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Abstract 
 
This study aims at validating simulations of the forced and freely vibrating cylinders at Reynolds number of 

approximately 500 in order to identify the capability of the CFD code, and to establish the analysis process of the 
vortex-induced vibration (VIV). The direct numerical and large eddy simulations were employed to resolve the 
various length scales of the vortices, and the morphing technique was used to consider a motion of the circular 
cylinder. For the forced vibration case, both in- and anti-phase VIV processes were observed regarding the fre-
quency ratio. Namely, when the frequency ratio approaches to unity, the synchronization/lock-in process occurs, 
leading to substantial increases in drag and lift coefficients. This is strongly linked with the switch in timing of the 
vortex formation, and this physical tendency is consistent with that of Blackburn and Henderson (J. Fluid Mech., 
1999, 385, 255-286) as well as force coefficients. For the free oscillation case, the mass and damping ratio of 50.8 
and 0.0024 were considered based on the study of Blackburn et al. (J. Fluid Struct., 2000, 15, 481-488) to allow 
the direct comparison of simulation results. The simulation results for a peak amplitude of the cylinder and a 
shedding mode are reasonably comparable to that of Blackburn et al. (2000). Consequently, based on aforemen-
tioned results, it can be concluded that numerical methods were successfully validated and the calculation proce-
dure was well established for VIV analysis with reasonable results. 
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1. Introduction  

Vortex-induced vibration (VIV) has been considered as one of the important engineering concerns, since it can 

cause serious problems such as structural resonances and substantial increases in the aero- and hydrodynamic 

forces. In particular, there are many research works about VIV of a fixed bluff body over a wide range of Reyn-

olds number, Re, because of the interesting and abundant flow phenomena (Williamson, 1996). However, even 

though the coupling effect of a wake and a motion of the cylinder is crucial, the relevant works of the forced and 

freely vibrating cylinder are less than those of the fixed one. This is due to the difficulty of the problem set-up 

and identifying flow physics. For this reason, they are considered to be one of the challenging problems and 

ongoing researches in the structural and marine applications. 

In the case of the forced vibration, the frequency ratio, F, is the key factor to determine VIV process, where it 

is the ratio of a cylinder oscillation frequency, of , to a natural frequency of the vortex shedding, vf , of a fixed 

cylinder. That is, when the frequency ratio reaches unity, the resonant synchronization occurs with the consider-
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able increases in the drag and lift forces. Bishop and Hassan (1964) firstly discovered this abrupt change in the 

force acting on the cylinder and the phase jump between the lift and the cylinder displacement according to the 

frequency ratio. Nevertheless, they could not address the origin of the abrupt change in force and the phase jump, 

because of the limitation of the experimental facility. Williamson and Roshko (1988) asked Bishop and Hassan’s 

(1964) question why the fundamental “lock in” occurs from the flow visualization using the dye method, and 

revealed various vortex patterns such as 2P, 2S, and P+S modes with the frequency ratio, establishing the map of 

vortex synchronization patterns. As a result, the frequency ratio significantly affects the vortex patterns, leading 

to the variation of drag and lift forces in the forced vibrating cylinder 

For the free vibration of the cylinder, Feng’s (1968) experimental study has the impact on VIV research, which 

is more complicated than the forced oscillation owing to the strong interaction between the wake and the cylin-

der displacement. In this type of the study, the damping ratio and the spring stiffness are key to determine the 

vibration mode of the cylinder. Feng (1968) found the initial and lower branches with regard to the velocity ratio 

in the high mass-damping ratio. In addition to Feng (1968)’s work, Govardhan and Williamson (2000) addition-

ally discovered a new mode which leads to a further higher-amplitude than that of the initial branch in the low 

mass-damping ratio. They termed this new mode as ‘upper branch’ and reported that this upper branch is an 

inherent characteristic for the low mass-damping ratio. Besides the aforementioned studies, many experimental 

studies have been conducted for past two decades (Khalak and Williamson, 1997a; Khalak and Williamson, 

1997b; Khalak and Williamson, 1999; Wang et al., 2017) due to its importance of VIV. However, there have 

been still some limitations of the detailed observation in the experiments, especially for vortex dynamics inter-

acting with a moving body.  

