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Abstract 
Two-dimensional low Reynolds number flow (Re = 100) over a transversely oscillating circular cylinder placed in a 
uniform stream is numerically investigated in this work using the commercial software Ansys/Fluent. The forced 
transverse oscillations of the cylinder are carried out to mimic the specific cases of flow-induced vibrations. The frequency 
ratio is varied between 0 – 2, where 0 corresponds to stationary cylinder. The layering technique of dynamic mesh is 
employed to incorporate the cylinder motion. The unsteady flow simulations are performed to solve for URANS. The 
parameters studied are the coefficients of lift and drag, vortex shedding frequency, and the vortex shedding patterns. The 
results reveal that the cylinder oscillation induces modulation in the lift and drag coefficients in terms of their frequency 
and amplitude. The lock-in occurs at frequency ratio of 1 where the frequency of cylinder oscillation matches with the 
natural vortex shedding frequency of the cylinder. Maximum average drag coefficient is observed at the lock-in condition 
however the lift coefficient is found to increase with the frequency ratio. The 2S vortex shedding pattern is observed in 
the vorticity contours for all the cases studied. 
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1. Introduction 

External flow around bodies such as the airfoil and cylinder has 
been studied extensively due to the immense practical value [1]. 
The flow dynamics can be changed by changing the flow 
conditions [2], geometric parameters [3], or by passive or active 
control techniques [4]. As an example, the airfoils are made 
streamlined to increase the lift and reduce the drag [5, 6, 7]. 
Splitter plates, surface roughness, or creating a slit are one of the 
few passive control techniques for cylinders [8, 9]. Viscous flow 
around a cylinder leads to periodic flow separation from lateral 
sides of the cylinder leading to von Karman vortex street for 
Reynolds number (Re) as low as 47 [10]. The vortex shedding 
depends on various parameters such as the Re, shape of the 
cylinder, cylinder motion etc. The frequency of shedding can be 
mapped as a function of Re in the laminar regime [11]. The 
cylinder wake transformers from 3D to 2D for Re = 190 – 260 
[12]. 

 
The periodic vortex shedding induces periodic 
aerodynamic/hydrodynamic forces on the body (lift and drag). 
This can lead to the vibration of the structure and these 
vibrations can be fatal if the frequency of vortex shedding 
matches with that of the structure’s natural frequency. This 
condition is known as the lock-in [13, 14]. The mystery of 
forecasting the behavior of bodies undergoing flow-induced 
vibrations (FIV) has puzzled engineers for a long time. The 
examples of FIV can be found in marine towing cables, chimney 
stacks, power transmission lines, offshore drilling platforms, 
cables of bridges, etc. The non-linearity between the forcing 
function and the behavior of the body adds to the complexity of 
the problem [15]. The movement of the structure affects the 
wake flow which in turn affects the forces acting on the body. 
To study such responses, researchers have performed 
experimental as well as numerical studies. A large amount of 
literature is available on this topic out of which few works are 
highlighted here. FIV can occur in transverse as well as 
streamwise direction. However, as the transverse direction FIV 
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is more severe and occur more frequently, therefore in this study 
only transverse motion of the cylinder will be studied. 
Wanderley and Soares [16] analyzed the transverse FIV of a 
single cylinder numerically. Effect of Re on the cylinder 
response behavior was studied. They reported that the cylinder 
response was strongly affected by the Re. In their study, 
maximum vibration of the cylinder was 0.55D where D was the 
cylinder’s diameter. Bernitsas and Raghavan [17] 
experimentally studied the FIV of a circular cylinder. They 
reported that the cylinder vibrational amplitude increased with 
increase in Re. Chung [18] considered a circular cylinder close 
to a stationary wall. The effect of the distance between the 
cylinder and the wall was numerically studied at Re of 100. In 
their study it was observed that the presence of a wall increased 
the drag coefficient on the cylinder.  
 
Taking into consideration the importance and frequent 
occurrence of FIV in industrial applications, more work needs 
to be done to fully understand this phenomenon in order to 
prevent the devastating damage to the equipment and structures. 
Therefore, in this study the effect of frequency of oscillation on 
the induced forces, and wake structures will be studied for a 
circular cylinder in laminar regime. This work will present the 
layering technique of dynamic meshing to study the flow 
dynamics behind a transversely oscillating circular cylinder. The 
two-dimensional (2D) flow across a circular cylinder in the 
laminar regime at Re of 100 will be studied. Specific cases of 
FIV will be considered and simulated at stipulated frequency 
ratios (f/fvs). The remaining paper is organized as follows. 
Section 2 presents the methodology followed to carry out this 
study. The results of this study are presented and discussed in 
Section 3. Finally, the conclusions are given in Section 4. 

