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ABSTRACT
The flow around an isolated cylinder is a commonly investigated
problem. However, in the presence of other bluff bodies,
interference effects may appear. Among the technological
applications, we highlight the flow around the columns of a
floating offshore wind turbine (FOWT). In these structures, the
columns may vary in many ways such as number, length,
diameter, type and spatial distribution.
This paper aims at contributing in the theme, being an early
approach for the complex flow around a fixed FOWT.
Bidimensional numerical simulations of the flow around arrays
of four cylinders are carried out for different geometrical
configurations. Focus is placed on the distance among the
cylinders. The analysis methodology includes both the
characterization of the flow around the cylinders and the analysis
of forces time-histories in each cylinder.
INTRODUCTION
The uniform flow around an array of cylinders is a classical
problem of marked interest for both the academic and the
industrial communities. The arrangement and proximity of
cylinders might generate interference effects in the flow, leading
complex effects that still needs to be further investigated.
The flow around the columns of an offshore platform is an
example of technological application of the flow around an array
of cylinders. Usually the configuration of such columns has very
simple geometry and the array of cylinders can be either fixed or
free to oscillate.
Despite of the simple geometry and the easiness of grid-making,
numerical studies of this problem are also very complex. The
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flow characteristics exhibit a marked dependence on the
Reynolds number (𝑅𝑒).
The use of CFD simulations as a complementary tool to the
experimental studies is becoming more widespread. Verification
and validation (V&V) techniques are performed and certainly
enhances the investigations. Works on this have been developed
for the flow around cylinders problem, such as in Rossetti et al.
[6].
Many authors have numerically studied the intricate flow around
an array of cylinders. Modeling aspects as the center-to-center
distance between cylinders, Reynolds number range, number of
cylinders and their configurations (e.g. tandem or side-by-side)
and the type of the numerical simulation (two or three
dimensional) have been addressed in many papers such as Ding
et al. [3] and Carmo [2]. Also, several authors study the
interference between two or more cylinders phenomena, such as
in Assi [1] and Zheng et al. [8].
The numerical-experimental correlation is of great importance in
the understanding of the flow around array of cylinders behavior
and in the increase of CFD in engineering applications.
Examples of numerical-experimental correlations can be found
in Gonçalves et al. [4], Korkischko et al. [5] and Qiu et al. [7].
In this paper we focus on the simulations of an array of four fixed
and non-aligned cylinders at 𝑅𝑒 = 200. Aiming at analyzing the
influence of the proximity of cylinders in the flow behavior, the
distance between the cylinders varies in four different sizes. All
the simulations are performed using ANSYS FLUENT.
The paper is structured in 5 sections. The next one addresses the
mathematical model – geometry and grid, boundary conditions,
assumptions and fluid properties. Following, the mesh study and
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convergence is discussed. After this section, the results of the
simulations are presented, followed by the final remarks of this
paper.
MATHEMATICAL MODEL
The diameter of the four smooth fixed circular cylinders is 𝐷 =
1𝑚 and they are spaced (center-to-center) by a distance 𝑠 from
the central cylinder. In order to facilitate the understanding of the
following explanation and discussion of results, we named the
cylinders as: frontal cylinder (CF), central cylinder (CM), top
rear cylinder (CT) and bottom rear cylinder (CB). Figure 1
sketches the investigated array of cylinders.
The rear cylinders were separated by an angle of 𝛼 = 30° from
the center line. The free-stream velocity was aligned with the
centerline. The horizontal distance between CF and the rear
cylinders is H and the vertical distance between the rear cylinders
is B. Notice that H and B depend on the distance 𝑠, herein
assumed as 3𝐷, 4𝐷, 4.5𝐷 and 5𝐷.

FIGURE 2: REPRESENTATION OF THE BOUNDARY
CONDITIONS APPLIED IN THE DOMAIN.
The size of the domain was based on that the one used by
Rossetti et al [6] for a series of simulations with a single cylinder.
Notice, however, that we carried out some scale and size
modifications. Instead of using a diameter scale, the scales used
in the present domains varied according to the H and B
dimensions, which are the scales for the horizontal and vertical
lengths, respectively.
It is important to note that, as the distance between cylinders
varies, the domain size also modifies since both H and B are
dependent on 𝛼. Figure 3 illustrates the dimensions of the
domain.

