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Abstract: In this work, vortex-induced vibrations (or VIV) of a horizontal flexible structure capable of moving in cross-
flow and in-line directions are considered using wake oscillator approach. The ongoing study aims to investigate 
different types of nonlinear damping in fluid oscillators and their role in accuracy of VIV prediction. Van der Pol and 
Rayleigh damping types were investigated in this project. The Galerkin-type sinusoidal discretization of the flexible 
beam equations was applied and the obtained system of ordinary differential equation was solved numerically. The 
proposed models were calibrated with the published experimental data by Sanaati and Kato (2012) and the prediction 
results were compared. It was observed that the Van der Pol damping was the most suitable to predict the vibrations of 
the considered horizontal structure. 
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INTRODUCTION 
Offshore production systems and civil structures are exposed to various loadings which may result in substantial 

vibrations. In some cases vibrations of slender structures originate from the interaction with the surrounding flow of water 
or air. These vortex-induced vibrations cause flexible risers and cables to oscillate around initial position due to variations 
of the active fluid forces and often lead to significant reduction of the operational life of the structure.  

This study aims to improve the accuracy of VIV predictions which are obtained employing the wake oscillator method. 
This approach implies modelling of fluctuations of the drag and lift forces using self-excited limit cycle oscillators. 
Equations of fluid forces are coupled with the structural equations for each direction. This method has the potential to 
achieve both high prediction accuracy and suitable computational time. 

In the current research, the authors propose a novel wake oscillator model of flexible structure VIV considering various 
combinations of Van der Pol and Rayleigh damping terms in fluid equations and then investigate the dynamic responses 
of the most accurate model variations. The previous studies were focused on the improvement of prediction accuracy of 
the rigid structure models (Postnikov et al., 2017, Kurushina and Pavlovskaia, 2018, Kurushina et al., 2018) and on the 
VIV of flexible structures oscillating in cross-flow direction only (Pavlovskaia et al., 2016). Cases of vertical and 
horizontal structures interacting with the uniform flow are considered first before investigating prediction accuracy for 
more complex structures and flows. 

MATHEMATICAL MODEL 
In this study a horizontal flexible beam with circular cross-section and pinned-pinned ends is considered when 

subjected to the uniformed flow with the constant velocity U along the length of structure. Tension T0 is applied to one 
of the ends of the structure, as shown in Fig. 1, and oscillations in cross-flow and in-line directions are investigated.  

The governing partial differential equations for the horizontal flexible beam with purely linear characteristics are 
simplified using the Galerkin-type sinusoidal discretization and multi-mode approximations are derived and studied. Here, 
following the approach employing nonlinear oscillator equations of the Van der Pol type, the fluctuating lift and drag 
coefficients are modeled using two wake oscillators q(𝜁𝜁, 𝜏𝜏) and w(𝜁𝜁, 𝜏𝜏) variables.  The obtained equations in non-
dimensional form are: 
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where Xi, Yi are in-line and cross-flow modal coefficients of the i-th mode respectively; wi, qi are wake coefficients, 
representing fluctuations of the fluid forces; εx, εy are dimensionless damping coefficients in the fluid equations; a, b, c 
are dimensionless coefficients depending on the initial drag, fluctuating drag and lift coefficients respectively; St is the 
Strouhal number (assumed 0.2 in this study); 𝑚𝑚∗ is mass per unit length; L is structural length; ΩR is dimensionless vortex 
shedding frequency; 𝜔𝜔𝑛𝑛𝑛𝑛 is the natural frequency of the i-th mode; Π𝑛𝑛𝑛𝑛𝑛𝑛 ,Ψ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 are dimensionless constants depending on 
the number of considered modes; N is the number of considered modes. The final displacements are obtained from the 
time-dependent modal coefficients for a cross-section 𝜁𝜁 = 𝑍𝑍�
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Figure 1 – Horizontal flexible structure in uniform flow 

In this work the authors consider various nonlinear damping terms presented in Table 1 following previously proposed 
models by Kurushina and Pavlovskaia (2017) for the rigid structure VIV. Overall number of the model variations, 
considered in this study, is 8, including the original option with Van der Pol – Van der Pol damping types. 

Table 1 – Alternative wake oscillator equations 

Equation 
type In-line oscillator Cross-flow oscillator 
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CALIBRATION RESULTS 
Calibration of the empirical coefficients is conducted using the experimental data by Sanaati and Kato (2012). 

