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 The fluid flow around a cylinder is one of the classic issues in fluid mechanics because of 

its various applications. Cylindrical structures, both single and in the group patterns, are 

present in the design of cooling systems of nuclear power plants, hydro-structures, heat 

exchangers, chimneys, high buildings, power lines, cables and networks in air and water. 

In many engineering applications, Karman's vortex shedding produces flow-induced 

vibrations. To comprehend the fluid structures surrounding the cylinders, it is vital to 

understand some fundamental issues such as boundary layers, flow separation, free shear 

layer, sequence and dynamics of vortices. According to the limited studies conducted for 

the vertical arrangement of two cylinders in a flow with the high Reynolds number, there 

is no evidence of oblique flow or bi-stable pattern except in the case where cylinders are 

close to each other. In this paper, the impact of the vertical arrangement of two cylinders 

on flow with high Reynolds number has been investigated via numerical modelling. The 

results indicated that the flow pattern is irregular and unstable for denser arrangements 

while the propagation of vortices does not have any tendency in different spacing. 
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1. INTRODUCTION 

 

Since the fluid flow around a cylinder widely exits and has 

many different applications, its study has drawn great attention 

to many researchers. There are many studies on the flow 

around an isolated single circular cylinder, such as papers [1-

7] and monographs [8-10]. Cylindrical structures can be found 

in either single or group patterns, e.g. in the designs of cooling 

systems of nuclear power plants, hydro-structures, heat 

exchangers, chimneys, high buildings, power lines, cables and 

networks in air and water. In many engineering applications 

Karman vortex shedding is sensible for problems with flow-

induced vibration and noise. A comprehensive study has been 

done on the fluid dynamics for the flow around a circular 

cylinder, including fundamental topics such as the boundary 

layer, separation, the free shear layer, the wake and the 

dynamics of vortices. Therefore, fluid dynamics of the 

multiple immersed cylinders in a uniform vertical flow has 

been studied by many researchers. One of the first 

experimental studies on two cylinders in a longitudinal and 

vertical arrangement was conducted by Biermann and 

Herrnstein [11]. Studies on behaviour of the flow in vicinity of 

the cylinder group in the vertical flow have been reviewed by 

researchers [12-15], and a recent major review in this regard 

was given by Sumner [16]. 

Furthermore, many experimental studies have been carried 

out on cylinders with the vertical arrangement in a steady 

horizontal flow, which varies from low Reynolds number 

(Re=50) to high Reynolds number (Re=6.5x105). Some 

experimental studies have been done on three cylinders with 

the vertical arrangement, for example the studies [17-25]. 

Study on a large number of cylinders in a single-row vertical 

arrangement has also been undertaken by researchers [26-30]. 

The results of such studies indicated that in such cases, the 

flow pattern is disordered, which is due to the mixing and the 

deviation of the flow through empty space between the 

cylinders, especially where T / D <2, where T is the distance 

between the centers of two cylinders and D is the diameter of 

the cylinders. Flow through empty space between the cylinders 

may frequently alternate, resulting in intermittent mixing of 

different jets passing through the cylinders.  This feature has 

led to the flow pattern called “Metastable" [29]. In numerical 

analysis, studies have also been conducted on the flow around 

two cylinders in a vertical arrangement, which is mainly in 

lower Reynolds numbers [16], including the studies conducted 

by Chang and Song [31] for Re=100, [32] for Re=200, [33] for 

Re=100, 200, and [34] for Re=750. 

Cylinders in different shapes and geometries are widely 

used in different engineering and modeling topics such as 

cooling system, pin-fins, vegetation. The flow around 

cylinders has continuously been investigated by numerous 

researchers to enhance the understanding of hydraulic 

properties of cylinders. Many researchers consider the 

relationship between the performance and geometry based on 

traditional circular dowels in common shape, such as of 

variable shapes [35, 36], different arrangements [37, 38] and 

geometric parameters [39-41] of cylinders. Additionally, 

several perforated features such as pin-fins are conceived to 

achieve favorable hydraulic and thermal performance. Results 

of relevant research indicate that there is a strong correlation 

between morphological feature and performance, such as the 

numbers or shapes of holes [42-44]. However, it seems 
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difficult to make further improvement on performance based 

on geometrical modification or combination of multiple 

shapes. Therefore, this study seems to be essential for further 

studies in different aspects of engineering topics.  