FIGURE 1: CYLINDERS CONFIGURATION.
All the calculations were two-dimensional and had doubleprecision. For the present cases, the Reynolds number was 𝑅𝑒 =
200, the dynamic viscosity was 𝜈 = 0.005 𝑘𝑔⁄𝑚𝑠 and the fluid
density was 𝜌 = 1 𝑘𝑔⁄𝑚3 .
The inflow boundary condition was set as a uniform and unitary
velocity profile to the inlet boundaries – front and side walls. In
the outflow boundary a natural condition was applied, the
pressure outlet, which was equal to zero. All the boundaries were
set to gauge pressure equal to zero. Nonslip condition was
applied to the cylinder’s surface. The boundary conditions are
illustrated in Fig. 2.

FIGURE 3: REPRESENTATION OF THE DIMENSIONS OF
THE DOMAIN.
Figure 4 shows a typical grid shape close to the array of
cylinders. As significant gradient in the velocities components
are expected in both the vicinities of the cylinders and in their
wakes, these regions are refined. On the other hand, the grid is
coarser far from these regions.
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in the finest mesh. The five refinement cases are named as: A, B,
C, D and E from the coarsest grid to the finest grid, respectively.
Table 1 shows the number of elements of each refinement case
for 𝑠 = 3𝐷.
TABLE 1: NUMBER OF ELEMENTS OF GRIDS FOR 𝑠 =
3𝐷
s
A
B
C
D
E
3
163,088 187,324 217,584 256,645 364,806
FIGURE 4: TYPICAL GRID.
MESH STUDY AND CONVERGENCE PROCEDURE
Initially, the mathematical model adopted in the simulations
looked a little difference that the one addressed in the
mathematical model section. The flow domain was bigger to
minimize blocking effects. For easily understanding of the model
we are addressing to we will call the initial model, illustrated in
the Fig. 5, as M1 and the final one, shown in Fig. 3, as M2.

FIGURE 5: REPRESENTATION OF THE INITIAL
DIMENSIONS OF THE FLOW DOMAIN. M1 MODEL.
The difference between domain sizes is due to the limitation in
the number of the elements in the simulation cases. As we were
carrying out the convergence procedures for the case 𝑠 = 3𝐷, the
number of elements increased significantly. As we moved to the
other cases 𝑠 it became a prohibitive aspect for simulations as the
increase of elements implies in the increase of time and
computational cost. Then, the M2 model was conceived to deal
with this issue.
The 𝑠 = 3𝐷 simulations for convergence were performed with
the M1 model, while the 𝑠 = 4𝐷, 4.5𝐷 and 5𝐷 used M2 model.
Despite the difference between models used in the simulations,
the convergence procedure was the same.
For each case 𝑠 – 3𝐷, 4𝐷, 4.5𝐷 and 5𝐷 –, the convergence of the
results is assessed by the refinement of the mesh. This study
consists of five refinement cases in which the grid blocks of the
finest grid were refined by rates of 1.2, 1.3, 1.4 and 1.5 in each
of its sides. Then, for a rectangular block of the coarsest mesh,
the refinement rate is 1.5 times 1.5 that gives the value of 2.25,
meaning that this block is 2.25 times coarser than the same block

The convergence was checked by analyzing the results of the
drag coefficient (𝐶𝐷 ) series for each cylinder in each refinement
case. For each series, the average drag coefficient is calculated
and compared with the one obtained in the finest mesh by
calculating the difference between these two values. This
̅̅̅̅̅̅̅̅̅̅
difference (∆𝐶
𝐷 𝐶𝑗𝐸−𝐼 ) can be calculated by using
̅̅̅̅̅̅̅̅̅̅
∆𝐶
𝐷 𝐶𝑗𝐸−𝐼 =

̅̅̅̅̅̅̅̅̅
̅̅̅̅̅̅̅̅
|𝐶
𝐷 𝐶𝑗𝐸 −𝐶
𝐷 𝐶𝑗𝑖 |
̅̅̅̅̅̅̅̅̅
𝐶𝐷 𝐶𝑗𝐸

× 100

(1)

