑅𝑒 (f) For g*= 5.0 of lift coefficients and fixed 𝑅𝑒 

Fig. 8 Power spectra analysis of coefficients lift at varying g* and at fixed 𝑹𝒆 = 𝟏𝟓𝟎 

 

Whereas 𝐶𝐿 plots shows steady behavior with no 

fluctuation at 𝑅𝑒 = 35, and at 𝑅𝑒 = 40 the 𝐶𝐿 of both 

cylinders have periodic behavior with large difference in 

their magnitude, 𝐶𝐿1 magnitude is smaller than 𝐶𝐿2, and 

magnitude of the fluctuation of 𝐶𝐿1 is almost disappeared 

and at 𝑅𝑒 = 75 and 125 the amplitude of the consecutive 

cycle of 𝐶𝐿2 is unpredictable and irregular because it 

shows increasing and decreasing behavior with respect to 

time. 𝐶𝐿2  curve is bistable due to quasi-steady state 

condition of flow and 𝐶𝐿1 curve is periodic with the same 

amplitude at (Fig. 10(c, d)) 

From the Fig.s 11(a-d) that depicts a power spectrum 

study of 𝐶𝐿 at fixed g* = 2.5 and for various 𝑅𝑒.  The   𝐶1 

plot at 𝑅𝑒 = 40 is excluded because of steady behavior 

and only one shedding frequency of primary vortex is 

observed for 𝐶2 which indicate that vortex generation 

starts behind 𝐶2 (Fig. 11(a)). we can observe secondary 

peaks with shedding frequency of primary vortex as 𝑅𝑒 

increases confirming the impact of the secondary type 

cylinder with a frequency of interaction with the flow and 

particularly on the vortex side of shedding of the cylinders 

and at 𝑅𝑒 = 75, 𝑆𝑡1 graph shows similarity with 𝑆𝑡2 and 

is not shown (Fig. 11(b-d)). As a comparison to 𝐶1, 𝐶2 

shows more disturbed frequencies for 𝑆𝑡 and irregularities 

in frequency increases as 𝑅𝑒 increases. 

Figures 12(a-e) shows instantaneous contour 

visualization for fixed 𝑅𝑒 = 100 at different g*. At g* =
 1.0 (Fig. 12(a)), we found alternate shed vortex behind 𝐶1 

with only a minor interaction with 𝐶2. This flow regime is 

likewise referred to as weakly interactive vortex shedding 

flow regime and is known is flip-flopping wake pattern. 

Due to small g* vortices are not clearly visible near and 

far downstream position and compared to regular vortices, 

some of these are narrower. This shows that between the 

cylinders gap there exists a strong interaction of flow and 

can be named as synchronized flow in near downstream  



M. Abid et al. / JAFM, Vol. 17, No. 9, pp. 1820-1843, 2024.  

 

1830 

  
(a) For 𝑅𝑒 = 35.0 and at fixed g* = 2.5 (b) For 𝑅𝑒 = 45.0 and at fixed g* = 2.5 

  
(c) For 𝑅𝑒 = 75.0 and at fixed g* = 2.5 (d) For 𝑅𝑒 = 125.0 and at fixed g* = 2.5 

Fig. 9 Visualization of vorticity contour of flow past two offset square cylinders at different 𝑹𝒆 and at fixed g* =
𝟐. 𝟓 

 

  
(a) (b) 

  
(c) (d) 

Fig. 10 Time history investigation and analysis for forces at various values of 𝑹𝒆 and at fixed g* = 𝟐. 𝟓 
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(a) For 𝑅𝑒 = 40 and fixed g* of lift coefficients (b) For 𝑅𝑒 = 475 and fixed g* of lift coefficients 

  
(c) For 𝑅𝑒 = 125 and fixed g* of lift coefficients (d) For 𝑅𝑒 = 125 and fixed g* of lift coefficients 

Fig. 11 Power type spectra analysis at different value for 𝑹𝒆 and fixed g*= 𝟐. 𝟓 of lift coefficients  

 

position (Fig. 12(b)). At g* = 4.0, vortices are generated 

in same phase from both cylinders and are periodic. We 

can observe that in both cases flow roll up quickly and 

form vortices, and in near wake region vortices are in 

development stage and such type of wake pattern can be 

known as non-synchronized wake pattern and can be 

referred to as Von-Karman vortex street Fig. 12(c)).  