Theoretically, heat transfer efficiency can be improved by 

increasing the contact area and flow state using the lattice 

structure, as demonstrated through simulation and experiment 

[45, 46]. Therefore, some studies were performed continually 

to investigate the properties of lattice structure materials used 

in the different types of systems. Wei et al. [47] proposed a 

C/SiC lattice sandwich panel in the shape of pyramidal core 

and studied the equivalent thermal conductivity with a varied 

heat source. The thorough experiment of compacted heat 

exchange by using pyramidal latticed structure was conducted 

by Son et al. [48] to explore the influence of the geometrical 

parameter on hydraulic and thermal performance under the 

condition of laminar flow. Besides, several morphologically 

modified structures such as X-type lattice [49, 50] were 

proposed to enhance the thermal performance and to improve 

heat dissipation efficiency. The angle distribution of ligament 

in X-type lattice structure was demonstrated to be correlative 

with hydraulic and thermal performance. 

Fewer studies are carried out about two or more cylinders 

located adjacently to each other. The flow field around the 

composition of multiple cylinders involves the complex 

interaction among shear layers, vortices, sequences, and 

streams of Karman's vortices. The most basic arrangement for 

combining multiple cylinders with the same diameter D is 

shown in Figure 1. For "unlimited" cylinders where the ratio 

of each cylinder, AR=H / D (H=height or cylinder length), is 

large enough to allow a two-dimensional flow around the 

cylinder, the main variables that control the flow behavior are: 

(1) the distance between the cylinders, (2) the orientation of 

cylinders in the xy plane relative to the flow direction, and (3) 

the Reynolds number (Re). Most studies have defined the 

Reynolds number by the uniform flow velocity U and the 

cylinder diameter D as Re=UD/v, where v is the kinematic 

viscosity of fluid. For a "limited" cylinder that is installed 

perpendicularly to a ground plane, the additional variables that 

control the behaviour of the fluid are (4) the dimensional ratio 

of the cylinder, and (5) the characteristics of the boundary 

layer of the ground plane. 

The two ideal forms of cylinder orientation adjacent to each 

other are the longitudinal and transversal arrangement, as 

presented in Figure 1 (a) and (b), where the geometry with the 

spacing between centers of the cylinders is specified by 

longitudinally (L) and transversally (T). In such a case, the 

spacing between the cylinders is commonly defined as non-

dimensional to longitudinal and transversal dimensions: length 

ratio (L/D) or transverse ratio (T/D).  

 

 
 

Figure 1. Two cylinders with the same diameter in the 

transverse flow: (a) longitudinal arrangement and (b) vertical 

arrangement [16] 

Numerous numerical and experimental studies have been 

done to understand the flow structure around two cylinders 

with the vertical arrangement in the low Reynolds number. 

Various patterns for the flow behaviour behind the cylinders 

have been identified and categorised. One of the most 

prominent characteristics of flow is the pattern of the oblique 

flow that occurs in the moderate ratios of T/D (1.1-1.2 < T / D 

< 2-2.2) and sometimes in the small ratios of T/D. Moreover, 

the unsteady biased behaviour of oblique flow is also 

oscillating between the cylinders. 

One of the limitations in these kinds of numerical studies is 

only to study different coefficients and parameters in the same 

time, along with to understand what distance can have no 

effect on side dowel. According to the limited studies 

conducted for the vertical arrangement of two cylinders in a 

flow with the high Reynolds number, there is no evidence of 

oblique flow or bi-stable pattern except in the case of very 

small T/D arrangements (T/D= 1.1-1.2). The objective of this 

paper is to investigate the flow behaviors in various other 

arrangements. More specifically, this study is to model the 

fluid flow around two cylinders with a vertical arrangement in 

the Reynolds number 1x106 to investigate how the distance 

between cylinders affects the flow characteristics.  

In the subsequent context of the paper, research 

methodology is first introduced in section 2, followed by a 

detailed numerical modelling in Section 3. The modelling 

results for single and two cylinders are represented in Sections 

4 and 5, and conclusions are drawn in Section 6. 