2. Methodology 

In this section, the details about the numerical setup are 
presented which include the computational domain, boundary 
conditions, governing equations, and the dynamic mesh 
technique. The mesh independence study and model validation 
are also presented in this section. 

2.1. Computational Domain 
 

The flow domain is depicted in Fig. 1 along with the discretized 
mesh. The flow domain consists of a rectangular zone with a 
circular cylinder with a diameter of D placed inside it. The 
upstream distance of the domain from the cylinder center is set 
at 12D to ensure that the flow is stable when it reaches the 
cylinder. The downstream length of 4D led to 15% discrepancy 
in the accuracy of the results [19]. Therefore, in this study the 
downstream length of the domain is taken as 32D to observe the 
vortex shedding. The lateral lengths are set as 20D to give the 
blockage ratio of 5% as a higher blockage ratio affects the 
accuracy of the results [20, 21].  
 

 
Fig. 1. Computational domain, boundary conditions, and discretized 
mesh 
A structured mesh using quad elements was created as shown in 
Fig. 1 with 56,832 cells. The cells are finely spaced close to the 
cylinder wall. As shown in Fig. 1, a horizontal strip of the mesh 
with height ranging from -4D to 4D was designated as moving 
zone. The mesh in this region was very fine. The region above 
and below this zone was set as fixed zone. The dynamic layering 
technique was applied to this moving zone to account for the 
motion of the cylinder. The boundaries between the various 
regions are conformal. Although, the non-conformal or sliding 
interface capability in Ansys/Fluent could have been used to 
connect the various zones in the final model if a non-conformal 
boundary was specified. 

2.2. Boundary Conditions 
 

The assigned boundary conditions are presented in Fig. 1. At the 
inlet, constant inlet velocity (U) is applied such that the flow 
Reynolds number stays constant at 100. The fluid and the 
cylinder are assumed at equal and constant temperature. At the 
outlet zero gage pressure is applied. The lateral walls of the 
domain are considered as free slip walls with zero shear. The 
wall of the cylinder is considered as no slip wall and at the same 
temperature as the incoming fluid.  

2.3. Governing Equations  
 
The mathematical equations that describe the fluid flow in this 
study are presented here. The fluid is considered as 
incompressible viscous. The fluid properties are considered to 
be constant as there is no change in the temperature. Therefore, 
the flow is governed by the continuity equation and the two 
momentum equations in x- and y- direction, since only 2D study 
is carried out. These equations present the conservation of mass 
and momentum laws. The energy equation is neglected since 
there is no change in temperature and no heat transfer. The 
equations in their primitive variable form are presented as 
follows: 

 
Continuity: 
 

 
 

x-momentum: 
 

   
y-momentum: 
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where the velocity components u and v are in the x- and y-
directions respectively, µ and ρ are the viscosity and the density 
of the fluid, respectively, and p is the pressure. 
 
The integral form of the conservation equation for a general 
scalar ϕ for the dynamic mesh can be written as: 
 

 
where u is the velocity vector and ug is the mesh velocity for 
moving mesh. Sϕ is the source term, and Γ is the diffusion 
coefficient. The boundary of the control volume V is represented 
by ∂V. 
 
The first time on the left-hand side of Eq. 4 can be written, using 
a 1st-order backward difference scheme, as: 
 

 
 
where n and n +1 give the value of the quantity at current and 
next time step. At (n+1) time, the volume Vn+1 is calculated as: 
 

 
 
where dV/dt represent the time derivative of the volume. It is 
calculated as:  

 

 
 

where nf represent the number of faces on the control volume 
and Aj is the j face area vector. The dot product (ugj.Aj) is 
computed from the equation below: 
 

 
 
where ∂Vj gives the volume swept by the control volume 
face j over the time step Δt. 
 
The dimensionless Reynolds number (Re) and Strouhal number 
(St) are defined as follows: 
 

 
 

where fvs is the vortex shedding frequency of the stationary 
cylinder, and U is the freestream velocity. 