Whereas at g∗= 1 due to the vortex shedding both 𝐶𝐷 

exhibit periodic behavior in time history analysis with 

different amplitude and consecutive cycles. This is due to 

the fact that when 𝑅𝑒 grows, as the inertial forces increase, 

and the stronger the viscous forces are in relation to the 

oscillation's magnitude 𝐶𝐷 and 𝐶𝐿 increases; in both 

scenarios, the amplitude of 𝐶2 is greater than. At g*= 2 

and 4, in the 𝐶2 wake there is Since there is sufficient room 

for the vortices to roll up, the amplitude of 𝐶2 is larger than 

𝐶1 as we can observe and 𝐶𝐷 shows a modulated signal 

with a difference in amplitude between both cylinders and 

modulation is because of the size and shape of the vortices 

(Fig. 13(a, b)). Furthermore, at g*=1 𝐶𝐿 graphs show 

periodic kind of behavior with different amplitude and at 

g*=2 the flow of 𝐶1 curves of both cylinders have a 

periodic nature due to quasi-unsteady condition with the 

amplitude of consecutive cycles fluctuating with time. 

Whereas, due to the alternate type shedding of different 

vortices from the shape of square cylinders, the time-

history that shows study of both cylinders as a sinusoidal 

behavior and the duration of the 𝐶𝐿2 signals are twice as 

compared to the 𝐶𝐿1 at g*=4 (Fig. 13(c, d)). 

The power spectrum analysis of 𝐶𝐿 for the fixed 𝑅𝑒 =
100 with varying g* from 1 to 4 with 1 increment is 

presented in Figs. 14(a-d). At g*= 1.0, 𝐶1 has one little 

peak of 𝑆𝑡, while 𝐶2 has minor secondary peaks that shoes 

behavior with primary vortex shedding frequency of 𝑆𝑡 

(Fig. 14(a, b)). At g*= 2 multiple and irregular scattered 

frequencies can be observed, and these peaks are because 

of modulated 𝐶1 signals. The graph of 𝐶1 signals also 

demonstrate that the 𝐶2 is severely affected and one 

dominant peak is observed at g*= 4 which indicate that 

there is no distortion (Figs. 14(c, d)). 𝑆𝑡 graphs of 𝐶1 at 

g*= 2 and 4 because these graphs exhibit same behavior 

with 𝐶2. We can see from these power spectrum graphs 

that flow is completely established at large g* and is 

scattered and irregular for small g*. 

The variations in C_Dmean values across a range of 

'g*' values from 0.5 to 5 and Reynolds numbers (Re) 

spanning from 1 to 150 are shown in Fig.s 15(a-e). 

Notably, both types of cylinders have very high C_Dmean 

values at Re = 1, which drastically decline as Re rises to 

5. The growing impact of inertial forces is the cause of this 

behavior. Up until Re = 55, the trend shows a declining 

pattern before constant and nearly steady flow conditions 

are noticed. This is principally caused by the viscous 

forces' diminishing effects as Re rises, which leads to a 

thinner shear layer and less drag forces. Additionally, a 

consistent behavior is seen from Re = 60 onwards up to Re 

= 150, indicating an unsteady flow state. Notably, 

C_Dmean2 for both varieties of cylinders is marginally 

greater than C_Dmean1 and along with the lone cylinder. 