To overcome this difficulty and improve our physical understanding of the VIV process, the numerical studies 

have been vigorously carried out (Bahmani and Akbari, 2010; Evangelinos and Karniadakis, 1999; Kim et al., 

2014) as a supplement work for experiments. Blackburn and Henderson (1999) dealt with the detailed infor-

mation of the wake and flow dynamics of the forced vibrating cylinder in two-dimensional (2D) simulation at Re 

= 500 with an amplitude of A/D = 0.25. They elucidated the mechanism of the phase jump from their hypothesis 

about a competition of two different vorticity productions. For the simulation of the freely vibrating cylinder, 

Blackburn et al. (2000) conducted both experiment and numerical simulations to investigate the difference be-

tween those results, and reported that the 2P shedding mode observed from Williamson and Roshko (1988), can 

clearly be captured from the simulation as well as the experiment. These successful works, as mentioned above, 

are good illustrations of how the numerical simulation can be applied to the analysis of VIV. As a result, many 

researchers who are aware of its advantage have conducted the numerical simulation of VIV to expand our 

knowledge. 

In the present study, the validation of numerical simulations for forced and freely vibrating cylinder at Reyn-

olds number of approximately 500 was carried out to identify the capability of the computational fluid dynamics 

(CFD) code and to establish the numerical analysis process of VIV. Although the real condition for VIV corre-

sponds to Reynolds number of above 105, the present study considered the low Reynolds number due to the fact 

that the distinct vortex dynamics easily identified at low Re can be useful to improve the physical insight to VIV 

mode regarding the frequency ratio.  

2. Numerical Details  

In order to simulate the flow around the forced and freely vibrating cylinder, the direct numerical and 

large eddy simulations were employed using the commercial CFD code ‘STAR-CCM+, v.11.06’. The con-

ceptual diagrams for the considered problems are shown in Fig. 1. Although the present study is focused on 

VIV problem, a complicated problem such as an interaction of a floater motion with a riser VIV will 
also be considered for the purpose of a further research. Thus, we applied the commercial code to the 

industrial applications for the wide flexibility of CFD, and it is important to evaluate the ability of the com-

mercial CFD code and establish VIV analysis process. The numerical methods were described in this chap-

ter as follows. 
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 (a)  (b)  

Fig. 1. Conceptual schematics of (a) the forced and (b) freely vibrating cylinders 

 

2.1 Numerical models  

 
For the forced vibrating cylinder at Re = 500, the two-dimensional direct numerical simulation (DNS) was 

conducted, namely, the various scales of the vortices were directly resolved without any turbulence model-

ing. On the other hand, the large eddy simulation (LES) was employed to simulate the three-dimensional 

(3D) wake of the freely vibrating cylinder at Re = 556, where the subgrid-scale tensor is calculated from 

dynamic Smagorinsky model suggested by Germano et al. (1991). Detailed information of the governing 

equations for DNS and LES can be referred to STAR-CCM+ User’s manual, and was omitted for the sake of 

brevity. In addition to the turbulence models, dynamic fluid body interaction (DFBI) morphing technique 

was used to consider the freely motion of the cylinder with the moving grids as shown in Fig. 2. DFBI 

morphing solver solves the governing equations of the cylinder motion based on the resultant force and 

moment exerted on the cylinder to find the new position, and calculates the displacements of grid points to 

move the cylinder. 

 

For the forced transversely motion, the sinusoidal function is applied to the cylinder motion as below. 

 

 ( ) sin(2 )oy t A f tp=   (1) 

 
where ( )y t is the cylinder displacement as a function of time, t, A is the amplitude of the displacement, and 

fo is the excitation frequency of the cylinder. For the freely vibrating cylinder, the cylinder was assumed to 
be elastically mounted using a simple mass-damper spring system. The motion equation of the elastically 

mounted cylinder in one degree of freedom is described as follows. 

  

 ( )yF t my cy ky= + +&& &   (2) 

 
where m is the mass of the cylinder, y&& , y&  and y  are the acceleration, velocity, and displacement of the 

cylinder, c and k are the damping coefficient and the spring stiffness, respectively. yF (t) is the instantane-

ous fluid force acting on the cylinder as the function of time.  

The spatial and temporal discretization methods, used in the present study were proceeded as follows. The 

SIMPLE algorithm was employed for the pressure-velocity coupling with the control of overall solution. Hybrid 

MUSCL 3rd-order/central difference (CD) and the 2nd-order CD were implemented for the convection and dif-

fusion terms, respectively. For the transient term, the 2nd- accurate backward implicit scheme was applied to the 

present simulation. Further details of the numerical discretization can be found in the STAR-CCM+ user’s man-

ual. 
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Table 1. Non-dimensional parameters for VIV analysis 

Symbol Name Definition 

F Frequency Ratio /o vf f  

m* Mass Ratio 
24 /m Drp  

z  Damping Ratio / 2c km  

rV  Reduced Velocity / DnUT  

 

(a)   (b)     

 

Fig. 2 Moving grids of morphing technique at (a) initial stage and (b) the positive maximum amplitude of the cylinder 
 

2.2 Computational Domain & Boundary Conditions 

Regardless of problems for forced and freely oscillation, the same computational domain in x-y plane is used 

in the present study. However, since the simulation of the freely vibrating cylinder is three-dimensional, the do-

main was expanded about 3.28D to the spanwise direction, which was set based on that of Blackburn et al. 

