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In this study, the characteristics of vortex-induced vibration (VIV) of a rigid, 

smooth circular cylinder elastically mounted in the water flow are investigated. 

The cylinder has one degree of freedom and is constrained to oscillate only in 

the vertical direction. The flow Reynolds number lies within the Transition of 

Shear Layer 3 (TrSL3) region of the subcritical flow regime. The governing 

equations, namely the continuity and Navier-Stokes equations, are solved using 

computational fluid dynamics (CFD). The finite volume method is employed 

for discretizing the equations, implemented through the ANSYS Fluent 

software. The Pressure Based solver and the PISO algorithm are utilized to 

couple the equations. The two-dimensional unsteady Reynolds-averaged 

Navier-Stokes (URANS) equations are solved using the k-ω SST turbulence 

model. A simplified mathematical model describes the system dynamics and 

fluid forces associated with the cylinder’s vortex-induced vibration. 

Examination of the vortices shed in the wake region reveals a P+S vortex 

shedding pattern. Additionally, the time history of the cylinder’s displacement 

ratio exhibits a sinusoidal shape, whereas the recorded lift and drag coefficient 

data are non-sinusoidal due to the P+S vortex shedding mode. Frequency 

analysis of the cylinder’s response indicates that the oscillation frequency of the 

cylinder matches the dominant frequency of the lift force. Furthermore, the 

dominant frequency of the drag force is twice that of the lift one. 
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1. Introduction 
In engineering research, investigating flow behavior 

around bluff bodies and the fluid-structure interaction 

(FSI) effects is of paramount importance. The 

interaction between a bluff body and a fluid flow, 

depending on the Reynolds number, can lead to various 

flow regimes and consequently, flow separation in the 

wake region, resulting in the formation of vortices. At 

low Reynolds numbers, flow separation does not occur 

but as the Reynolds number increases, the flow 

separation gradually initiates, leading to flow 

instability and the onset of a phenomenon known as 

vortex shedding with a characteristic frequency. 

Consequently, the wake region takes the shape of a 

vortex street. The periodic shedding of vortices induces 

fluctuating pressure and hydrodynamic forces on the 

body. The component of this force perpendicular to the 

flow direction has a frequency similar to the vortex 

shedding frequency, while the frequency of the 

component parallel to the flow is twice the vortex 

shedding frequency [1,2,3]. If the body is free to move, 

these forces induce oscillatory motion, known as 

vortex-induced vibration (VIV) [1]. This phenomenon 

has numerous applications in civil and marine 

structures. Of particular interest is its use in renewable 

energy harvesting devices [4].  
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In this regard, extensive research has been conducted 

to advance the knowledge in this field and find the key 

parameters that factor in. The strong dependence of 

VIV on the Reynolds number has driven numerous 

research studies to focus on this aspect [5,6,7]. Studies 

carried out in recent decades have employed a variety 

of methods including experimental investigations [5,8] 

as well as numerical simulations [1,9].  

While numerous studies have investigated vortex-

induced vibration (VIV) of circular cylinders, 

predominantly at lower Reynolds numbers or through 

experimental methods [1,5,8], this research 

distinguishes itself by employing a two-dimensional 

computational fluid dynamics (CFD) approach with the 

k-ω SST turbulence model to examine the 

characteristics of vortex-induced vibration of a single-

degree-of-freedom circular cylinder in the TrSL3 

region of the subcritical flow regime, as classified by 

Zdravkovich [10]. This investigation provides novel 

insights into the P+S vortex shedding mode, 

characterized by alternating pair and single vortices, 

which results in non-sinusoidal lift and drag 

coefficients, a less commonly reported feature in prior 

numerical analyses. These findings enhance the 

understanding of fluid-structure interactions in the 

TrSL3 regime and underscore the efficacy of two-

dimensional URANS simulations in capturing complex 

VIV phenomena at higher Reynolds numbers. 

Furthermore, recent reviews [11,12] underscore the 

need to explore such vortex shedding patterns at higher 

Reynolds numbers, making this work a distinct 

contribution to understanding fluid-structure 

interaction in this challenging flow regime. 
 

2. Materials and Methods 
2.1. Physical Model 

Figure 1 illustrates the schematic of the physical model. 

This model comprises a rigid, smooth circular cylinder 

with a diameter D and mass m, elastically mounted in 

the fluid flow using two linear springs with a stiffness 

coefficient K. The damping coefficient c represents 

structural damping, arising from internal friction and 

applied to the model. The cylinder is mounted 

horizontally in a cross-flow and constrained to oscillate 

only in the y-direction. 