 

 

2. RESEARCH METHODOLOGY 

 

2.1 Vertical arrangement (in y direction) 

 

When two cylinders are located in the horizontal flow 

direction with a transverse arrangement, the cylindrical 

sequence interacts with each other on both sides of the empty 

space. If two cylinders are located in close vicinity, they would 

possibly act like an air-block body with an added "base bleed" 

effect [51]. If the cylinders are located apart enough, they act 

as two separate air-block bodies, although they may be 

synchronised between nearby streets. When the cylinders are 

placed between the two spaces, there exists the complex 

interference between the sequence and the vortex street, 

resulting in an asymmetric and distorted flow pattern that is 

unstable and bi-stable. The transverse layout of cylinders is 

placed in the range of proximity interference defined by Wood 

[52]. 

In this case, the behaviour of the fluid is mainly a function 

of the ratio of centre-to-centre distance to the diameter of the 

cylinders (T/D) (in some studies, using the gap space to the 

diameter of the cylinders (G/D). It should also be mentioned 

that the Reynolds number affects flow characteristics, but its 

influence is less than the effect of longitudinal arrangement of 

the cylinders.  

 

2.2 Evaluation of fluid flow in supercritical flow condition 

 

Despite numerous studies on the flow behavior of fluid 

around cylinders, the measured data for the studies in low and 

high Reynolds numbers are very limited. In the supercritical 

flow that has a high Reynolds number, the effects of the wake 

interference are less for the cylinder arrangements [53]. 

According to the studies conducted by Sun et al. [54], the 
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pattern of flow around cylinders with vertical arrangement in 

the high Reynolds number is symmetric in different states, 

which is in contrast to the flow pattern in the low Reynolds 

number, and only in the case of very small T/D (= 1.1-1.2) has 

the asymmetric flow pattern been observed.  

Furthermore, no observation has done on no unsteady 

behaviour and bi-stable form of flow in the high Reynolds 

number. Gu [55] has categorised the supercritical interference 

in two modes: (a) the shear layer interference and (b) the 

interference of sequences or neighbouring effects (Figure 2). 

 

 
 

Figure 2. Classification of the flow around two cylinders 

with vertical arrangement in the high Reynolds number 

(Re=4.25×105), where N is the distance between the center of 

two cylinders and d is the diameter of the cylinders 

 

Only a limited number of studies have been carried out with 

focusing on the behaviour of fluid flow around cylinders that 

have a transverse layout in high Reynolds number, along with 

the inaccuracy of the values of drag coefficients and their 

variations with the distance between the cylinders. So further 

investigations are needed in this regard. 

 

 

3. NUMERICAL MODELLING 

 

Solving differential equations of fluid motion numerically 

is called Computational Fluid Dynamics, commonly known as 

CFD, which deals with the numerical solutions of fluid flow 

parameters. The physical laws governing the flow of fluid are 

brought up by partial differential equations such as the 

continuity and the Navier-Stokes momentum or any other 

additional equations. Numerical solvers solve these equations 

with acceptable precision using complex computation 

methods as a program or code, in which the algorithm is 

written and runs on a computer. 

 

3.1 Governing equations 

 

The governing equations, including the continuity and 

momentum equations, are written for the three-dimensional, 

incompressible, unsteady flow: 

 
𝜕𝑢̃𝑖

𝜕𝑥𝑖

= 0 (1) 

 
𝜕𝑢̃𝑖

𝜕𝑡
+ 𝑢̃𝑗

𝜕𝑢̃𝑖

𝜕𝑥𝑗

= −
1

𝜌

𝜕𝑝

𝜕𝑥𝑖

+
𝜕

𝜕𝑥𝑗

(2𝜈𝑆̃𝑖𝑗) (2) 

 

where, the subscripts i and j are the Cartesian coordinates, 𝑢̃𝑖 

represents the components of instantaneous velocity, 𝑝 is the 

instantaneous pressure,  𝜌  is the fluid density, 𝜈  is the 

kinematic viscosity of fluid, 𝑡 and 𝑥𝑖  represent the time and 

coordinate components (i=1, 2, 3), respectively. For the 

incompressible fluid, the density is assumed to be constant 

throughout the computation [56-62]. The strain tensor is 

defined as follows: 