(2000)’s numerical condition for the direct comparison.  

Fig. 3 shows the computational domain and boundary conditions with the coordinate system. The inlet and 

outlet boundaries are located at 15D to upstream and 40D to downstream from the center of the cylinder. At the 

inlet boundary, a uniform flow with the free-stream velocity (U) is imposed, while the flow-split outlet condition 

is applied on the outlet boundary. A no-slip boundary condition is used on the cylinder, and the symmetry condi-

tion is set for the rest of boundaries. 

 
Fig. 3. Computational domain and boundary conditions 
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 Table 2. Force coefficients and Strouhal numbers compared with previous studies 

Symbol Re = 500 in 2D Re = 556 in 3D 

Quantities 
Blackburn et al. 

(1999) 
Present 

Weiselsberger 

(1921) 
Present 

Cd, Mean 1.461 
1.400 

(-4.1%) 

1.086 

(Re » 546) 

1.09 

(0.92%) 

Cl, RMS 1.198 
1.144 

(-4.5%) 
- - 

St 0.228 
0.229 

(0.6%) 
- - 

2.3 Non-Dimensional Parameters 

In the research of the VIV, there are important non-dimensional parameters, as mentioned earlier, to determine 
the VIV process. Table 1 summarized these parameters, where D is the cylinder diameter, r  is the density of a 

fluid, and nT  is the free-vibration natural frequency of the cylinder. 

3. Results and Discussion  

3.1 Flow Around A Fixed Cylinder  

Prior to the simulations of the forced and freely vibrating cylinder, the flow around the fixed cylinder at Re of 

500 and 556 for 2D and 3D, was calculated, respectively. At Re of above 500, the three-dimensional turbulent 

flow features exist in the wake of the cylinder (Williamson, 1996; Wu et al., 1996). Nevertheless, Blackburn and 

Henderson (1999) enforced the two-dimensional simulation, due to the fact that the sinusoidal motion of the long 

cylinder may suppress the development of the three-dimensional flow, which leads to the two-dimensional wake 

of the cylinder. On the other hands, Blackburn et al. (2000) considered two- and three-dimensional simulations 

and a PIV experiment for the freely vibrating cylinder, and then compared their simulation and experimental 

results which shows three dimensional effect of the flow is important to reproduce the experimental observations. 

For the direct comparison, the DNS and LES were conducted to simulate the Re = 500 in 2D and Re = 556 in 3D, 

respectively. As a result, force coefficients and Strouhal number are in a good agreement with those of previous 

results (Blackburn and Henderson, 1999; Weiselsberger, 1921), regardless of problem set-up, which can be clari-

fied from Table 2. The vortex shedding frequencies, obtained by calculating the flow around the fixed cylinder, 

were used to determine the frequency ratio for the fixed oscillation and the relevant parameters. 

3.2 Forced Vibrating Cylinder 

Fig. 4 shows instantaneous vorticity fields at the positive maximum amplitude of the cylinder according to the 

frequency ratio. The vorticity fields were compared directly with those of Blackburn and Henderson (1999) at 

the same F, as shown in Figs. 4(a-b). Irrespective of the frequency ratio, the classical Karman vortices are gener-

ated from both side of the cylinder surface. However, the timing of the vortex formations is quite different with 

F, which can be clarified by comparing the time histories of the motion and force coefficients as shown in Figs. 

5(a-b). It is evident that at F of 0.875, the cylinder motion is anti-phased with the lift forces having lower values, 

while synchronization occurs between the vortex shedding and the cylinder displacement at F of 0.975, leading 

to the substantial increases in the drag and lift coefficients. Blackburn and Henderson (1999) explained this 

mechanism of switching in timing of the vortex formation is responsible for the competition between two differ-

ent vorticity productions, namely, the pressure gradient on the cylinder in the tangential direction and the sur-

face-tangential component induced by the cylinder moving. These physical phenomena were also observed in 
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our simulation. Fig. 6 shows the limited cycles of lift coefficients with the cylinder displacement. From this fig-

ure, it can be confirmed that the phase has been switched by observing the change in the slop and the area of the 

limited cycle, while the simulation results were well matched with those of Blackburn and Henderson (1999). 

