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To investigate the 3-D characteristics of the flow around a finite-height circular 
cylinder, this study was based on the CFD technology. The flow was numerically 
simulated between Re = 1000 and 10000 using the large eddy simulation method to 
verify and analyze the results. Comparing the instantaneous contours of vorticity for 
different heights at the same Reynolds number, it can be seen that the free end influ-
ences vortex shedding. The instantaneous contours of vorticity for a complete period 
of vortex shedding were analyzed to explain the causes of lift force generation. Anal-
ysis of the effect of Reynolds numbers on the Strohal number was done. The analysis 
focused on the wake structure of the column at Re = 1000 and Re = 10000, and a 
significant difference was found between the two cases.
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Introduction

The flow around a cylinder has always been the focus of research in fluid mechanics. 
Most engineering problems can be studied from the flow around the cylinder, and the solutions 
can be applied in practice. In wind engineering, the air-flow around buildings has a significant 
impact on buildings. On one hand, buildings change the direction and structure of the original 
air-flow; on the other hand, the air-flow around the buildings generates drag force oscillations 
and lateral forces perpendicular to the direction of the air-flow, which directly affect the life and 
function of the buildings. Recently, the finite-height circular cylinder model (with one end fixed 
to the wall and the other end free) has been utilized for numerical studies because of its sim-
plicity and representativeness. In contrast to the 2-D flow around the cylinder, the finite-length 
cylinder model has significant end effects, namely a fixed end and a free end, therefore, its flow 
field structure is much more complicated. Additionally, the finite-length cylinder model is more 
in line with the situation of real buildings (such as houses, launchers, chimneys, and high tow-
ers); therefore, research on the surrounding flow has a practical significance and value.

With the rapid development of CFD and rapid increase in computer speed and capac-
ity, significant progress has been made in the theory and algorithm of high Reynolds numbers. 
Yuan [1] used the large eddy simulation (LES) method to perform a 2-D numerical simulation 
of the subcritical (Re = 1.4 ⋅ 105) flow around an isolated cylinder. Wang et al. [2] performed 
3-D numerical simulations (Re = 1000 and Re = 10000) of the flow around a fixed cylinder 
using the N-S equation without any turbulence model and reported that the flow around the 
cylinder at a high Reynolds number has distinct 3-D characteristics Breuer [3] performed a 3-D 
numerical simulation of the flow around an isolated cylinder (Re = 140000) using LES, and 
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the results revealed that 3-D numerical calculations of flow around a cylinder using the LES 
method agreed well with the experimental results. Pontaza and Chen [4] performed a 3-D nu-
merical simulation of a two-degree-of-freedom cylindrical vortex-induced vibrations problem 
(Re = 100000) by using LES, and the numerical results conformed with those of Achenbach 
and Schewe.

Through a large number of literature surveys, it has been shown that many researchers 
worldwide have conducted in-depth and detailed research on the numerical simulation of 2-D 
flow around cylinders. For instance, Chen et al. [5] used the 2-D lattice Boltzmann method to 
predict the forces on a cylinder, as well as the frequency of vortex shedding. Cao et al. [6] nu-
merically simulated the flow around a 2-D cylinder and demonstrated the flow characteristics as 
a function of Reynolds number. However, numerical studies on the 3-D characteristics of flow 
around a finite-height circular cylinder at medium and high Reynolds numbers are limited. Ow-
ing to the downwash effect on the upper-end face of the cylinder, the flow phenomenon around 
the cylinder is different from that of an infinitely long cylinder, and the 3-D characteristics are 
more significant [7]. Therefore, it is crucial to study this phenomenon. Given the aforemen-
tioned, this study adopted the LES method based on the turbulence model and used the CFD 
technology to simulate the flow field around a finite-height circular cylinder at a medium Reyn-
olds number (Re = 1000-10000). The height-to-diameter ratio of the finite cylinder selected in 
this study was 8 (h/d = 8), and the Reynolds number was calculated using the diameter of the 
finite cylinder as the reference length; thus the final column lift and drag forces, Strouhal num-
ber, and column wake flow structure were calculated and analyzed.