This disparity is explained by the fact that C_2 is 

unshielded whereas C_1 is protected by C_2, which 

causes C_2 to be subjected to stronger forces than C_1. In 

addition, compared to transitional and unstable flow 
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situations, steady-state flow is observed to have C_Dmean 

at its highest value. There is a slight difference in 

C_Dmean values when 'g*' values are less, but when 'g*' 

values rise, this difference disappears. For instance, 

variations in C_Dmean values are apparent in Fig. 15(a) at 

'g*' = 0.5 and 1, whereas in Fig. 15(e) at 'g*' = 4.5 and 5, 

these differences are practically imperceptible, and the 

C_Dmean values for SC, C_1, and C_2 closely align, 

seeming like a single line. 

Figure 16(a-e) shows root mean square values at 

varying g* and 𝑅𝑒 from 0.5 to 5 and 1 to 150. It can be 

observed from Fig. 16(a) that up 𝑅𝑒 = 30 all cylinders 

show constant behavior. 𝑅𝑒 =35 shows increasing 

behavior with increment in Re and this change in trend is 

related to a shift in the flow state. It is evident that between 

𝑅𝑒 = 65  and 80 the values of 𝐶𝐷𝑟𝑚𝑠 at g*= 1 are less than 

𝑆𝐶. Except at these aforementioned 𝑅𝑒 the 𝐶𝐷𝑟𝑚𝑠 values 

of both cylinders are higher as compared to 𝑆𝐶. Further, 

up to 𝑅𝑒 = 125 the values of 𝐶𝐷𝑟𝑚𝑠1 and 𝐶𝐷𝑟𝑚𝑠2 at g*=
0.5 are higher than values  g*= 1 and from 𝑅𝑒 ≥ 135 we 

can see those values of 𝐶𝐷𝑟𝑚𝑠2 at g*= 1 is increasing from 

𝐶𝐷𝑟𝑚𝑠1 at g*= 0.5 and it can be predicted that with 

increasing the values of 𝑅𝑒 the values of 𝐶𝐷𝑟𝑚𝑠2 are 

greater as compared to 𝐶𝐷𝑟𝑚𝑠1.  The values of 𝐶𝐷𝑟𝑚𝑠 of 

both cylinders at g* = 1.5 and 2 are presented in Fig. 

16(b). Constant behavior is observed till 𝑅𝑒 =  35 and 

after that increasing trend can be seen with increment in 

𝑅𝑒 for both cylinders. Sudden jump is observed for 𝐶𝐷𝑟𝑚𝑠2 

at g*= 2 when it advances over 𝑅𝑒 = 180. Overall, 

𝐶𝐷𝑟𝑚𝑠2 values are a lot more than that of 𝐶𝐷𝑟𝑚𝑠1 it suggests 

that more drag force is exerted on 𝐶2. From 𝑅𝑒 =  55 to 

𝑅𝑒 = 80 one can notice that values of 𝑆𝐶 increase and 

have highest values, after that decreases for some  

time. From 𝑅𝑒 = 110 to onwards 𝐶𝐷𝑟𝑚𝑠 values of both 

 

  
(a) Vorticity Contour at g*= 1.0 at fixed 𝑅𝑒 (b) Vorticity Contour at g*= 2.0 at fixed 𝑅𝑒 

  
(c) Vorticity Contour at g*= 2.5 at fixed 𝑅𝑒 (d) Vorticity Contour at g*= 4.0 at fixed 𝑅𝑒 

 
(e) Vorticity Contour at g*= 5.0 at fixed 𝑅𝑒 

Fig. 12 Vorticity Contour visualization of flow past two offset square cylinders at different g* at fixed 𝑹𝒆 = 𝟏𝟎𝟎  
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(a) (b) 

 
 

(c) (d) 

Fig. 13 Time history investigation and analysis for forces at various values of g* and for forces at fixed  𝑹𝒆 =
𝟏𝟎𝟎 

 

  
(a) For g*= 1.0 at fixed 𝑅𝑒 (b) For g*= 1.0 at fixed 𝑅𝑒 

  
(c) For g*= 2.0 at fixed  𝑅𝑒 (d) For g*= 4.0 at fixed 𝑅𝑒 

Fig. 14 Examination of power spectra and lift coefficient studies at various g* at a fixed 𝑹𝒆 = 𝟏𝟎𝟎  
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(a) (b) 

  

(c) (d) 

 
(e) 

Fig. 15 Variation of mean drag coefficients with different spacing ratio from 0.5 to 5 

 

cylinders are higher than single cylinder. After showing 

constant behavior up to 𝑅𝑒 = 35 the 𝐶𝐷𝑟𝑚𝑠2 values 

exhibit higher values than that of 𝐶1 and 𝑆𝐶 (Fig. 16(c)). 