 
(a) F = 0.875 

 

  
(b) F = 0.975 

 

Fig. 4. Vorticity contours according to F: present study (left column) and Blackburn and Henderson (right column) 

 

 
(a) F = 0.875                                            (b) F = 0.975 

 

Fig. 5. Time histories of the force coefficients and the cylinder displacement (y/D) with F 

 

 
Fig. 6. Limited cycles of lift coefficient with the cylinder displacement according to the frequency ratio 
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3.3 Freely Vibrating Cylinder 

For the free oscillation case, the mass and damping ratio of 50.8 and 0.0024 were considered based on the study of 

Blackburn et al. (2000) whose simulation and experiments were conducted in the range of 0.6 2rStV£ £ . The flow 

condition at Re = 556 considered in the present study corresponds to rStV of 1.13 at which the highest peak 

amplitude (upper branch) occurs, and the comparison was made at only rStV of 1.13. Fig. 7 shows iso-surfaces 

of the vortical structures with the static pressure contour during one cycle of the motion period. To define three-

dimensional vortical structures, the 2l -criterion suggested by Jeong and Hussain (1995) was adopted. From the 

detailed observation of the vortical structures and the vorticity contour as shown in Figs. 7 and 8, the 2P shed-

ding mode was observed which gradually appears when the cylinder motion approaches to the peak amplitude, 

and this mode was also found from Blackburn et al. (2000)’s simulation. In their study, there are discrepancies of 

the peak amplitude (A*) between CFD and the experiment, namely, CFD results are smaller than those from 

experiments. The study conjectured the cause from the existence of the smaller spanwise length 

 

 

 

 

 

 

 

   

 (a) t/T = 0.0  (b) t/T = 0.25 

 

 

 

 

 

 

 

 

 (c) t/T = 0.5  (d) t/T = 0.75  

 

Fig. 7. Iso-surfaces of swirling strength for the freely vibrating cylinder 

 

 

 

Fig. 8. Instantaneous vorticity contour to identify 2P shedding mode 
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Fig. 9. Averaged peak response amplitudes according to F with the present and previous results 

 

(3.28D) of the cylinder and the lack of the end condition in the simulation. In Blackburn et al. (2000)’s experiment, 

the spanwise length of 26.7D was considered with the end condition, while 3.28D and no end condition were 

considered in their simulation. In the numerical simulation, the long spanwise length of the domain can lead to 

high cost of the calculation. For this reason, it is difficult to keep the same condition between experiment and 

CFD. Interestingly, our simulation result of the peak amplitude (A* ≈ 0.44) is also almost identical to that of 

Blackburn et al. (2000)’s CFD result (A* ≈ 0.46), as shown in Fig. 9, indicating that the present results for the 

vortex shedding mode and the peak amplitude are in a good agreement with those of Blackburn et al. (2000). As 

a result, it can be concluded that our numerical procedure is well established for the analysis of the freely vibrat-

ing cylinder as well as the forced vibrating cylinder. 

4. Conclusion 

This study aims at validating simulations of the forced and freely vibrating cylinders at Reynolds number of 

approximately 500 in order to identify the capability of the CFD code, and to establish the analysis process of the 

vortex-induced vibration (VIV). Although the real condition for VIV corresponds to Reynolds number of above 

105, the present study considered the low Reynolds number due to the fact that the distinct vortex dynamics easi-

ly identified at low Re can be useful to improve the physical insight to VIV mode regarding the frequency ratio. 

To achieve the research purpose, the direct numerical and large eddy simulations were employed to resolve the 

various length scales of the vortices, and the morphing technique was used to consider a motion of the circular 

cylinder. For the forced vibration case, both in- and anti-phase VIV processes were observed regarding the fre-

quency ratio. Namely, when the frequency ratio approaches to unity, the synchronization/lock-in process occurs, 

leading to the substantial increases in the drag and lift coefficients. This is strongly linked with the switch in 

timing of the vortex formation, and this physical tendency is consistent with that of previous studies as well as 

force coefficients. For the free oscillation case, the mass and damping ratio of 50.8 and 0.0024 were considered, 

and the simulation results for a peak amplitude of the cylinder and the shedding mode are reasonably comparable 

to that of Blackburn et al. (2000). As a result, based on aforementioned results, it can be concluded that the con-

sidered numerical methods were successfully validated and the calculation procedure was well established for 

VIV analysis with reasonable results.   
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