̅̅̅̅̅̅̅
̅̅̅̅
in which 𝐶
𝐷 𝐶𝑗𝐸 is the average drag coefficient (𝐶𝐷 ) of the
cylinder 𝐶𝑗 (𝑗 = 𝐹, 𝑀, 𝑇 𝑎𝑛𝑑 𝐵) of the grid case E (finest mesh),
̅̅̅̅̅̅̅
𝐶𝐷 𝐶𝑗𝑖 is the ̅𝐶̅̅𝐷̅ of the cylinder 𝐶𝑗 of the grid case 𝑖 (𝑖 =
𝐴, 𝐵, 𝐶 𝑎𝑛𝑑 𝐷).
Tables 2 and 3 illustrate the convergence procedure for the 𝑠 =
3 configuration. Table 2 presents the values of ̅𝐶̅̅𝐷̅ of each
cylinder for each refinement case. As one can note, the values of
̅𝐶̅̅𝐷̅ for CT and CB are very similar as expected, since the
mathematical model geometry is symmetric and the flow
direction is parallel to the centerline. The assessment of the
convergence is made by analyzing the differences of ̅𝐶̅̅𝐷̅ as is
shown in the Tab. 3. These differences seem to reduce as the
refinement of the grid increases, indicating the convergence of
the results. The convergence is accepted when the difference is
below 1% for all cylinders.
TABLE 2: AVERAGE DRAG COEFFICIENT OF EACH
CYLINDER FOR 𝑠 = 3𝐷 AND M1 MODEL

Case
A
B
C
D
E

CF
0.8970
0.8947
0.8938
0.8922
0.8897

CM
-0.2237
-0.2220
-0.2213
-0.2202
-0.2183

CT
1.2152
1.2112
1.2094
1.2069
1.2026

CB
1.2151
1.2112
1.2095
1.2069
1.2025

TABLE 3: DIFFERENCE OF AVERAGE
COEFFICIENT OF EACH CYLINDER FOR
̅̅̅̅̅̅̅̅̅̅
(∆𝐶
𝐷 𝐶𝑗𝐸−𝐼 ) AND M1 MODEL

Case
E-A
E-B

3

CF
0.81%
0.56%

CM
2.51%
1.71%

CT
1.05%
0.72%

DRAG
𝑠 = 3𝐷

CB
1.05%
0.72%

E-C
E-D

0.46%
0.28%

1.37%
0.88%

0.57%
0.36%

0.58%
0.37%

Aiming at comparing the 𝑠 = 3𝐷 results with the ones from the
other cases, the domain of the mesh E was adjusted in size and
number of elements to attend the M2 model specifications. Then
a new simulation was carried out. Tables 4 and 5 present the case
E results of ̅𝐶̅̅𝐷̅ and 𝜎𝐶𝐿 for M1 and M2 models. As we can see,
the results are very close, indicating that the simulations can be
performed with either of the two mesh models without loss of
any important information.

condition of the two oscillating cylinders systems and the free
stream. Even though the present paper deals with fixed cylinders,
the observed behavior seems to be in concordance with the
critical spacing pointed out in the previous work.
TABLE 7: STANDART DEVIATION OF 𝐶𝐿 FOR ALL
CONFIGURATIONS 𝑠

TABLE 4: AVERAGE DRAG COEFFICIENT FOR 𝑠 = 3𝐷 IN
M1 AND M2 MODELS

TABLE 5: STANDART DEVIATION OF 𝐶𝐿 FOR 𝑠 = 3𝐷 IN
M1 AND M2 MODELS

Figures 6, 7, 12 and 13 illustrate the lift coefficient time-series
𝐶𝐿 of the four 𝑠 configurations.
As one can observe from Figs. 6 and 7, there was a change in the
flow behavior when the distance 𝑠 goes from 3𝐷 to 4𝐷. For 𝑠 =
4𝐷 (see Fig. (7)), there are two distinct regimes. In the first part,
1 ≤ 𝑡 <≈ 240 seconds, the CF and CM started to oscillate
slowly and the lift coefficient resembles to the one found in 𝑠 =
3𝐷. In the second part, 𝑡 >≈ 240s the oscillation of CF and CM
increase considerably and the flow behavior changed
completely. Figures 8 to 11 show the field plots of pressure and
velocity at selected time-steps within the first and second parts.

FLOW
BEHAVIOUR
FOR
EACH
DISTANCECONFIGURTION 𝑺
This section presents only the results for the finest meshes and
̅̅̅𝐷̅) of each
the M2 model. The average drag coefficients (𝐶
cylinder and for each configuration are presented in Tab. 6.
Notice the overall increasing trend when 𝑠 is increased, even
though a slight decrease is observed from 𝑠 = 4𝐷 to 𝑠 = 4.5𝐷.
TABLE 6: AVERAGE DRAG COEFFICIENT FOR ALL
CONFIGURATIONS 𝑠