The major change that we observe from Fig. 16(c) is that 

for 𝑅𝑒 ≥ 110 both 𝐶1 and 𝑆𝐶 shows same values of 

𝐶𝐷𝑟𝑚𝑠. Moreover, in Fig. 16(d, e) same as previous graphs 

of 𝐶𝐷𝑟𝑚𝑠 the values of 𝐶𝐷𝑟𝑚𝑠2 are higher from 𝐶𝐷𝑟𝑚𝑠1, and 

it can be observed that 𝐶𝐷𝑟𝑚𝑠 value of 𝑆𝐶 is higher than 

that of 𝐶𝐷𝑟𝑚𝑠1 in previous graphs these values were lower 

or equal. Increasing in g* between cylinders results in 

decreasing of 𝐶𝐷𝑟𝑚𝑠 values. 𝐶𝐷𝑟𝑚𝑠 values of 𝐶2 are higher 

than 𝐶1and for g* ≥ 3.5 the values of 𝐶1  are lower than 

single 𝑆𝐶 (Fig. 16(a-e)). 

𝐶𝐿𝑟𝑚𝑠  variation of 𝑅𝑒 at various g* from 0.5 to 5 are 

presented in Fig. 17(a-e). We did not observe observed 

𝐶𝐿𝑟𝑚𝑠 values for steady flow in initials 𝑅𝑒 from 1 to 30, 

for small g* transition starts ta 𝑅𝑒 = 35 and for large g* 

transition starts at 𝑅𝑒 = 40 . 𝐶𝐿𝑟𝑚𝑠  values of 𝐶2  are 

higher than that of 𝐶1  which means that 𝐶2   is facing 

highest lift force and it can be also noticed that for 𝑅𝑒 ≥
80 the SC values are higher than 𝐶1 and are lower than 𝐶2  

(Fig. 17(a)). At g*= 0.5 and 1 the 𝐶𝐿𝑟𝑚𝑠 values of 𝑆𝐶 are 

closer to 𝐶1  than 𝐶2  and we can also observe a notable 

difference between 𝐶𝐿𝑟𝑚𝑠  values of both cylinder which 

indicates irregularities in flow. In Fig. 17(b) 𝐶𝐿𝑟𝑚𝑠 values 
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(a) (b) 

  

(c) (d) 

 
(e) 

Fig. 16 Investigation of variation of root-mean square values with different spacing ratio from 0.5 to 5 

 

are increasing with increment in 𝑅𝑒, 𝐶𝐿𝑟𝑚𝑠2 values of both 

cylinders become closer to each and same in the case of 

𝐶𝐿𝑟𝑚𝑠1 values, 𝑆𝐶 𝐶𝐿𝑟𝑚𝑠 values lies between 𝐶𝐿𝑟𝑚𝑠1 and 

𝐶𝐿𝑟𝑚𝑠2 values of both cylinders and almost have same 

distance up to 𝑅𝑒 = 80 and then it becomes more closer 

to 𝐶𝐿𝑟𝑚𝑠1. We can see that 𝐶𝐿𝑟𝑚𝑠 values of 𝐶2  are higher 

than 𝐶1  and 𝑆𝐶 at both g*=  2.5 and 3, and 𝑆𝐶  values lie 

between them (Fig. 17(c)).  In Fig. 17(d, e) it can be notice 

that 𝐶𝐿𝑟𝑚𝑠 values of both 𝐶1 and 𝐶2 show same behavior, 

which means that at large g* flow is fully developed and 

regular. The 𝐶𝐿𝑟𝑚𝑠 values of 𝐶2 are higher than 𝑆𝐶 and 𝐶1, 

and 𝐶𝐿𝑟𝑚𝑠 values of 𝐶1 are lower than 𝑆𝐶 which clearly 

demonstrate that the effect 𝐶2 results in increase of 𝐶𝐿. 

