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ABSTRACT

Article history:

Flow-induced vibration is an enthralling phenomenon in the field of engineering.
Numerous studies have been conducted on converting flow kinetic energy to electrical
energy using the fundamental. Wake-induced vibration is one of the configurations
used to optimise the generation of electricity. The results of the study on the effect of
the gap between the multiple bluff bodies will provide insight into optimising the
energy harvesting process. This study focuses on fluid behaviour and response behind
two circular cylinders arranged in tandem when interacting with a fluid flow at low
Reynolds numbers ranging from 200 to 1000. The study has been done on several gap
lengths between the two cylinders, between 2D and 5D. The study was carried out
numerically by using OpenFOAM. At Re = 1000, it is found that the gap length of 2.5D
is optimal in terms of producing the highest lift force coefficient on the downstream
circular cylinder.
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1. Introduction
The study of flow-induced vibration (FIV) has been done extensively for the past several years.
The study on this area became significant and widespread due to the rapid development of slender
or thin structures in modern construction. The interplay between both structure and flow is an
exciting problem in engineering mechanics [1]. A vibrating of thin or a very long structure is very
natural. However, the galloping and periodic oscillation could cause wear and tear to the structure
over a long time. The damage can be worse if the vibration, to some extent, becomes aggressive and
responsive. The amplitude of the vibration can be enormous and brings demise to the structure in
seconds. This phenomenon is called resonance, where the vibrating frequency coincides with the
structure's natural frequency [2]. The resonance phenomenon is often related to the famous
incident, the Tacoma Narrow Suspension Bridge collapse in 1940. A study conducted by Irwin et al.,
[3] established the factors of the incident and design of the new bridge structure. Aerodynamic
instability is the main principle of the problem, which triggers many efforts to solve the problem. The
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flow-induced vibration (FIV) study problems are currently simplified to free-flowing fluid in an open
channel interacting with bluff bodies. Investigation on this simplified model can provide a reasonable
interpretation of the problem's pressure, fluid force distribution, and vortex dynamic [4].
Flow-induced vibration (FIV) can be in two forms which are vortex-induced vibration (VIV) and
wake-induced vibration (WIV). The induced vibration on a single isolated rigid cylinder with an
incoming linear flow to the bluff body is known as VIV. Many researchers have studied VIV, such as
Naseer et al., [5], Pinar et al., [6], Soti et al., [7], Zahari and Dol [8] and Atrah et al., [9]. On the other
hand, vibration can also be induced on a bluff body that experiences the wake of a flow from another
bluff body known as WIV. The two cylinders, or more, can be arranged in tandem or staggered, such
as in studies by Assi [10] and Assi et al., [11].
Based on a study made by Zhang and Wang [12], reducing the velocity, therefore the Reynolds
number, affects the amplitude response of the cylinder. There is an optimal Reynolds value where
the amplitude is at the peak, indicating a resonance. Another study from Soti et al., [7] also reaches
a similar conclusion where the amplitude response is highest at a particular value of Reynolds.
The wake mode or pattern of the vortex is commonly described in many papers. The study of
wake mode involves observing the vortices shed at alternating sides of the bluff body. Many variables
influence the formation of different modes, such as inlet velocity of flow and the gap length between
cylinders. The famous Karman Vortex Street is the two singles (2S) mode where one single vortex is
formed at each alternating side of the wake region. Blackburn and Henderson [13] and Soti et al., [7]
also observed 2S mode at lock-in regions where the flow is laminar in their free cylinder vibration
experiments. Atrah et al., [9] also reported the formation of 2S mode when the amplitude is at the
peak, where lock-in occurs. In their report, they found that there is a critical diameter to achieve the
highest amplitude. By varying the ratio between the frequency of oscillation and the vortex shedding
frequency, Fu et al., [14] observed two pair (2P) mode where the lift force shows periodic harmonic
characteristics, indicating the lock-in phase. A study of forced cylinder vibration by Singh and Biswas
[15] observed multiple modes of vortex shedding, which are 2S, 2P and single (P + S) modes appear
in the wake region for various setups of their study.
A significant amount of effort was focused on developing energy harvesters to extract energy
from a free-flowing fluid. The step taken on this effort is crucial as finite resources will continue to
deplete; thus, harnessing renewable and clean energy is still a focal point. Converting fluid energy to
electrical energy covers a wide operating range, for example, extracting power from wind energy and
hydro energy [16,17]. Examples of undergoing research that can be found are harvesting flow energy
using a piezoelectric energy harvester, electromagnetic damping and slender belt [7,9,12,17,18].
From Atrah et al., [9], the energy is collected from the physical amplitude motion of the cylinder. The
amount of energy harvested is directly proportional to the amplitude response of the cylinder. Hence,
it is crucial to find the relationship between the characteristic length, which is, in most cases, are the
diameter of the cylinder, the velocity of the fluid, and the gap between the cylinders onto the lift
force coefficient and the frequency. This could give a good insight into future works in designing the
correct setup for the WIV system.
This study is motivated by the application of the wake-induced-vibration in energy harvesting.
However, this study focuses on the fundamental effect of low Reynolds number on the wake
frequency in an external flow with two circular cylinders in a tandem arrangement. The effects of low
Reynolds number and gap length on the response amplitude and lift coefficient on the downstream
cylinder are studied. Finally, an optimal gap length that gives the highest amplitude response within
the range of the studied parameter is determined.
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2. Methodology
The flow is assumed to be incompressible that is governed by Navier-Stokes's equations:
∇∙u=0