Problem description and  
numerical method 

In this study, the turbulence model of a 
LES [1] was used for the numerical simulation, 
following a comprehensive literature review [8-
10], we finally calculated the domain size and 
column placement, as shown in fig. 1, where the 
calculation domain size is 40d × 30d × 24d, and 
to ensure that the wake flow can be fully devel-
oped, the finite-height circular cylinder in the 
calculation domain is Lu = 12d from the entrance 
of the region and Ld = 28d from the exit of the re-

gion. The diameter and height are d and h, respectively, and satisfy h/d = 8, and d is considered 
as 0.005 m in the calculation.

To solve the fluid equations of motion better, reasonable initial and boundary condi-
tions must also be set. For the model shown in fig. 1, in this study, the inlet is set as the velocity 
inlet, and given uniform flow velocity U0, the outlet is set as the pressure outlet, and its relative 
pressure is zero. The bottom and column surfaces were set as solid wall surfaces to satisfy the 
no-slip boundary condition (u = v = w = 0), and the front and back sides and top surface were 
set as symmetric surfaces; the following conditions were satisfied:

0u w v
y y
∂ ∂

= = =
∂ ∂

(1)

0u v w
z z
∂ ∂

= = =
∂ ∂

(2)

Figure 1. Model schematic
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In the previous equation, u, v, and w denote the components of fluid velocity U in the 
direction of the co-ordinate axes x, y, and z, respectively.

In explicit calculations of n-dimensional problems, the time step should satisfy the 
Courant-Friedrichs-Lewy (CFL) condition [11], in this study, we take n = 1. The individual 
inlet fluid velocities U0 were calculated according to different Reynolds numbers, and the cor-
responding time step t was calculated using CFL condition [11]. For example, when Re = 1000, 
the time step t = 0.00025 seconds is calculated to satisfy the condition.

The Strouhal number (St = fd/U0) was used to describe the relationship between cyl-
inder diameter, fluid velocity, and vortex shedding frequency, where f indicates the vortex shed-
ding frequency, and Strouhal number can be obtained using FFT for the time history of the lift 
coefficient.

In this study, lift and drag coefficients were introduced to express the effect of flow on 
the column, and their expressions are:
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where Cl and Cd denote the lift and drag coefficients, respectively, and Fl and Fd represent the 
forces on the column in the vertical flow direction and downstream direction, respectively, 
which are called the lift and drag forces on the column.

Furthermore, because the flow field structure of the finite-height circular cylinder is 
more turbulent at moderate Reynolds numbers and the amplitude of the lift coefficient fluctu-
ates, the variable C ′l is introduced to represent the lift coefficient of the entire column, where C ′l 
is expressed by the root mean square value.

Validation

In this study, a structured grid was employed to mesh the entire flow field and 
the computational domain was divided into five regions. As depicted in fig. 2, this area of  
1.5d × 1.5d outside the cylinder is divided by an O-grid, and the grid of the cross area is in-
creased. The first boundary-layer height was set around the cylinder to meet the requirement 
of y+ < 1, and the other areas were divided by the H-grid. This allows the number of grids to be 
reduced, which is more conducive to the allocation of resources for computation and ensures 
the correctness of the LES method.

 
Figure 2. Schematic of the x-y plane mesh (a) and the 3-D O-shape of the flow area  
around a single-cylinder (b)
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To verify the convergence and independence of the grid and verify whether the size 
of the grid has an impact on the calculation, three sets of grids were selected for analysis and 
comparison by dividing the calculation domain by the number of grids. The results are present-
ed in tab. 1. Evidently, the Strouhal number values obtained from the three cases are very close, 
with a maximum error of approximately 1.5%. However, C̄d deviates slightly, with the result of 
Case 2 being 8.5% larger than that of Case 1, whereas the result of Case 3 is approximately 5% 
larger than that of Case 2. The calculation results of Cases 2 and 3 are closer, with the errors 
being within the acceptable range, and both sets of meshes can be considered to have met the 
independence requirement. Considering computational efficiency, the grid setting of Case 2 
was selected in this study. 

Table 1. Mesh independence detection

Case Number of grids St C̄d

1 1.2 million 0.1616 0.7859

2 2.34 million 0.1639 0.8589

3 3.94 million 0.1641 0.9034

To effectively verify the accuracy of the computational model, we selected Re = 3900, 
which was calculated by considering the diameter of the cylinder as the characteristic length. 
The results of the experiments and numerical simulations of previous studies were compared 
under the same Reynolds number and boundary conditions, as listed in tab. 2. Evidently, tab. 2 
indicates that the Strouhal number results simulated in this study are nearly consistent with the 
experimental or simulation results obtained from previous studies. The maximum error with 
the numerical simulation is approximately 2.4%, and the error with the physical test is approx-
imately 3%, which verifies the accuracy of the computational model in this study.