 

Figure 1. Schematic of the physical model: An elastically 

mounted circular cylinder with linear spring and damper 

exposed to a cross-flow. 

 

The water flow is uniform, steady, and directed in the 

x-direction. Table 1 presents the parameters of the 

physical model and fluid properties. The system mass 

includes the effective mass of the spring and the mass 

of the oscillating cylinder. The Reynolds number of the 

flow, calculated based on the cylinder diameter D, is 

1.25 × 10⁵ which indicates a subcritical flow regime. A 

characteristic of this regime is a fully turbulent 

boundary layer and a turbulent wake region. 
 

Table 1. Physical model and the media parameters 

Parameter Symbol Unit Value 

Cylinder diameter D m 0.125 

Cylinder length L m 0.9144 

Total oscillating mass mosc kg 12.7 

Total system elasticity 

(stiffness) 
K N/m 1025 

System damping csystem Ns/m 18.5 

System natural frequency in 

water 
fn,water Hz 1.04 

Fluid dynamic viscosity µ Ns/m2 0.001003 

Fluid density ρ kg/m3 998.2 

Nondimensional mass, mass 

ratio 
m* - 1.12 

 

2.2 Governing Fluid Flow Equations and 

Turbulence Model 

The governing fluid flow equations are the continuity 

and Navier-Stokes equations. These equations were 

solved using computational fluid dynamics (CFD). The 

finite volume method was employed to discretize the 

equations, implemented through the ANSYS Fluent 

software. The Pressure Based solver and the PISO 

algorithm were utilized to couple the equations. The k-

ω SST turbulence model was employed to solve the 

unsteady Reynolds-averaged Navier-Stokes (URANS) 

equations. 

 

2.3 Mathematical Model 

A simplified mathematical model describes the system 

dynamics and fluid forces associated with the vortex-

induced vibration of the cylinder. The motion of the 

cylinder in the y-direction, perpendicular to both the 

flow direction and the cylinder’s axis, is modeled by a 

second-order linear equation, as described in Eq. (1). 
 

,osc system spring fluid ym y c y K y F+ + =                   (1) 
 

where y represents the cylinder displacement, mosc is 

the mass of the oscillating system which includes one 

third of the spring mass, Kspring is the spring stiffness, 

csystem is the system damping coefficient, and Ffluid,y is 

the force exerted by the fluid on the body in the y-

direction. Due to the periodic nature of vortex 

shedding, the pressure on the cylinder surface also 

undergoes periodic fluctuations. Consequently, there 

are periodic variations in the forces applied to the 

cylinder surface. The force resulting from the pressure 
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distribution can be divided into two components: one 

perpendicular to the flow (the lift force, FL) and the 

other parallel to the flow (the drag force, FD). The lift 

force emerges when vortex shedding initiates and 

oscillates at the same frequency as the vortex shedding. 

Concurrently, the drag force also oscillates similarly to 

the lift force. It should be noted that the drag force, in 

addition to its fluctuating component, also has a 

constant component that arises from friction and 

pressure difference. 
 

3. Results 
Figure 2 shows the vortices formed in the wake region, 

which appear as a single vortex on one side of the 

vortex street and a pair of vortices on the other side.  
After the cylinder's transient response, the vortex 

shedding pattern is such that in one half-period of the 

cylinder's oscillation, a single vortex forms and sheds, 

while in the next half-period, two vortices shed into the 

wake. 

The displacement ratio time history (Figure 3, up) 

demonstrates that the cylinder undergoes oscillatory 

motion perpendicular to the flow due to periodic forces 

induced by vortex shedding. The maximum amplitude 

of cylinder oscillation obtained in this study is 0.086 m, 

and the maximum non-dimensional oscillation 

amplitude (ratio of oscillation amplitude to cylinder 

diameter) is 0.69. These values were determined after 

the stabilization of cylinder oscillation and following 

the transient response. According to the calculations, 

the root mean square value of the nondimensional 

displacement (y*R.M.S.) is 0.46. Furthermore, this 

oscillatory motion has a frequency of 1.1 Hz. Figure 3 

(down) depicts the FFT analysis of displacement ratio. 

 

 
Figure 2. Vortex shedding behind the cylinder according to 

the velocity magnitude 

 

 

 
Figure 3. (Up) Time history and (down) frequency spectrum of 

the cylinder displacement ratio 

 

As mentioned, periodic vortex shedding generates an 

oscillating lift force, inducing the transverse oscillatory 

motion of the cylinder. Figure 4 (up) shows time 

records of the lift coefficient. The maximum value of 

the lift coefficient after the stabilization of cylinder 

oscillation is 0.93, and the minimum value is -0.56. 