(1)

𝜕u

1

+ (u ∙ ∆)u = −∇𝑝 + 𝑅𝑒 (∇2 u)
𝜕𝑡

(2)

where u represents the velocity field, 𝑡 represents time, 𝑝 represents the kinematic pressure, and 𝑅𝑒
represents the Reynolds number that is defined as,
𝑅𝑒 =

𝜌𝑈𝐷
𝜇

=

𝑈𝐷
𝜈

(3)

where 𝜌 represents the fluid density, 𝜇 represents the dynamic viscosity, 𝜈 represents the kinematic
viscosity, U represents the free stream velocity, and D represents the diameter of the cylinder.
The Strouhal number, representing the dimensionless value of the vortex shedding frequency
from the cylinder, is determined by using,
𝑆𝑡 =

𝑓𝑣 𝐷
𝑈

(4)

where 𝑓𝑣 is the frequency of vortex shedding.
OpenFOAM is an open-source software to simulate the fluid dynamics of a system. An
incompressible and laminar flow solver is used for the simulation.
2.1 Geometry and Physical Descriptions
The present study has two geometry setups; a single cylinder setup and two cylinders arranged
in tandem setup. A single-cylinder setup (Figure 1) is used for the validation study and the benchmark.
Cartesian grid measurement is used for the domain size in this setup.
The size of the domain, length L/D and height H/D, will be 32 units and 16 units, respectively, and
the diameter of the cylinder is 0.5 units. The position of the cylinder is located at coordinate (8, 8) of
the domain. Note that the dimensions are measured as in the cartesian grid unit. The complete
schematic of the setup is shown in Figure 1.
Boundary conditions of the computational domain are imposed as zero gradients for top and
bottom walls. At inlet uniform velocity, a uniform velocity in the direction normal to the inlet is
applied, while at the outlet, the pressure is set to zero-gauge pressure. The flow is incompressible in
a two-dimensional configuration.
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(a)

(b)
Fig. 1. The single-cylinder bluff body configuration (a) schematic
drawing and (b) the drawing in Gmsh

The second setup will be two circular cylinders with an in-line or tandem arrangement (Figure 2).
The size of the domain for two circular cylinders setup will be the factor of the diameter. The
diameter, D of both cylinders is set at 1 unit.

(a)

(b)
Fig. 2. The two-cylinders setup (a) schematic diagram and (b) the drawing in Gmsh
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Compared to the single-cylinder configuration, the only differences are the domain size, and
there is gap length between the two cylinders that are required to be fixed. The complete schematic
of the configuration is shown in Figure 2. The gap length between the cylinder is given by S, where
the length is the factor of the cylinder diameter. For the current study, several gap lengths are
studied, which are 2D, 3D, 4D and 5D. The entry length is given by L2, and the exit length is given by
L3 are also by the factor of cylinder diameter and with fixed length where L2 = 4D and L3 = 20D.
Although OpenFOAM requires dimension, the current study analysis is based on nondimensional
parameters. The present study will simulate these two cases of cylinder arrangement, namely a single
cylinder and two cylinders in a tandem arrangement, with different Reynolds numbers ranging from
200 to 1000.
2.2 Meshing
The mesh structure was generated in Gmsh. The mesh for one and two cylinders are shown in
Figure 3 and Figure 4, respectively. The mesh around the cylinders, especially behind the cylinder
where the wake of the flow will appear, is enhanced by increasing the nodes on that particular region
(refer to Figure 5). This is to ensure an accurate result and better post-processing analysis.