Table 2. Comparison of the simulated St results in this paper with those in the literature

Methods St Error  
(with the results of this paper)

 [12] SST k-w 0.16611 1.3%

[13] Physical tests 0.159 3%

[11] LES 0.16 2.4%

Results of this paper LES 0.1639

Numerical results

In this study, the Reynolds number of is calculated for the finite-height cylinder sim-
ulation ranging from 1000-10000, and the results for Re = 1000 are initially examined. Graphs 
of the lift and drag coefficients obtained at Re = 1000 are shown in fig. 3(a). The figure shows 
that the lift coefficient Cl fluctuates around zero with an amplitude between –0.2 and 0.2, and 
the drag coefficient Cd fluctuates around one. To facilitate a comparison with previous literature 
results, the average drag coefficient Cd was calculated as 0.8973, and Cl was considered as the 
root mean square value to obtain C ′l as 0.0561. From fig. 3(a), it can also be observed that the 
system has been in stability fluctuations, and the observation of the Cl curve can be found to 
have a certain periodicity of fluctuations. The curve is analyzed by FFT spectrum to obtain  
fig. 3(b).
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The Strouhal number value of the entire column was calculated to be 0.1418 after 
spectrum analysis. The aforementioned calculation results are compared with the results of the 
infinitely-high cylinder circulation experiment at Re = 1000 and listed in tab. 3. As shown in 
Tab. 3, all the results of this study have smaller values than those of the infinitely-high cylinder 
under similar boundary conditions. It is primarily because the flow around the cylinder of finite 
height is affected by the free end, and the free end will produce a downwash flow, which will 
gradually reduce the vortex shedding frequency of the Karman vortex street. The closer the 
free end is, the more visible the suppression effect, which even leads to the cylindrical surface 
vortex shedding on the vanishes, as elaborated in the following discussion.

Figure 3. (a) Time history of drag and lift coefficients at Re = 1000 and  
(b) spectra corresponding to lift coefficients

Table 3. Comparison of flow around a finite and 
infinite cylinder when Re = 1000

Data source C̄d St
[14] 1.15 0.215
[15] 0.96 0.193

Results of this paper (LES) 0.8973 0.1418

Instantaneous contours of vorticity from different angles were selected for observa-
tion and analysis to verify the inhibition of vortex shedding at the column surface due to the 
downwash flow at the free end. Figures 4(a)-4(c) shows a vorticity diagram for different heights 
(z-direction). Figure 4(a) depicts the instantaneous contours of the vorticity at height z = 7/8h. 
It can be observed that there is no vortex shedding on the cylinder surface, indicating that the 
plane vortex shedding phenomenon at this height was almost completely suppressed, flow field 
situation was similar to the 2-D situation at a low Reynolds number, and two symmetrical 
re-circulation zones were formed behind the cylinder. Figure 4(b) shows the instantaneous con-
tours of the vorticity at the middle height z = 1/2h. It can be seen that there is obvious vortex 
shedding on the column surface at this time, which indicates that the downwash flow at the free 
end does not act to the middle height, and these two figures can better illustrate the inhibition 
phenomenon at the free end. Figure 4(c) illustrates the instantaneous contours of the vorticity 
at height z = 1/20h. It can be observed in the fig. 4(c) that a horseshoe vortex is generated by 
the influence of the fixed end, which is caused by the non-slip property of the bottom surface. 
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Figure 4(d) shows the vorticity of the cross-sectional view of the computational domain. In the 
fig. 4, it can be observed that the vortex generated by the free end moves downward, suppress-
ing vortex shedding on the cylindrical surface. It should be noted that the downwash inhibition 
phenomenon of the free end does not exist in the 2-D and 3-D infinite-height cylinders. Thus, 
the results of the flow around the finite-length cylinder in this study are smaller than those ob-
tained by other infinite-length cylinders.