Moreover, its time-average value is 0.06. Based on the 

calculations, the R.M.S. value of the lift coefficient (Cl, 

R.M.S.) is 0.44. The FFT analysis indicates that the 

predominant frequency of the oscillating lift coefficient 

is 1.1 Hz, with additional frequency components at 

2.25 Hz and 3.35 Hz (Figure 4, down). 

The maximum value of the drag coefficient after the 

stabilization of cylinder oscillation is 2.89, and its time-

average value is 2.09. Furthermore, the dominant 

frequency of the drag force, according to the FFT 

analysis, is 2.25 Hz. The time history of the drag 

coefficient and its components frequencies are shown 

in Figure 5. 

 

 
Figure 4. (up) Time records of the lift coefficient and (down) its 

frequency spectrum 
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Figure 5. (up) Time records of the drag coefficient and (down) 

its frequency spectrum 

 

4. Discussion 
The Reynolds number of 1.25 × 10⁵ corresponds to a 

subcritical flow regime. In this regime, the boundary 

layer transitions from laminar to turbulent, and the 

wake region is also turbulent. The shedding vortices in 

the subcritical regime, exhibit a high degree of 

organization, as evident in Figure 2. Due to the 

oscillatory motion of the cylinder in the fluid, different 

wake structures can be created downstream of the flow. 

These structures are influenced by various factors such 

as the Reynolds number, cylinder surface roughness, 

cylinder end conditions, length-to-diameter ratio of the 

cylinder, and structural characteristics. As observed in 

Figure 2, in each oscillation period of the cylinder, a 

pair of vortices is shed on one side of the Kármán Street 

and a single vortex on the other side, corresponding to 

the P+S mode. 

After the transient response of the cylinder, the 

displacement ratio time history exhibits a sinusoidal 

shape, bounded by a value of 0.7. A compilation of data 

of the displacement ratio from other researchers is 

presented in Table 2. To interpret the discrepancies in 

the cylinder response, understanding the characteristics 

of the flow regime and the near-wake region is crucial. 
 

Table 2. Vortex induced vibration displacement ratio data 

A/D m*ζ 
Reynolds 

number 
Investigators 

0.51 N.A 50000 Sahu et al. [13] 

0.62 N.A 80000 Abbaspour et al. [9] 

1.13 0.012 14000-65000 Vikestad et al. [14] 

0.69 0.066 125000 
Present 

experiments 

1.97 0.251 8000-150000 Raghavan [15] 

2.0 N.A 70000-250000 Ding et al. [16] 

0.75 N.A 150000 Sahu et al. [13] 

0.39 N.A 300000 Sahu et al. [13] 

 

Figure 6 illustrates the phase difference between the 

displacement ratio of the cylinder and the lift 

coefficient. The presence of a phase difference between 

the cylinder displacement and the lift force indicates a 

time delay in the structural response to the applied 

forces. The lift coefficient time history (Figure 4, up) 

does not exhibit a sinusoidal pattern and displays two 

peaks in each half-period of cylinder oscillation. The 

values of these two peaks differ significantly, with the 

smaller peak being less than 0.1. Consequently, the lift 

coefficient remains near zero for an extended duration. 

The non-sinusoidal nature of the lift coefficient arises 

from the vortex shedding pattern in the wake. The 

vortex shedding, in accordance with a specific pattern 

and interactions between shed vortices, generates 

multiple oscillatory components within the lift force, 

each characterized by distinct frequency, phase, and 

amplitude. Figure 4 (down) illustrates the power 

spectral density of the lift coefficient. The frequencies 

of components with lower power are approximately 2 

and 3 times the dominant frequency. The dominant 

frequency of the lift coefficient is 1.1 Hz, which 

coincides with the frequency of the cylinder oscillation. 

The non-zero time-averaged lift coefficient, resulting 

from the difference between its maximum and 

minimum magnitudes, indicates an asymmetry in the 

time-series data of the lift coefficient. This asymmetry 

in the positive and negative amplitudes of cylinder 

motion stems from the wake structure and the presence 

of the P+S mode in vortex shedding. In other words, 

the alternation in the number of vortices shed in 

successive half-periods of cylinder oscillation results in 

unequal pressure forces being applied to the cylinder in 

the positive and negative amplitudes of oscillation.  The 

positive values of the lift coefficient are bounded by a 

value of 1, and the negative values by -0.6. 