 

𝑆̃𝑖𝑗 =
1

2
(

∂𝑢̃𝑖

∂xj

+
∂𝑢̃𝑗

∂xi

) (3) 

 

3.2 Validation of the basic model 

 

Considering that this study aims to understand the flow field 

around two cylinders in a vertical arrangement with a high 

Reynolds number Re =1× 106 , the flow around the single 

cylinder in the high Reynolds number was first modelled in 

ANSYS-Fluent commercial code, and the results are  then 

compared with experimental and numerical studies to verify 

the validity and accuracy of the discretisation of CFD 

turbulence models with the assigning boundary conditions and 

other important parameters of the flow. This process includes 

(1) modelling of the flow around the single cylinder with 

Re=1x106 and (2) geometric modeling and dimensions of the 

computational domain. 

In the modelling of two-dimensional flow, to minimise the 

effect of the boundaries, the width dimensions of the 

rectangular computation domain are considered to be large 

enough so that they were set to be 24D × 28𝐷 , where D is the 

diameter of the cylinder and equal to 2 meters. The free flow 

is entered from the left side of the domain at a velocity of 

U=7.3 m/s, and the coordinates of the centre of the cylinder in 

the field are set to at P(8D, 12D); the position of origin is 

indicated clearly in Figure 3, which is the computational 

domain for the single cylinder in the study. 

In Table 1, the values of the Strouhal coefficient (𝑆𝑡 =  
𝑓𝐿

𝑈
 , 

where f is the frequency of vortex shedding, L is the 

characteristics length and U is the flow velocity) are presented 

along with the mean drag coefficient (CD), and maximum 

mean lift coefficient (CL) in the turbulent flow around the 

single cylinder for Re=1x106, in six meshes. 

 

Table 1. The mean drag coefficient, the mean maximum lift 

coefficient and Strouhal number around the single cylinder in 

the flow with Re=1x106 

 
St 𝑪𝐋 𝑪𝑫 Number of cells Mesh 

0.33 0.85 0.6 42,000 A 

0.33 0.9 0.58 78,000 B 

0.33 0.75 0.55 98,000 C 

0.33 0.19 0.36 170,000 D 

0.33 0.2 0.36 230,000 E 

0.32 0.22 0.36 262,000 F 

 

 
 

Figure 3. Computational domain for a single cylinder 
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In order to obtain the independent results free from the 

effect of cell sizes, also described as mesh sensitivity analysis, 

six meshes with different element sizes have been generated 

in ANSYS-ICEM CFD. Mesh sensitivity parameters are 

selected as drag coefficient, lift coefficient and Strouhal 

number. The results of mesh sensitivity analysis are shown in 

Table 1, which shows that the increasing number of grid cells 

more than 170,000 does not change the results very much. 

Thus, the generated mesh with 170,000 cells was used in the 

modelling for the numerical analysis of flow characteristics. 

 

3.3 Meshing 

 

To obtain the independent results from cell sizes, six meshes 

with different sizes have been generated in ANSYS-ICEM 

CFD. In this study, the results of mesh sensitivity from cell 

sizes have been proven, showing that changing the sizes of 

mesh to certain degrees does not change the simulation results 

in terms of CD, CL and St., as shown in Table 1.  

Table 1 shows that the finer dimension of the grid has little 

impact on the drag and lift coefficients from mesh D to F, 

indicating that the results are independent of the mesh sizes. 

Therefore, due to the timing of computation, the mesh D was 

selected as the optimal mesh, whose characteristics are 

presented in Figure 4. 

 

 

  
 

Figure 4. Meshing details of computation domain using an 

optimal mesh D 

 

The number of nodes used on the grid edges is also 

presented in Figure 4. The O-grid block was used around the 

cylinder with 200 points assigned to its edge perpendicular to 

the cylinder. 

Since the velocity gradients are very large in the direction 

perpendicular to the wall around the cylinder, the boundary 

layer mesh was used close to the wall, and the size of the first 

cell at the boundary of the cylinder wall was assigned to be 

0.00014 m. After completing the meshing process, the final 

mesh was transferred to the ANSYS-Fluent solver, and then 

the boundary conditions and characteristics of the problem and 

other parameters were defined. 