Figure 4. Instantaneous contours of vorticity at Re = 1000; (a) z = 7h/8, (b) z = h/2,  
(c) z = h/20, and (d) transverse vorticity, y = D/2

For the analysis of the wake flow structure of the column, four representative mo-
ments were selected: t = 0, t = 1/4T, t = 1/2T, t = 3/4T, T indicates the dimensionless period, 
and T = 1/St is defined. The top view (z = 1/2h) and sectional histogram (y = D/2) of the wake 
flow structure corresponding to the aforementioned four moments are shown in figs. 5 and 6, 
respectively. From the top view, it can be seen that when t = 0, the lower right side of the column 
produces a large vortex, fig. 7 shows the pressure diagram. This shows that the pressure at the 
center of the large vortex is the smallest, which is also one of the reasons for the generation of 
lift. The four moments shown in fig. 5 can be considered as the completion of a vortex shed-
ding cycle, and the time spent in the shedding cycle corresponds to the shedding frequency and 
Strouhal number derived from the lift coefficient curve. Figure 6 illustrates a complete cycle of 
vortex shedding at the column surface in a direct view and the downwash flow at the free end, 
which also shows the horseshoe vortex generated at the fixed end and vortex street generated 
downstream, owing to the boundary-layer effect. In particular, fig. 8 depicts the 3-D vortex 
structure diagram of the finite-height cylinder corresponding to the aforementioned four mo-
ments to observe the complete vortex shedding process of the cylinder from a 3-D perspective. 
It can be seen that there are also staggered pairs of vortex structures in the wake flow field at 
Re = 1000, which can also be seen in the direct view in fig. 6, where pairs of vortex streets are 
generated downstream of the cylinder.
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Figure 5. Instantaneous contours of vorticity during one period at Re = 1000 (top view);  
(a) t = 0, (b) t = T/4, (c) t = T/2, and (d) t = 3T/4

Figure 6. Instantaneous contours of vorticity during one period at Re = 1000 (front view);  
(a) t = 0, (b) t = T/4, (c) t = T/2, and (d) t = 3T/4

Figure 7. Instantaneous 
contours of pressure at 
Re = 1000 (t = 0)
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Figure 8. Iso-surfaces of instantaneous vortical structures colored with streamwise velocity during one 
period at Re = 1000; (a) t = 0, (b) t = T/4, (c) t = T/2, (d) t = 3T/4

Furthermore, the value of the Reynolds number started to increase, and the values of 
Strouhal number and Cl′ at each Reynolds number were calculated to obtain fig. 9. It can be seen 
from the figure that as the Reynolds number increases, Strouhal number gradually increases at 
smaller Reynolds numbers (between Re = 1000-3000), and then tends to flatten out. Its value is 
almost constant, equivalent to a straight line.

Figure 9 also shows that the variation 
pattern of Cl′ with Reynolds number is con-
sistent with the variation pattern of Strouhal 
number with Reynolds number, primarily 
because the lift force described in this study 
is the combined force on the column in the 
vertical flow direction (y-direction), and the 
intensity of vortex shedding on the column 
surface is directly reflected in the magnitudes 
of Cl′ and Strouhal number. Therefore, both 
can be used to describe the 3-D characteristics 
of the flow around a cylinder of finite height. 
As the difference in Strouhal number between 
Reynolds number between 6000 and 10000 
is not large, and the 3-D vortex structure and 
wake flow are almost the same between them 
as observed in CFD simulation, this study ex-

amines the wake flow structure at Re = 10000 and compares it with the results at Re = 1000 
to observe and analyze the differences in the wake flow between them.

The same method as that for Re = 1000 was adopted to examine and analyze the wake 
flow structure of the column at Re = 10000. A complete vortex shedding period was selected 

Figure 9. Dependence of Strouhal number  
on Reynolds number
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from the lift coefficient curve after reaching a steady-state, and four representative moments 
were selected, corresponding to t = 0, t = T/4, t = T/2, and t = 3T/4, respectively.

Figures 10 and 11 illustrate the distribution of vorticity in the top view (z = h/2) and 
profile histogram (y = D/2) for the four representative moments mentioned previously. It can 
also be seen from the top view of a complete cycle that multiple vortices of different scales are 
shed on one side of the tail of the cylinder at each instant and subsequently move toward the 
centerline. The process of vortex generation and shedding is not the same each time, and there is 
a certain randomness, which is not observed when Re = 1000. Additionally, the top view shows 

 
Figure 10. Instantaneous contours of vorticity during one period at Re = 10000 (top view);  
(a) t = 0, (b) t = T/4, (c) t = T/2, and (d) t = 3T/4