Figure 18(a-e) demonstrates the different variation of 

𝑆𝑡 with 𝑅𝑒 at different gap spacing from 0.5 to 5 with 

0.5 increment. Fast Fourier Transform (FFT) command is 

applied on 𝐶𝐿 for calculation of 𝑆𝑡, which is built-in 

command of MATLAB, usually 𝑆𝑡 is used for indication 

of vortex shedding frequency. As we know that for steady 

flow constant behavior is observed for 𝐶𝐿 and as a result 

there is no 𝑆𝑡 values for steady flow state. In Fig. 18(a-e) 

𝑆𝑡 values for unsteady and transitional cases are presented. 

It is also observed that for small g* from 0.5 to 2 is the 

flow transition is started at 𝑅𝑒 = 35, and on the other 

hand for large g* from 2.5 to 5, 𝑅𝑒 = 40 is the starting 

point for transitional flow. The 𝑆𝑡 values of 𝑆𝐶 are higher 

than 𝑆𝑡1 and 𝑆𝑡2 (Fig. 18(a)). Moreover, 𝑆𝑡 values of both 

cylinder at g*= 1 is higher as compared to 𝑆𝑡 values at g*=
0.5, and we are unable to predict the behavior of 𝑆𝑡 values 
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(a) 𝐶𝐿𝑟𝑚𝑠 with 𝑅𝑒 at different g* from 0.5 to 5 (b) 𝐶𝐿𝑟𝑚𝑠 with 𝑅𝑒 at different g* from 0.5 to 5 

  

  

(c) 𝐶𝐿𝑟𝑚𝑠 with 𝑅𝑒 at different g* from 0.5 to 5 (d) 𝐶𝐿𝑟𝑚𝑠 with 𝑅𝑒 at different g* from 0.5 to 5 

  

 

(e) Variation of 𝐶𝐿𝑟𝑚𝑠 with 𝑅𝑒 at different g* from 0.5 to 5 

Fig. 17 Investigation of variation of 𝑪𝑳𝒓𝒎𝒔 with 𝑹𝒆 at different g* from 0.5 to 5 
 

because they are not increasing or decreasing in a proper 

way, and abrupt changes in their behavior is observed. 

This behavior is due to the strong wake interaction 

because of small g* (Fig. 18(a)). It can be notice from 

Fig. 18(b) that the 𝑆𝑡1of both cylinders are higher than 

𝑆𝐶 and that of 𝑆𝑡2, and 𝑆𝑡 values of 𝐶2 are lower than 

𝑆𝐶. We can see that up to 𝑅𝑒 = 80 there is small 

difference between 𝑆𝑡 values and after that we noticed 

notable change in their values which shows that flow is 

more complex at downstream position than upstream 

position (Fig. 18(b)). Almost same behavior can be seen 

in Fig. 18(c), but 𝑆𝑡 values are closer to each other as 

compared to previous graphs. At large g*, 𝑆𝑡 values of 

both 𝐶1 and 𝐶2 and as well as 𝑆𝐶 almost shows same 

behavior and there is not that much difference in their 

values which means that flow is developed, and such 

type of flow is an example of In-phase flow pattern (Fig. 