Accuracy of prediction is assessed using the system of priorities previously applied for the rigid structure models 
(Kurushina et al., 2018), where the main focus is on the highest displacement amplitude in the target experimental record.  

The calibration procedure and selection of the options based on the formulated objective function resulted in 3 suitable 
versions with the appropriate coefficients, as detailed in Table 2. These model versions are listed in order from the smallest 
value of the obtained objective function to the highest one, and the accuracy of the fit in illustrated in Fig. 2. In the work 
by Sanaati and Kato (2012), all measurements are performed for the cross-section in the middle of the structure (or 𝜁𝜁 =
0.50), and the displacement is recorded as the standard deviation. This is why, the statistics of displacement signal 
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generated by the considered model versions is also standard deviation in this research, and the data displayed in figures 
are for the middle cross-section only. 

Fig. 2b shows that Option 1 with Van der Pol – Van der Pol damping provides the most accurate prediction of the 
initial and super-upper branches of the target cross-flow displacement observed in the experiment (Sanaati and Kato, 
2012). Fig. 2a illustrates the differences in the generated in-line responses, where Option 2 with Rayleigh – Rayleigh 
damping implies a high first peak of the in-line displacement amplitudes around UR = 3.45.  

The generated modal coefficients for all three model versions in comparison are given in Fig. 3 for UR = 3.45. Option 
2 is distinct from the two other model variations in the signal of in-line displacement of the highest amplitude, which 
corresponds to the mentioned first peak in the in-line direction, and also this signal is the least modulated among all the 
options. On the contrary, the signal of the cross-flow displacement of Option 2 is the only modulated among three options. 
The authors consider these differences to result from applying Rayleigh damping in the lift oscillator. 

Table 2 – The most accurate model versions with the sets of calibrated coefficients 

Option Fluid nonlinearities 𝐶𝐶𝐿𝐿0 𝐶𝐶𝐷𝐷0 𝐶𝐶𝐷𝐷0
𝑓𝑓𝑓𝑓  𝜀𝜀𝑥𝑥  𝜀𝜀𝑦𝑦 𝐴𝐴𝑥𝑥 𝐴𝐴𝑦𝑦 𝐶𝐶𝐴𝐴 𝐾𝐾 

1 Van der Pol – Van der Pol 0.74 1.59 0.01 0.8154 1.0116 11.96 3.94 2.77 1.35 

2 Rayleigh – Rayleigh  0.72 2.60 1.55 0.7041 0.0825 12.37 8.43 2.15 0.88 

3 Modified Rayleigh – Modified Van der Pol 0.29 1.74 0.19 
0.3498, 

0.3028 

0.0478, 

0.0645 
11.98 11.90 1.17 0.47 

 

Figure 2 – Calibration results: a) obtained in-line displacement amplitudes; b) cross-flow displacement 
amplitudes calibrated with the experimental data by Sanaati and Kato (2012).  

CONCLUSIONS 
This research is focused on the development of a wake oscillator model with an appropriate damping type in the fluid 

equations in order to accurately predict VIV of a flexible structure. The model has been modified with 3 alternative 
damping terms in the equations for the lift and drag coefficients, which resulted in 8 alternative model versions to compare. 

As a result of this study, the model option with Van der Pol – Van der Pol damping types, as shown in Table 2 and 
Fig. 2, with the appropriate set of coefficients is able to provide the most accurate prediction. The model version with 
Rayleigh – Rayleigh damping generates a distinct in-line displacement signal below UR = 5.0, which is the result of 
applying Rayleigh damping in the lift oscillator equation. 

The future research using wake oscillator method should focus on VIV predictions of various configurations of flexible 
structures, different boundary conditions and flow velocity profiles. 
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Figure 3 – Time histories of the modal coefficients generated by the model variations displayed in Fig. 2: a) in-
line modal coefficient generated by Option 1; b) cross-flow modal coefficient generated by Option 1; c) in-line 

modal coefficient generated by Option 2; d) cross-flow modal coefficient generated by Option 2; e) in-line modal 
coefficient generated by Option 3; f) cross-flow modal coefficient generated by Option 3. All Options are given in 

the colour in accordance with Fig. 2. Brown lines show the values of standard deviations. 
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