Figure 11. Instantaneous contours of vorticity during one period at Re = 10000 (front view);  
(a) t = 0, (b) t = T/4, (c) t = T/2, and (d) t = 3T/4
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that the downstream of the column has become more turbulent, and the vortex off the column 
has become asymmetrical, as shown in the fig. 10. Therefore, it is no longer the standard Car-
men vortex distribution, indicating that the downwash flow at the free end has influenced the 
development of the vortex off the column surface in the middle, which is one of the differences 
between Re = 10000 and Re = 1000. The front view in fig. 11 confirms this statement. It can be 
observed that the downwash flow at the free end has almost affected the middle height of the 
column, however, it can also be seen from the front view that the vortex shedding can still be 
seen in the height of the column from the bottom to the middle part of the column, which shows 
that the downwash has not completely disturbed the flow field of the whole column, from the 
bottom to half of the height of the column, the main part of the flow is still Carmen vortex street.

Observing the vorticity distribution of the profile diagram for both in figs. 6(a) 
and 11(c) when Re = 1000 and 10000, respectively, it is obvious that the vorticity value at  
Re = 10000 is much larger than that at Re = 1000, and there are still vortex streets formed 
downstream of the cylindrical column at Re = 1000, while the flow downstream of the column 
has become sufficiently turbulent when Reynolds number reaches 10000 that there is no longer 
any obvious vortex street generated. Figure 12 illustrates the 3-D vortex structure of Re = 1000 
can also be seen in the vertical and horizontal vortex, while Re = 10000 no longer has this phe-
nomenon, the flow field has become extremely turbulent, which also conforms with the char-
acteristics of large Reynolds number turbulence. It should be mentioned that figs. 6(a), 11(c), 
and 12 are plots made at the moment when their lift curves reach their maximum, primarily to 
ensure that they are comparable.

Figure 12. Iso-surfaces of instantaneous vortical structures colored with streamwise velocity;  
(a) Re = 1000 and (b) Re = 10000

Conclusion

In this study, based on LES method, the flow problem around a cylinder of finite 
height was examined. By comparison with the results in the literature, the accuracy of the simu-
lation method in this study was confirmed. Between Re = 1000-10000, the forces on the column 
and the wake flow characteristics were examined and analyzed, and the following conclusions 
were drawn.

 y Unlike the infinite-height cylinder, the finite-height cylinder has a weakened wake flow 
owing to the destruction of the original Carmen vortex flow pattern caused by the down-
wash flow at the free end, making its average drag coefficients Cd, Strouhal number, and 
Cl′ (lift coefficients considered as root-mean-square values) lower than those of the in-
finite-height cylinder. Additionally, it is evident from the pressure diagram that the pres-
sure at the center of the large vortex is the smallest when the vortex on the cylindrical 
surface begins to fall off, which is one of the principal reasons for the generation of the 
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lift. At the bottom of the cylinder, the presence of solid walls led to a typical horseshoe 
vortex at the front end of the bottom of the cylinder. This vortex also has some effect on 
the flow downstream of the column, however, it is smaller compared with the effect pro-
duced at the end.

 y When the Reynolds number was small (Re = 1000), pairs of vortices were generated down-
stream of the column, and the flow was dominated by the Carmen vortex. In the top view, 
it can be seen that the column exhibits a 2P pattern of vortex shedding in the middle, i.e., 
two pairs of vortices are generated per cycle, and each pair consists of two vortices in op-
posite directions. In a 3-D vortex structure, the vortices are staggered in pairs. By gradually 
increasing the Reynolds number in the range of 1000-10000, the value of Strouhal number  
increases with the increase in Reynolds number, the downstream flow of the column starts to 
become turbulent, downwash effect of the free end is enhanced, and the change in Strouhal 
number tends to be a straight line. Additionally, the variation pattern of Cl′ remained nearly 
the same as that of Strouhal number, indicating that both can qualitatively describe the vari-
ation in the lift of the column.

 y When Re = 1000, the downstream of the column becomes sufficiently turbulent after Reyn-
olds number reaches 10000, the downwash flow at the free end affects the plane where the 
middle height of the column is located, and there are no longer pairs of staggered vortices 
downstream of the column. Multiple vortices are shed on the side of the column tail at each 
instant, and each vortex has a different scale, subsequently moving toward the centerline. 
Each vortex generation and shedding process is not the same, and there is a certain degree 
of randomness.
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