18(d, e)). Overall, we can deduce that with increasing 

gap spacing results in development of flow. 
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(a) St along with various spacing ratio from 0.5 to 5       (b) St along with various spacing ratio from 0.5 to 5 

 
 

(c) St along with various spacing ratio from 0.5 to 5 (d) St along different spacing ratio from 0.5 to 5 

 
(e) St with different spacing ratio from 0.5 to 5 

Fig. 18 Variation of St along with various spacing ratio from 0.5 to 5 

 

5. RESULTS DISCUSSION AND 

COMPARISON 

 We have learned a great deal about the complex 

dynamics of fluid flow from our study of the flow 

characteristics behind square offset cylinders with varying 

gap and Reynolds numbers. One of the key findings is the 

significant influence of Reynolds numbers on the 

observed flow patterns. Higher Reynolds numbers cause 

the flow behind the cylinders to become more 

complicated, exhibiting increased flow separation and 

vortex shedding. Conversely, flow patterns with lower 

Reynolds numbers are more regular and consistent. These 

results are consistent with prior studies in the field and 

recognized theories of fluid dynamics. Further analysis of 

the flow behavior at different gap spacings shows the 

appearance of different flow patterns.  

 Smaller gap spacings frequently promote more 

complicated interactions, which may enhance fluid mixing 

and perhaps change the wake shape. Our study advances 

our understanding of the flow dynamics behind cylinders 

and how Reynolds numbers and gap spacings affect it, 

which is important for many engineering applications to  
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(a) For 𝑅𝑒 = 75 and g*= 5.0  (b) For g*= 2.5 and 𝑅𝑒 = 100 

  
(c) For 𝑅𝑒 = 100 and g*= 5.0 (d) For g*= 2.5 and 𝑅𝑒 = 125 

 
(e) For g*= 5 and 𝑅𝑒 = 125 

Fig. 19 Vorticity flow through two offset square cylinders at varying g* and 𝑹𝒆 is visualized contour-wise 

 

work as well as possible. All in all, our findings align with 

previous research on fluid mechanics. 

 In Table 5, the authors have presented a thorough 

comparison of their findings with previously released data 

for Re = 150. This makes it possible to compare the 

present results in depth. The current study's result for the 

mean drag coefficient (CDmean) was 1.6170, which is in 

good accord with the results of numerous other 

investigations that reported values between 1.4501 and 

1.6680. The present outcome is situated squarely in the 

center of this range. The current value is larger than that 

of An et al. (2020) and Alam et al. (2016), the two most 

recent research, but it is lower than the latter. 

 The current analysis yielded a Strouhal number (St) of 

0.1745. This is in good agreement with other earlier 

investigations that showed Strouhal numbers at Re = 150 

ranging from 0.1579 to 0.1751. Once more, the current 

outcome fits well into the spectrum of data that has been 

released. It is marginally lower than Furquan and Mittal 

(2015), but marginally higher than the values given by 

Sharma and Eswaran (2004) and Aboueian and Sohankar 

(2017). The current result of 0.2847 for the rms lift 

coefficient (CLrms) is extremely similar to the value of 

0.2850 found by Saha et al. (2003). Additionally, it 

concurs with findings in Singh's et al. (2021) and Alam et 

al. (2016), which are 0.2741 and 0.2781, respectively. The 

current CLrms is marginally more than the value of 0.2401 

that Aboueian and Sohankar (2017) reported. 

 He results obtained in the current study for CDmean, 

St, and CLrms at Re = 150 show good agreement with 

previous published data. The values generally fall within 

the ranges reported in the literature. This provides 

validation for the lattice Boltzmann simulation method 

and modeling approach used by the authors. The 

comprehensive comparison in Table 5 allows for an in- 
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Table 5 Thorough examination of current data and findings for the Reynolds number of 150 