 

3.4 Boundary conditions 

 

3.4.1 Conditions of inlet and outlet boundaries 

The inlet and outlet boundaries are sections where the fluid 

enters and leaves the computational domain, respectively. 

These boundaries are usually set as the conditions at a 

specified velocity or with a specific pressure. Because of the 

pairing of the pressure and velocity in the momentum 

equations, only one of the two conditions of pressure or 

velocity is defined. For the inlet boundary condition, the 

velocity value is determined along the x coordinate with the 

value of U=7.3 m/s, and for the outlet boundary condition, the 

static pressure is determined through the outlet, which is set to 

be the same atmospheric pressure, i.e. zero in relative pressure. 

For the parameters of turbulence intensity in the inlet and 

outlet, the following relationships are used [63]: 

 

I=0.16(𝑅𝑒)1/8 (4) 

 

ℓ=0.07D (5) 

 

where, I represents the turbulent intensity defined as follows: 

 

 

I= 𝑢́𝑖/𝑢𝑖 (6) 

 

where, 𝑢́𝑖  is the root mean square of the turbulent velocity 

fluctuations and 𝑢𝑖  is the mean velocity. The length of the 

turbulence scale (l) in Eq. (5) indicates the size of the large 

vortices in the turbulent flow, and D is the diameter of the 

cylinders. The values of I and l are 0.9 and 0.14, respectively. 

 

3.4.2 Boundary conditions of the wall 

For cylinder arrangement, a wall boundary condition is used. 

Since the fluid does not cross the wall, the vertical component 

of the velocity relative to the wall is zero. In addition, due to 

the no-slip wall condition, the tangential component of the 

velocity is also zero. In the upper and lower side boundaries, 

the vertical component of the velocity is considered zero, and 

the tangential component of the velocity remains unchanged. 

So, the symmetry boundary condition is used (i.e. no-shear 

wall). 

 

3.4.3 Models in the ANSYS-Fluent solver 

In the present analysis, an incompressible fluid of air with a 

density  𝜌 = 1.225 (𝑘𝑔/𝑚3)  and dynamic viscosity 𝜇 =
1.78 × 10−5 𝑘𝑔/(𝑚. 𝑠)  was used. The SST (Shear Stress 

Transport) model was used to model turbulence. The SIMPLE 

algorithm was used to solve the governing equations, and all 

equations were performed with second order upwind 

discretization. For convergence of solutions, the model was 

first solved in the steady state, then solved in the unsteady state 

and time-variant with the time step of 0.05s and the number of 

time steps of 600 to 700. 
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4. RESULTS FOR SINGLE CYLINDER 

 

After the simulation is completed by the ANSYS-Fluent 

solver, the resulted data are processed in the CFD-Post 

component. 

The flow pattern around the single cylinder in the flow for 

Re=1x106 and turbulent eddy viscosity contours are illustrated 

in Figures 5 and 6, respectively. The phenomenon of vortex 

shedding and vortex street behind the cylinder is well 

illustrated in these figures. 

 

 
 

Figure 5. Flow streamlines around the single cylinder with Re=1x106 

 

 
 

Figure 6. Turbulent eddy viscosity contours of a single cylinder with Re=1x106 

 

 
 

Figure 7. Dash-line is the numerical results for RANS turbulence models, and continuous-line is the numerical results from LES 

(Large Eddy Simulation) [64] 
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Furthermore, the study [64] shows the variations of the drag 

and lift coefficients with time, as seen in Figure 7. For 

comparison purpose, Figure 8 illustrates an overall variation 

of CD with the Reynolds number in the single cylinder for 

experimental studies by various researchers [65]. The mean 

value of 𝐶𝐷 for Re=1x106 is obtained between 0.24 and 0.4. 

This study focuses on lift and drag coefficients in the 

vertical arrangement of cylinders. Thus, in the following 

context, diagrams and values of the lift and drag coefficients 

are compared and validated for experimental and numerical 

studies that are performed on flows with the single cylinder in 

Re=1x106. 