Table 3 compares the Cl with results reported by other 

researchers in the subcritical flow regime. In this 

regime, the boundary layer transitions from laminar to 

turbulent. This transition influences the vortex 

shedding frequency, vortex strength, and, 

consequently, the lift forces. It can be observed that the 

lift coefficient increases with increasing Reynolds 

number. Figure 7, presented by Norberg [17], also 

illustrates Cl, R.M.S versus Re. The results of the present 

study align with this figure. 
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Table 3. Vortex induced vibration Maximum and R.M.S. lift 

coefficient data 

Investigators 
Reynolds 

number 
Cl,max Cl,R.M.S. 

Khalak and Williamson [18] 1700 - 0.03 

Khalak and Williamson [18] 9750 - 0.25 

Khalak and Williamson [18] 12500 - 0.29 

Abbaspour et al. [9] 80000 0.80 - 

Present experiments 125000 0.93 0.44 

Sahu et al. [13] 150000 - 1.25 

 

The rapid increase in the drag coefficient at the 

beginning of the its time history diagram (Figure 5, up) 

is attributed to the development of the initial flow and 

the formation of the boundary layer. After the transition 

from initial conditions, leading to the development of a 

stable wake behind the cylinder, periodic fluctuations 

in the drag coefficient occur, which is a characteristic 

of VIV and a consequence of the periodic shedding of 

vortices from the cylinder surface. 

The drag force, like the lift one, is composed of several 

oscillatory components with different frequencies, 

caused by vortex shedding from the cylinder surface. 

As a result, the drag coefficient exhibits a non-

sinusoidal oscillation, as shown in Figure 5 (up). The 

periodic part of the drag coefficient time history is 

bounded by the values of 1.5 and 2.9. Frequency 

analysis of the drag coefficient (Figure 5, down) 

reveals that the dominant frequency is 2.25 Hz, with 

contributions from other significant components at 1.1 

and 3.35 Hz.  

 
Figure 6. Time records of the lift coefficient and displacement ratio 

 

 
Figure 7. Fluctuating lift coefficient plotted versus Reynolds number [Reproduced from Norberg (2000)] 
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The drag coefficient oscillates at roughly double the 

frequency of the lift coefficient. This is because the lift 

force requires a full cycle of vortex shedding from both 

sides of the cylinder to complete its oscillation. In 

contrast, the drag force undergoes a full oscillation 

cycle with vortex shedding from each side of the 

cylinder  [19]. Table 4 presents the mean drag 

coefficient (Cd) values at the end of the subcritical 

regime. With increasing Reynolds number and 

approaching the critical regime, the drag coefficient 

decreases. This is due to the elongation of the vortex 

formation region [10]. The high value of the drag 

coefficient results in increased energy dissipation 

within the fluid-structure system, influencing the 

amplitude of cylinder oscillation. Consequently, the 

displacement ratio of the cylinder (Table 2) in the 

present study is lower than that reported by Sahu et al. 

[13]. 
 
Table 4. Vortex induced vibration mean drag coefficient data 

Investigators Reynolds number 𝑪𝒅̅̅̅̅  

Present study 125000 2.09 
Sahu et al. [13] 150000 0.95 

 

5. Conclusions 
Simulation of the single degree of freedom vortex-

induced vibration (VIV) of a rigid circular cylinder 

elastically mounted was implemented by solving 

unsteady Reynolds-averaged Navier-Stokes equations 

using the k-ω SST turbulence model in the Transition of 

Shear Layer 3 (TrSL3) region of the subcritical flow 

regime. The following results were obtained and 

discussed. First of all, the vortices shed in the wake 

were well-organized. The vortex shedding pattern was 

shown in one period of cylinder oscillation. In this 

regard, P+S vortex pattern mode was observed. 

Second, the cylinder exhibited a sinusoidal oscillatory 

motion perpendicular to the flow direction, driven by 

the periodic forces induced by vortex shedding. 

Oscillatory motion occurs at the same frequency as the 

dominant frequency of lift force fluctuations, but with 

a time lag caused by structural delays in responding to 

the applied force. In the presence of the P+S vortex 

shedding mode, the time histories of the lift and drag 

forces exhibited non-sinusoidal behavior. Instead, they 

were composed of the superposition of multiple 

oscillatory components with varying frequencies and 

amplitudes. FFT analysis of the lift and drag 

coefficients revealed the dominant frequency as well as 

other frequencies. According to this analysis, the 

dominant frequency of the drag coefficient was twice 

that of the lift coefficient. And finally, compared to 

previous studies, it was observed that a larger drag 

coefficient was associated with a smaller amplitude of 

oscillation. This is attributed to the fact that higher drag 

coefficients result in greater energy dissipation from 

the system, which in turn affects the displacement of 

the cylinder. 
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