Researchers 𝐶𝐷𝑚𝑒𝑎𝑛 𝑆𝑡 𝐷𝑟𝑚𝑠 CLrms 

Robichuax et al. (1999) 1.6680 0.1631 · · · · · · 

 Alam et al. (2016) 1.4537 0.1678 0.0178 0.2781 

Liu and Jaiman (2016) · · · 0.1601 · · · · · · 

An et al. (2020) 1.4501 0.1631 · · · · · · 

Furquan and Mittal (2015) 1.650 0.1751 · · · · · · 

Shimizu and Tanida (1978) 1.5800 · · · · · · · · · 

Saha et al. (2003) 1.6200 0.1641 0.00180 0.2850 

Singh et al. (2016) 1.6000 0.1665 · · · 0.2741 

Sharma and Eswaran (2004) 1.5568 0.1579 0.0195 0.2913 

Chatterjee et al. (2010) · · · 0.1697 · · · · · · 

Aboueian and Sohankar (2017) 1.5300 0.1551 · · · 0.2401 

Norberg (1993) · · · 0.1471 · · · · · · 

Proposed study results 1.6170 0.1745 0.0185 0.2847 

 

depth assessment of how the present results fit with 

existing knowledge. 

 Compared to prior investigations of flow around 

circular cylinders at similar Reynolds numbers, several 

similarities and differences are noted in the wake 

behaviors with square cylinders in the present offset 

arrangement. The onset of vortex shedding indicates the 

transition from steady flow to unsteadiness occurs at 

comparable Reynolds number ranges in both circular and 

square configurations, suggesting some universality. 

However, the initial shedding modes tend to be more 

irregular and disorganized with square geometries.  

 Additionally, the critical spacing ratio to achieve a 

fully developed wake appears to be higher for the square 

cylinders compared to typical values reported for circular 

cylinders. 

These distinctions likely arise because the sharp 

corners of the square geometry promote flow separation 

and the development of complex turbulent stresses in near 

wake. Bluffer body shapes are more prone to exhibiting a 

wider variety of wake modes. However, at sufficient 

spacing ratios where the wakes do not interact or merge 

significantly, similarities in periodic vortex shedding 

behavior start to emerge between circular and square 

cases. The key forces statistics like Strouhal number, drag, 

and lift coefficients also differ quantitatively between 

circular and square cylinders, but the overall qualitative 

trends with respect to Reynolds number and spacing ratio 

variations follow comparable progression patterns. In 

summary, despite some unique phenomena promoted by 

the square geometry and orientation, the fundamental 

wake transition behaviors share similarities with classical 

circular cylinder arrangements when considering 

parameter variations. This points to potential universal 

criteria governing the process of wake development 

behind bluff body obstacles. Further comparative analyses 

can provide more detailed delineation of geometry-

specific effects. 

6. CONCLUSION 

 A two-dimensional method type of the lattice 

Boltzmann based on the single-relaxation-time is applied 

to study the flow features and force statistics analysis 

behind two square offset cylinders at various Reynolds 

numbers and spacing ratios and key findings are 

presented. Reynolds numbers have been found to have a 

significant impact on flow behind cylinders and different 

flow patterns and behaviors for various gap spacing types 

and Reynolds values are noted. The following is the 

summary of the main conclusion: 

 From 𝑅𝑒 = 1 to 30 and for all g* steady flow with no 

transition is observed in the whole computational domain.  

 It is found that with increasing 𝑅𝑒 results in increasing 

the recirculation length and flow remain steady. 𝑅𝑒 = 35 

is the starting point of vortices generation behind 

downstream cylinder and quasi steady flow is noticed 

behind upstream cylinder and vortices starts generating 

behind upstream cylinder at 𝑅𝑒 = 40 at small gap spacing 

and for large gap spicing flow is quasi unsteady up to 

𝑅𝑒 = 40. Different type of flow regime is observed: (a) 

steady flow regime, also part (b) that single-bluff style of 

body flow regime, (c) chaotic flow regime, (d) flip-

flopping flow regime and fully developed flow regime is 

observed depending on different 𝑅𝑒 and spacing. It is also 

notice that 𝑅𝑒 and spacing has a huge impact on flow 

behind offset square cylinders and low spacing complexity 

and irregularities occurs in flow pattern behind cylinder 

due to jet flow whereas increasing in spacing flow advance 

through developing stages and we can observe two rows 

fully developed flow regime. The 𝐶𝐷𝑚𝑒𝑎𝑛  values are 

higher at 𝑅𝑒 = 1 and then sudden decreasing jump is 

observed, and it show relatively small values ate 𝑅𝑒 = 5 

because of inertial forces and minor decreasing trend with 

increasing 𝑅𝑒 is observed up to 𝑅𝑒 = 55 because of 

weaker viscous force which results in weaker 𝐶𝐷 and then 

constant behavior is observed up to 𝑅𝑒 = 150. 