For the convenience of comparison, the results of this study 

and the previous numerical and experimental studies are 

presented in Table 2, in which the mean drag coefficient 

is 𝐶𝐷𝑚, mean lift coefficient is 𝐶𝐿𝑚 and the Strouhal number is 

St. 

The values of the mean drag coefficient (CD) and average 

lift coefficient (CL) in the present study were obtained to be 

0.36 and 0, respectively, and the mean of maximum values for 

the lift coefficient was 0.19. In this respect, the results of our 

study correspond well to the results of the previous studies.  

 

 
 

Figure 8. Medium drag coefficient for the single cylinder 

relative to Reynolds number in various laboratory studies 

[65] 

 

The Strouhal number was between 0.18 and 0.5 for the 

single cylinder with Re=1x106 in laboratory studies [12], and 

in the numerical study by [41], the Strouhal number was 0.31 

for RANS turbulence models and 0.35 for the LES analysis. 

Given the Strouhal number of 0.33 in Table 1, our modelling 

results also correspond well to the previous experimental and 

numerical studies.  

 

Table 2. Comparison between the results of current study 

and of previous numerical and experimental studies 

 
Studies 𝑪𝑫𝒎 𝑪𝑳𝒎 St 

The present study 0.36 0 0.33 

LES simulation [64] 0.31 0 0.35 

RANS simulation [64] 0.40 0 0.31 

Experimental studies [65] 0.24-0.40 - - 

Experimental studies [9] 0.17-0.40 - 0.18-0.50 

 

 

5. NUMERICAL RESULTS OF TWO CYLINDERS 

 

This study intends to model the fluid flow around two 

cylinders with a vertical arrangement in the Reynolds number 

1x106 to study the effect of the distance between cylinders on 

the drag coefficients and the Strouhal number. The 

computation domain is shown in Figure 9, where the diameter 

of the cylinders was similar to the single cylinder (2 meters) 

performed in the modelling of Section 4, and the flow 

characteristics and parameters required for modelling were 

also similar. Thus, the flow velocity was considered to be 7.3 

m/s. After a comprehensive review about the effect of the 

distance between cylinders on the drag coefficients in the high 

Reynolds number condition, T/D=1.1, 1.3, 1.5, 2.5 and 5 were 

selected to reflect a reasonable range of T/D values in the study. 

The meshing of the model was similar to the single cylinder 

model where the O-grid block was used in the vicinity of the 

cylinders. The SST turbulence model was used in the 

simulation. For convergence of solutions, the modelling was 

first carried out in a steady state condition and then done in an 

unsteady and time-variant mode with the time step size and the 

number of time steps being 0.05 and 600, respectively.  

The results are presented in the form of the variations of 

both drag and lift coefficients with time, along with 

streamlines that present the flow pattern around the cylinders. 

To distinguish the results, number 1 was used to denote the 

values for the lower cylinder and number 2 to denote the 

values for the upper cylinder. Figures 10-12 show the changes 

of drag coefficient and lift coefficient with the time, and the 

streamline for each state, respectively. 

 

4 8 12 16 20 24 28

4

8

12

16

20

24

PD(8,12)

U=7.3 m/s

Geometric center

T/D=1.1

T/D=1.3

T/D=1.5

T/D=2.5

T

 
 

Figure 9. Study domain used to model two cylinders in a 

vertical arrangement 

 

5.1 The results for T/D=1.1 

 

Figures 10 and 11 show that the values of both the drag and 

lift coefficients for T/D= 1.1 arrangement change irregularly 

in the first 30 seconds and do not follow any pattern. This 

disorder and incompliance with a certain period are also 

evident in the vortex shedding pattern, as illustrated in Figure 

12. Figure 11 also shows a high value of the lift coefficient for 

the two cylinders at first a few seconds, which indicates the 

existence of a low-pressure and a suction area between the 

cylinders at early time. 