2.4. Dynamic Mesh Motion 
 
The mesh is created using commercial software Ansys. The 
numerical solution to the system of equations given in Section 
2.3 is obtained via Ansys/Fluent, which is a finite-volume based 
solver. The dynamic mesh technique in Fluent is used to 
incorporate the motion of the cylinder. The technique followed 
here is similar to the one used by Kocabiyiki et al. [22]. The 
transverse periodic motion of the cylinder makes the unsteady 
solution in the dynamic mesh simulation time periodic. In this 
study, the dynamic layering, dynamic mesh module is used to 
solve the unsteady flow motion. This module allows mesh 
deformation by removing or adding layers of cells adjacent to 
the moving boundary. To preserve the quality of the mesh during 
the cylinder’s motion, the ideal layer height (hideal) on each 
moving boundary is specified. The layer of cells adjacent to the 
moving boundary (layer j in Fig. 2) is split or merged, based on 
the height (h) of the cells in layer j, with the layer of cells next 
to it (layer i in Fig. 2)  
 

 
Fig. 2. Dynamic mesh layering technique 

 
To avoid skewness of the computational cells the splitting of the 
cells during expansion is controlled by a specified split factor 
(αsplit). This factor ensures cells are split to create a layer of cells 
with constant height hideal and a layer of cells of height (h-hideal) 
when the criterion of Eq. 11 below is met: 

 
        (11) 

  
where hmin is the minimum cell height of layer j and hideal is the 
ideal cell height. A similar model is specified to handle cases of 
cells compression. The factor αc ensures cells are compressed 
until: 
 

  (12) 

 
where αc is the collapse factor. When the criteria in Eq. 12 is 
met, the cells in layer j are merged with those in layer i [23]. 
 
The periodic motion of the moving zone in the model was 
applied using a user-defined function (UDF). At the end of each 
time step, the force applied to the cylinder is calculated by this 
subroutine once the time step convergence has been achieved. 
The transverse motion is calculated with the following 
equations:  

 
Y(t) = Asin(2πft)    (13) 

 
where Y is the displacement of the cylinder in transverse 
direction, A is the maximum amplitude of displacement, f is the 
frequency of motion, and t is the flow time. The unsteady 
numerical simulation was performed at a time step of 0.0025 to 
incorporate the cylinder motion and to ensure the Courant–
Friedrichs–Lewy (CFL) condition < 1.   
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2.5. Mesh Independence and Model Validation 
 
The mesh independence is carried out in order to be certain of 
the quality of the mesh. Four levels of mesh are created as shown 
in Table 1. The analysis is carried out with the stationary 
cylinder. The average drag coefficient (CD) and Strouhal number 
(St) are evaluated at each mesh and the percentage difference 
with the fine mesh is calculated. Comparing with the fine mesh, 
the current mesh with 56,832 number of elements produced 
0.63% error in average CD and 1.16% error in St. The other two 
mesh (coarse 1 and coarse 2) gave larger error as compared to 
the current mesh when comparing the values with the fine mesh. 
As the deviation is very less for the current mesh compared with 
the results of the fine mesh, therefore the current mesh is 
selected as a compromise between accuracy and computational 
time. For further numerical analysis current mesh was used.  
 
Table 1. Mesh sensitivity results 

 
 
The results obtained through the numerical analysis were also 
compared with the experimental results of Williamson [24] as 
shown in Fig. 3. The Re was varied in the range of 50 – 160 and 
the Strouhal number for the stationary cylinder was recorded. As 
seen from Fig. 3, the results of this numerical study were in good 
agreement with those of Williamson [24]. 
 

 
Fig. 3. Validation of results for stationary cylinder with the 
experimental results of Williamson [24]. 

3. Results and Discussion 

The results of the numerical analysis performed in this study are 
presented in this section. The frequency of oscillation of cylinder 
is presented in terms of frequency ratio (f/fvs) where f is the 

frequency of oscillation of cylinder and fvs is the vortex shedding 
frequency of stationary cylinder. The time histories of lift 
coefficient (CL) and drag coefficient (CD) for stationary cylinder 
are shown in Fig. 4 for 5 seconds of flow time. It must be noted 
that the frequency ratio for stationary cylinder is zero (f/fvs = 0). 
The power spectral density (PSD) of the lift coefficient is also 
presented to show the natural frequency of vortex shedding (fvs) 
at Re = 100. It is observed that the behavior of CD and CL is 
periodic. The PSD plot shows the frequency of vortex shedding 
by taking the fast Fourier transform (FFT) of the fluctuating lift 
coefficient. It is found that fvs for the stationery cylinder is 2.5 
Hz corresponding to Strouhal number (St) of 0.165.  