FIGURE 6: 𝐶𝐿 SERIES FOR 𝑠 = 3𝐷

Table 7 presents the standard deviation of the lift coefficient
(𝜎𝐶𝐿 ) of each cylinder. The transition between 𝑠 = 3𝐷 and 𝑠 =
4𝐷 seems to have an interesting effect in the flow behavior. From
𝑠 = 3𝐷 to 𝑠 = 4𝐷, there is an increase of 𝜎𝐶𝐿 , while for 𝑠 ≥ 4 it
tends to decrease. Furthermore, the fluctuation of the 𝐶𝐿 of CF
and CM from 𝑠 = 3𝐷 to 𝑠 = 4𝐷 increase sharply. Ding et al. [3]
point out a critical spacing between two oscillating cylinders at
which the fluctuation of the lift coefficient jumps. This behavior
happens around 2.7 and 4 diameters and depends on the

These two distinct regimes were also observed in 𝑠 = 4.5𝐷 and
𝑠 = 5𝐷. However, as 𝑠 increases, the oscillation of CF and CM
rise more rapidly and the first behavior tends to diminish.
Aiming at attempting to accelerate the simulations and obtain the
second regime faster, the initial transverse velocity 𝑣 is increased
from 1m/s (value adopted in the simulations presented up to this
point) to 2m/s. Figure 14 shows the 𝐶𝐿 series for the 𝑠 = 4𝐷 case
and 𝑣 = 2𝑚/𝑠.
The increase of the initial velocity accelerated the oscillation of
the CF and CM, reducing the first regime of the system and
moving faster to the second part one. However, as expected, the
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̅𝐶̅̅𝐷̅ and 𝜎𝐶 in both cases were kept very close in value as shown
𝐿
in Tabs. 8 and 9.

FIGURE 10: FIELD PLOT OF STATIC PRESSURE FOR 𝑡 =
298𝑠

FIGURE 7: 𝐶𝐿 SERIES FOR 𝑠 = 4𝐷.

FIGURE 11: FIELD PLOT OF VELOCITY FOR 𝑡 = 298𝑠

FIGURE 8: FIELD PLOT OF STATIC PRESSURE FOR 𝑡 =
101𝑠

FIGURE 12: 𝐶𝐿 SERIES FOR 𝑠 = 4.5𝐷.
FIGURE 9: FIELD PLOT OF VELOCITY FOR 𝑡 = 101𝑠
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FIGURE 13: 𝐶𝐿 SERIES FOR 𝑠 = 5𝐷.

small. On the other hand, significant oscillations of the lift
coefficient were observed at the rear cylinders (CT and CB).
The increase of distance 𝑠 from 𝑠 = 3𝐷 to 𝑠 = 4𝐷 changes the
flow behavior significantly. The 𝐶𝐿 fluctuations increase notably
for CF and CM and two distinct regimes appeared for the
configurations 𝑠 ≥ 4𝐷. During the same simulation, the
amplitude of the lift coefficient presented a marked jump during
the transition between these regimes. Also, the increase of initial
transverse velocity in the system seems to accelerate the
transition between the mentioned regimes.
This paper is part of a series of works under development at the
LMO group. Deeper investigations regarding the two regimes
observed for 𝑠 > 4𝐷 are being carried out. Further works include
the influence of the angle 𝛼 that define the rear cylinders and the
angle of attack, defined by the direction of the free-stream
velocity and the centerline.
ACKNOWLEDGMENTS
The first author would like to acknowledge the Office of
Naval Research (ONR) for her MsC scholarship. The second
author is grateful to the Paulista University (UNIP). The third
author acknowledges the Brazilian National Council of Research
(CNPq), grant 310595/2015-0

FIGURE 14: 𝐶𝐿 SERIES FOR 𝑠 = 4𝐷 AND 𝑣 = 2𝑚/𝑠.
TABLE 8: AVERAGE DRAG COEFFICIENT FOR 𝑠 = 4𝐷
AND 𝑣 (𝑚/𝑠)

TABLE 9: STANDART DEVIATION FOR 𝑠 = 4𝐷 AND
𝑣 (𝑚/𝑠)

FINAL REMARKS
This paper focused on the numerical study of the flow around an
array of four fixed and non-aligned cylinders. Four center-tocenter distances were studied, namely 𝑠 = 3𝐷, 4𝐷, 4.5𝐷 and 5𝐷.
This range of configurations 𝑠 is within the critical spacing at
which the fluctuation of 𝐶𝐿 sharply increases.
In the 𝑠 = 3𝐷 case, oscillations of the lift coefficient measured
at both the front (CF) and the central cylinder (CM) are very
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