 

82



 

    
 

 

Figure 10. The drag coefficients for T/D=1.1: (a) cylinder 1 and (b) cylinder 2 

 

    
 

Figure 11. The lift coefficients for T/D=1.1: (a) cylinder 1 and (b) cylinder 2 

 

 
 

Figure 12. Streamlines for T/D=1.1 

 

5.2 The results for T/D=1.3 

 

According to the results of Figures 13-15, the drag 

coefficient, the lift coefficient and the flow pattern for T/D=1.3 

all change with time without following any pattern, similarly 

to those in T/D=1.1. 
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Figure 13. The drag coefficients for T/D=1.3: (a) cylinder 1 and (b) cylinder 2 

 

    
 

Figure 14. The lift coefficients for T/D=1.3: (a) cylinder 1 and (b) cylinder 2 

 

 
 

Figure 15. Streamlines for T/D=1.3 

 

5.3 The results for T/D=1.5 

 

The drag coefficients of two cylinders are the same for T/D= 

1.5 and have almost the same mean drag coefficient of 0.8 

(Figure 16). Figure 17 indicates a similar oscillation of the lift 

coefficients for the two cylinders in T/D= 1.5 and that the 

mean value of the lift coefficient for each cylinder is 

approximately 0.3, which indicates the repulsive force exists 

between the two cylinders. According to Figure 18, the 

formation and shedding of vortices for two cylinders are 

inconsistent. 

In short, the patterns of flow and oscillation of the drag and 
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lift coefficients for the two cylinders are similar in T/D= 1.5, 

and the values of the mean drag and mean lift coefficients for 

each cylinder are almost the same and equal to 0.68 and 0.2, 

respectively. However, the formation and shedding of vortices 

in two cylinders are not in the same phase. 

 

     
 

Figure 16. The drag coefficients for T/D=1.5: (a) cylinder 1 and (b) cylinder 2 

 

  
 

Figure 17. The lift coefficients for T/D=1.5: (a) cylinder 1 and (b) cylinder 2 

 

 
 

Figure 18. Streamlines for T/D=1.5 
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5.4 The results for T/D=2.5 

 

As shown in Figures 19-21, the patterns of flow and the 

oscillation of the drag and lift coefficients for the two cylinders 

are similar for T/D= 2.5 arrangement, and the values of the 

mean drag and mean lift coefficients for each cylinder are 

nearly the same and equal to 55.0 and 125.0, respectively. 

However, the formation and shedding of vortices in two 

cylinders are not in the same phase. 

 

 
 

Figure 19. The drag coefficients for T/D= 2.5: (a) cylinder 1 and (b) cylinder 2 

 

    
 

Figure 20. The lift coefficients for T/D= 2.5: (a) cylinder 1 and (b) cylinder 2 

 

 
 

Figure 21. Streamlines for T/D= 2.5 
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5.5 The results for T/D=5 

 

As demonstrated in Figures 22-24, the patterns of flow and 

oscillation of the drag and lift coefficients for the two cylinders 

are similar or T/D= 5, and the values of the mean drag and 

mean lift coefficients for each cylinder are the same and equal 

to approximately 38.0 and 0.0 respectively. The formation and 

shedding of vortices in two cylinders are not in the same phase. 

In contrast, the obtained drag and lift coefficients are rather 

irregular and unstable for T/D=1.1 and 1.3. 

To demonstrate how the mean drag and mean lift 

coefficients for two cylinders change with different T/D values, 

CD (averaged) and CL (averaged) against T/D are given 

respectively in Figs. 25 and 26, where the subscript m denotes 

the averaged value. Meanwhile, the values of the Strouhal 

number obtained from the diagrams of lift coefficients for 

different T/Ds are given in Table 3, which also includes the 

ratio of same-phased vortex shedding to time (same-phased 

and non-phased) for comparison. 

Figures 25 and 26 show that both the mean drag and mean 

lift coefficients generally decrease as increasing T/D, 

especially with CLm declining rapidly in small T/Ds values up 

to 1.7. They also reveal that the mean values of the drag 

coefficient and the lift coefficient of cylinder 1 are higher than 

the corresponding values of cylinder 2 when T/D is small (less 

than 1.3), but there is almost no difference between the two 

cylinders for T/D >1. As the spacing between the two cylinders 

increases, the mean drag coefficient decreases and eventually 

approaches that value for the single cylinder if T/D increases 

to a value of approximate 4. The mean lift coefficient 

decreases with increasing spacing between the cylinders and 

gradually approaches the value for the single cylinder at a 

similar value of T/D. Table 3 shows the values of Strouhal 

number for both cylinders in different T/D arrangements, 

which indicates although Strouhal number was the same for 

both cylinders it changes in different T/Ds. The St. Number 

increases from 0.27 in T/D=1.5 to 0.33 at T/D=5. 