 
Fig. 4. Time histories of lift and drag coefficient (top), and power 
spectral density (bottom) of lift signal for stationary cylinder 

 
The time histories of CD and CL for transversely oscillating 
cylinder at different frequency ratios (f/fvs) are shown in Fig. 5. 
The record is shown for 5 seconds of the flow time. It is observed 
that the forcing frequency induces modulation in the lift and drag 
coefficient at frequency ratios of 0.5, 1.5, and 2. At f/fvs = 1, 
frequency modulation does not occur, however the amplitude of 
CD and CL increases. This is because at f/fvs = 1 lock-in occurs 
and the vibration frequency synchronizes with the vortex 
shedding frequency.  
 
The frequency spectrum of the lift signals presented in Fig. 5 is 
shown in Fig. 6. The fast Fourier transform (FFT) of the signal 
is taken to obtain the power spectral density (PSD). At frequency 
ratio of 0.5, three distinct peaks are observed. The largest peak 
corresponds to the vortex shedding frequency (fvs). However, the 
other two peaks correspond to the sum and difference of the 
forcing frequency and the vortex shedding frequency (f-fvs and 
f+fvs). This occurs as the forcing frequency interacts with the 
vortex shedding frequency. Only one peak is observed at 
frequency ratio of 1 as the forcing frequency synchronizes with 
the vortex shedding frequency and lock-in occurs. At frequency 
ratio of 1.5 and 2, two distinct peaks are observed. One for the 
vortex shedding frequency and the other for forcing frequency. 

Mesh 
Average 

C D

Error in 
avg. C D

Strouhal 
number

Error in St

(number of 
elements)

(-) %  (St) %

Coarse 1

15,308
Coarse 2 

29,414
1.3326 1.04 0.16447 1.32

Current Mesh 
56,832

1.3272 0.63 0.16473 1.16

Fine 

98,628

1.3411 1.69 0.1642 1.48

1.3189 --- 0.16667 ---
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Fig. 5. Time histories of lift and drag coefficient at frequency ratio 
of 0.5, 1, 1.5, and 2. 
 

 
 

Fig. 6. Power spectral density (PSD) of the lift coefficient at 
frequency ratio of 0.5, 1, 1.5, and 2. 
 
The average drag coefficient (CD) and root mean square (rms) of 
lift coefficient (CL) is shown in Fig. 7 at different frequency 
ratios. For the lift coefficient, rms of the signal is considered as 
the lift coefficient oscillates about zero mean therefore the 
average is always zero. Average CD and rms of CL for stationary 
cylinder (f/fvs = 0) are also presented in Fig. 7 for comparison to 
the oscillating cylinder. Moving the cylinder at frequency ratio 
of 0.5 slightly increases the CD and CL however the increase is 
almost negligible. At f/fvs = 1, a large increase in CD is observed 
as the cylinder experiences lock-in condition. Lift coefficient 
also rises. Further increasing the frequency ratio increases the 
lift coefficient, however the drag coefficient appears to drop 
back to the original value of the stationary cylinder. The 
transverse oscillation of the cylinder has a significant effect on 
CL however the effect on CD is not prominent except for the lock-
in condition.  
 

 
Fig. 7. Average drag coefficient and rms of lift coefficient at 
frequency ratio of 0, 0.5, 1, 1.5, and 2. 
 
The vorticity contours shown in Fig. 8 look similar to each other 
for all frequency ratios. The 2S vortex shedding pattern is 
observed for all cases where two vortices of opposite sign are 
shed from the cylinder in one complete cycle of oscillation. The 
clockwise vortex shedding from top of the cylinder is displayed 
in red color whereas the anticlockwise vortex shedding from the 
bottom of the cylinder is shown in blue color.  

 
 

 

 
Fig. 8. Vorticity contours  
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4. Conclusion 
 
The transverse oscillation of a circular cylinder at Reynolds 
number of 100 with different frequency ratios are numerically 
studied in this work. The time histories of lift and drag 
coefficient show that the cylinder oscillation causes modulation 
in amplitude and frequency of these coefficients. At frequency 
ratio of 1 lock-in occurs as the frequency of oscillation 
synchronizes with the natural vortex shedding frequency. 
Highest average drag is observed at this condition however the 
lift coefficient increases with increasing frequency ratio. The 
vorticity contours show the dominant 2S vortex shedding pattern 
for all the frequency ratios.  
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