Fig. 3. Mesh structure for single cylinder setup

Fig. 4. Mesh structure for two cylinders set up

Fig. 5. Enhanced structured mesh around the cylinders

57

CFD Letters
Volume 13, Issue 11 (2021) 53-64

3. Results
3.1 Validation
A validation study is done based on Calhoun’s [19] report. This validation is conducted for a singlecylinder in a viscous crossflow problem. The response of the lift coefficient on the cylinder is studied
with a laminar flow of Re = 100. The lift coefficient is a nondimensional quantity as a function of the
force acting in the transverse (y) direction, 𝐹𝑦 (Eq. (5)). For a VIV at a low Reynolds number, the
excitations behind a cylinder are very common to achieve, and the body-wake structure is similar as
obtained by Blackburn and Henderson [13]. The simulation result is compared to three previous
works, which are from the works of Braza et al., [20], Calhoun [19] and Liu et al., [21]. The comparison
is listed in Table 1.
2𝐹𝑦

𝐶𝐿 = 𝜌𝑈 2 𝐷

(5)
Table 1
Lift coefficient in comparison with past papers (± is the amplitude oscillation)
Re = 100
Published Data
Braza et al., [20]
Calhoun [19]
Liu et al., [21]
Present

Lift coefficient (CL)
±0.250
±0.298
±0.339
±0.275

3.2 Grid Convergence Study
A grid convergence study is required to determine any discretisation error in CFD simulation. A
convergence study is done with a single-cylinder case, and the objective is to observe any significant
difference in results that could lead to error. Three cases are prepared: the reference case, increased
domain size, and increased mesh resolution or nodes. These three cases were simulated for Re = 500
and 600, and the Strouhal number and lift coefficient were observed.
There are minor differences between the two cases shown in Table 2 and Table 3. Therefore, the
discretisation error can be neglected.
Table 2
Grid convergence study results and differences at Re=500
Re = 500
Published Data
Refined 2D mesh (reference case)
Increase in domain size (h = 10D)
Increase in mesh resolution (nodes = 1.2)
Difference (%)

Strouhal Frequency
0.001024
0.001138
0.001142
<11

Lift coefficient (CL)
0.1362
0.1335
0.1339
<2

Table 3
Grid convergence study results and differences at Re=600
Re = 600
Published Data
Refined 2D mesh (reference case)
Increase in domain size (h = 10D)
Increase in mesh resolution (nodes = 1.2)
Difference (%)

Strouhal Frequency
0.001024
0.001165
0.001163
<14

Lift coefficient (CL)
0.1441
0.1413
0.1424
<2

58

CFD Letters
Volume 13, Issue 11 (2021) 53-64

3.3 Lift Coefficient, Reynolds Number and Gap Length Relationship
The WIV response in this study is bounded by two parameters: the Reynolds number and the gap
length between the two cylinders. The response analysis from the post-process results is studied over
the harmonic response or the dominant response of the signal (Figure 6).

Fig. 6. The plot of time-history of lift coefficient on the
downstream circular cylinder

The lift coefficient is representing the vertical force that is acting on the cylinder. The fluctuation
of the lift force causes vibration to the cylinder. Therefore, it is desired to have a setup at the
maximum lift coefficient. Furthermore, from a design point of view, a more compact structure is
more convenient; thus, the smaller the gap length to obtain the maximum lift coefficient, the better
the design is. Figure 7 showed that the gap length of 2D and below would not produce a significant
lift coefficient. The result showed that the lift coefficient over Reynolds number from all gap lengths
of 2D to 5D showed an increasing pattern before reaching about a constant lift coefficient, except for
the case of 3D (Figure 7). There was a jump of lift coefficient between Reynolds number 300 and 400.
Furthermore, as the gap length increase, the overall value of the lift coefficient is reducing. This
indicates the minimum gap length value in producing the maximum lift coefficient between the gap
length of 2D and 3D.
For further observation, the gap length is further increased from 6D to 10D to determine the
behaviour over a longer gap between the two cylinders. The observation suggests that the lift
coefficient shows a consistent trend in decrement as the gap length increases (Figure 8).
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Fig. 7. Lift coefficient over Reynolds number for
Gap=2D, 3D, 4D and 5D

400

600

800

1000

REYNOLDS NUMBER, Re

Fig. 8. Lift coefficient over Reynolds number for
extended observation at Gap = 6D, 7D, 8D, 9D
and 10D

The lift coefficient with gap length ranging from 2.1D to 2.9D was recorded. From the results, the
highest value recorded for lift coefficient is located at a gap length of 2.5D with a Reynolds number
of 1000 (Table 4).
Table 4
Lift coefficient for gap length of 2.1D to 2.9D at Re = 1000 with
highest lift coefficient at 2.5D
Re = 1000
Gap Length, S
2.1D
2.3D
2.5D
2.7D
2.9D