 

  
 

Figure 22. The drag coefficients for T/D= 5: (a) cylinder 1 and (b) cylinder 2 

 

    
 

Figure 23. The lift coefficients for T/D= 5: (a) cylinder 1 and (b) cylinder 2 
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Figure 24. Streamlines for T/D=5 

 

 
 

Figure 25. Mean drag coefficients against T/D for two 

cylinders in the vertical arrangement for Re= 1x106 

 

 
 

Figure 26. Mean lift coefficients against T/D for two 

cylinders in the vertical arrangement for Re= 1x106 

 

Table 3. Strouhal number valuesfor different T/D 

arrangements 

 
Phase condition 𝑺𝒕𝟐 𝑺𝒕𝟏 T/D 

----- ----- ----- 1.1 

----- ----- ----- 1.3 

Non-phased 0.27 0.27 1.5 

Non-phased 0.3 0.3 1.7 

Same-phased 0.33 0.33 2.1 

Non-phased 0.33 0.33 2.3 

Non-phased 0.3 0.3 2.5 

Non-phased 0.3 0.3 3 

Same-phased 0.3 0.3 3.5 

Same-phased 0.33 0.33 4 

Non-phased 0.33 0.33 5 

 

 

6. CONCLUSIONS 

 

Based on the extensive studies for various T/Ds for two 

cylinders, the modelling results show (1) the main factors that 

are responsible for the fluid behaviour in the vicinity of the 

cylinders with the vertical arrangement in the high Reynolds 

number, and (2) the influence of the spacing between cylinders 

on the drag and lift coefficients. In the present paper, 

modelling has been undertaken for 11 different cases of 

T/D=1.1, 1.3, 1.5, 1.7, 2.1, 2.3, 2.5, 3, 3.5, 4, 5 with the 

Reynolds number of 1x106. The main results about CD and CL 

are presented in Figures 25 and 26.  

The results indicated that the flow pattern is irregular and 

unstable for small T/D arrangements (T/D ≤ 1.3) when the 

propagation of vortices does not have any tendency. This 

result agrees with the results of studies conducted by Gu [55], 

and Gu et al. [66].  

For higher T/D arrangements (T/D > 1.3), the flow pattern 

behind the cylinders is largely similar to that of the parallel 

vortex street pattern by [19] who placed cylinders in the 

condition of a low Reynolds number. Surely, this pattern has 

also been observed for the higher T/D arrangements (T/D > 2-

2.2) in a high Reynolds number, and the shedding for both 

cylinders propagates at a similar frequency to the Karman’s 

vortex. 

The two cylinders with a vertical arrangement act as 

separate air-block bodies. Thus, the effects of adjacent 

interference can cause different modes of same-phased or 

different-phased in the shedding of vortices, and parallel 

vortices streets are formed. 
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In this study for all the proposed arrangements, either the 

oblique flow or the bi-stable, behaviour of the flow was 

observed as they occur in the flow of low Reynolds number. 

This result agrees with the result of [39]. The results of the 

drag and lift coefficients indicate that the values of both the 

average drag and lift coefficients for each cylinder are 

approximately the same for all our test cases except in T/D=1.1.  

In the cases where T/D is very low, e.g. T/D=1.1, the values 

of the average lift and drag coefficients for cylinder 1 were 

greater than for cylinder 2. However, in other cases, as the 

spacing between cylinders increases, the values of the average 

lift and drag coefficients decrease and gradually approach the 

value of the drag coefficient for the single cylinder when the 

T/D is high (approximately at 4).  

For higher T/D arrangements (T/D=4.5), the mean drag and 

the mean lift coefficients and the flow pattern for each cylinder 

are all similar to those for the single cylinder, indicating that 

the effects of shedding interactions are negligible, i.e. the flow 

around the cylinders is roughly independent. 
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