  In 𝐶𝐿𝑟𝑚𝑠 plots it is seen that 𝐶𝐿𝑟𝑚𝑠1 and 𝐶𝐿𝑟𝑚𝑠2 are 

distant apart from each other and from single cylinder at 

behave differently which is the sign of irregularities and 

modulated signals whereas at large spacing the distance 

between 𝐶𝐿𝑟𝑚𝑠1 and 𝐶𝐿𝑟𝑚𝑠2 values is reduced and behave 

likely, and single cylinder values are more closer to 𝐶𝐿𝑟𝑚𝑠1 

which means that the amplitude of modulation of 

downstream cylinder is higher than upstream cylinder. 
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 The use of a two-dimensional lattice Boltzmann based 

on the time for single relaxation approach has 

demonstrated the major influence of numbers named as 

Reynolds on flow patterns behind square offset cylinders 

with a range of gap spacings. This study proposes several 

exciting new directions. The study's three-dimensional 

modelling extension, investigation of turbulence 

transitions, application of the research to actual 

engineering issues, advancement of numerical methods, 

experimental validation of the findings, and integration of 

multi-physics simulations are a few of these. By pursuing 

these paths, we can broaden our understanding of fluid 

dynamics and its practical applications in science and 

engineering. 

 For more physical interpretation of why different flow 

phenomena are observed under varying conditions: 

• Consistent flow at low Reynolds numbers: At very low 

Reynolds numbers, viscous forces—rather than inertial 

forces—dominate the flow. This allows the boundary 

layer to remain attached and not separate. Therefore, 

no unsteadiness or vortex shedding occurs, resulting in 

a steady flow pattern. 

• Onset of unsteadiness at moderate Re - As Re increases, 

inertial forces start becoming more significant 

compared to viscous forces. This causes the boundary 

layer to detach from the cylinder surfaces, resulting in 

flow separation and vortex shedding in the wake. This 

marks the onset of unsteady flow phenomena. 

• Chaotic flows at smaller spacings - When there is little 

space between the cylinders, the interacting shear 

layers, and proximity of the wakes causes highly 

chaotic and turbulent mixing. Vortices shed by one 

cylinder impinge on the other cylinder in an 

unpredictable manner, leading to aperiodic forces and 

lack of an organized pattern. 

• Flip-flopping flows at moderate spacings - At moderate 

spacings, the wakes have some freedom to develop but 

still interfere with each other. Flip-flopping, or the 

occasional shifting of the wake width from one side to 

the other, results from this. The forces switch between 

different quasi-periodic modalities rather than having 

a single frequency. 

• Fully developed flow at higher spacings - As spacing 

increases further, the wakes have enough room to fully 

develop in a manner like isolated cylinders. This 

allows the typical von Karman vortex street pattern, 

with vortices shed from each cylinder interacting very 

little. A single dominant shedding frequency emerges 

in a stable periodic pattern. 

• Overall, from Re = 1 to 30, the flow remains attached to 

the cylinders, and it is steady behind both cylinders. At 

Re>35, vortices are observed to be generated behind 

both cylinders, with the first one occurring 

downstream of the cylinder. When there is less gap 

spacing, the flow behind both cylinders’ mixes, 

exhibiting chaotic and turbulent behavior. However, 

for higher gap spacing, the flow does not mix, and 

Von-Karman vortex shedding is observed behind both 

cylinders. 

 This provides the insight into the physical mechanisms 

behind why the flow regimes transition in the manner 

observed in this study.     
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