Lift coefficient (CL)
0.05385
0.04077
0.30700
0.27050
0.27000

Figure 9 showed lift coefficient behaviour over Reynolds number. There is a significant 'jump' of
the lift coefficient from Re = 500 to 600 before the values decrease at Re = 700. Then, the lift
coefficient is steadily increased from Re = 700 to 1000 where the highest amplitude is recorded.
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Fig. 9. Lift coefficient over Reynolds number for Gap = 2.1D to
2.9D with highest lift coefficient at 2.5D, Re = 1000 (dash line)

It can be concluded that for a WIV design to obtain the maximum lift coefficient, the suitable gap
length is located between the gap length of 2D and 3D. If the flow condition has a Reynolds number
of 1000, then the optimal gap length is 2.5D.
3.4 VIV and WIV Comparison
A comparison is made between VIV and WIV responses to observe the difference. The domain
dimension for both cases was set to be the same. The diameter of all cylinders also was set to be the
same, which is 1 unit. The only difference between the two cases is the number of cylinders involved.
With Reynolds numbers ranging from 200 to 1000, the response of the single-cylinder on the lift
coefficient was observed.
The trend of the average lift coefficient of WIV for gap length 2D to 2.3D is observed lower than
VIV (Figure 10). However, the average lift coefficient keeps increasing until it surpasses the lift
coefficient of VIV on all tested Reynolds numbers (Re = 200 to 1000) at gap lengths 4D and 5D (Figure
11). The lift coefficient showed an increasing pattern as the gap length increases. In between gap
lengths 2.3D to 4D, the average lift coefficient shows unsteady values. The lift coefficient is lower
than VIV at Re = 200, 300, 400 and 500 for most of the gap lengths. The unsteadiness indicates the
transition phase from gap length 2.4D to 3D (Figure 12).
In an extended observation, where the gap length is set to 15D to 17D, it is observed that the lift
coefficient of the WIV case starts to act similar to the VIV case (Figure 13). The lift coefficient gradually
decreases as it approaches the same values as in the VIV due to the big gap between the cylinders
where the vortex formed behind the upstream cylinder starts to break and forms a steady uniform
flow.
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Fig. 11. WIV and VIV (dashed line) vs Re at Gap
Length between 4D until 5D
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Fig. 10. WIV and VIV (dashed line) vs Re at Gap
Length between 2D until 2.3D
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Fig. 12. WIV and VIV (dashed line) vs Re at Gap
Length between 2.4D and 3D
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Fig. 13. WIV and VIV (dashed line) vs Re at Gap
Length between 15D and 17D

From the observation, WIV can produce higher lift amplitude than VIV, with the values almost
doubled than VIV case. The upstream cylinder acts as a vortex promoter to the downstream cylinder,
where the lift coefficient is multiplied as it interacts with the downstream cylinder.
3.5 Strouhal-Reynolds Number Relationship
The Strouhal number and Reynolds number relationship are studied on gap length 2.5D to 10D
with Re = 300, 500, 600 and 1000. The dimensionless frequency of the vortex formation behind the
downstream cylinder shows different behaviours in different gap lengths and Reynolds numbers.
From the plotted Strouhal number versus gap length, the trend can be easily predicted. The
Strouhal number is low on a lower Reynolds number and keeps increasing as the Reynolds number
increases (Figure 14). This indicates that the vortex formation becomes more frequent as the external
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flow becomes more vigorous as the Reynolds number increases. The trends also are similar in each
gap length case.
In a further observation of Figure 14, on gap length 4D to 10D, a steady value of Strouhal number
is observed. The Strouhal number is, however, is independent of the gap length as the gap length
increased further.
Re 1000

Re 500

Re 600

Re 300

0.0014

STROUHAL NUMBER

0.0012
0.001
0.0008
0.0006
0.0004
0.0002
0
2

4

6

8

10

GAP LENGTH

Fig. 14. Strouhal-Reynolds relationship on the effect of gap length with
an asymptotic trend

4. Conclusions
To conclude, the present study primarily investigates the behaviour and response of the external
flow when interacting with two circular cylinders in a tandem arrangement in an external flow. From
the observation of the results, there is an optimal gap length between the two cylinders with an
optimal Reynolds number. At gap length 2.5D with Re = 1000, the lift coefficient is at the highest
value. This study provides the relationship between the Reynolds number and the gap length with
the Strouhal number, which could provide insight into optimising WIV electricity generation. The
Strouhal number shows an increase in trend while the Reynolds number and gap length increases.
However, the Strouhal number is independent of gap length as the gap length is larger than 6D.
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