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Abstract 

The lock-in and drag amplification phenomenon is studied in a flexible 
cantilever using a simplified fluid-structure interaction (FSI) algorithm. Navier-
Stokes equations for incompressible flow have been solved in 2D in several 
transverse planes of the line-like structure. A fractional step scheme has been 
used to solve the fluid field. In each fluid plane, the displacements have been 
taken into account considering an Arbitrary Lagrangian Eulerian (ALE) 
approach. The stabilization of convection and diffusion terms has been achieved 
by means of orthogonal quasi-static subscales. No turbulence model has been 
included. In order to solve the structural problem, a monodimensional element 
for thin walled cross-section beams has been considered. The standard second 
order Newmark method has been used to include the dynamical behaviour 
equations. The wind has been considered to be an incompressible fluid acting on 
the structure in a series of planes that are independent among them, and 
transverse to the structure. For each period of time, the fluid problem was solved, 
the aeroelastic analysis was carried out, and the geometry of the mesh of each 
fluid plane was updated according to the structure displacements. 
Keywords: vortex-induced vibrations, line slender structures, aeroelasticity, 
coupled problems, lock-in, drag amplification. 
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1 Introduction 

Vibrations generated by vortex shedding may occur in slender structures and are 
very important for the design of these kinds of structures, such as chimneys, 
towers, masts, cables or bridge-decks. The practical significance of vortex-
induced vibrations (VIV) has led to a considerable amount of research work, 
either experimental or theoretical, the latter through nonlinear-oscillator 
modelling approaches and, recently, also through Computational Fluid Dynamics 
(CFD). In the comprehensive review of Williamson and Govardhan [1], 
fundamental results and discoveries concerning VIV are discussed. 
     The first numeric researches on air flow around a cylinder were carried out in 
1969 by Son and Hanratty [2]. In 1986 Braza et al. [3] used the finite volume 
method to analyse the vortex shedding in cylinders, with a Reynolds number less 
than 1000. In 1993, Dawes [4] used the finite volume method to solve the same 
problem. He used an adaptive method, including the ability to refine the mesh in 
function of the solution obtained, to get a computationally economical solution. 
Kalktsis et al. [5] used the spectral element method to carry out a computational 
research of the forces on a cylinder harmonically oscillating in a perpendicular 
direction to the uniform flow. Other authors, such as Jan and Sheu [6] and 
Prasanth et al. [7,8], have also used the finite element method to analyse the 
vortex shedding phenomenon. 
     Other researchers, such as Rodi [9] in 1997, studied the vortex shedding 
phenomenon in non aerodynamic bodies. Steggel and Rockliff [10] used the 
discrete vortex method. With this same method, Larsen and Walther [11] were 
able to calculate aerodynamic parameters, such as the lift and drag coefficients or 
the Strouhal number, for different cross-sections. The numerical methodology to 
analyse the lock-in phenomenon, and its relation with the use conditions of 
slender structures to limit their vibration levels, was used by Lopes et al. [12]. 
For analysing the air flow and its action on the structure, these researchers used a 
method based on the finite volumes technique, while the dynamic behaviour of 
the structure was calculated with the finite element method (FEM). 
     In this work vortex-induced vibrations of line slender structures have been 
studied using a simplified fluid-structure interaction algorithm. An example of 
the response of a cantilever beam subjected to the wind action is shown in a 
range where vibration behaviour is critical, resulting in lock-in and drag 
amplification effects. 

2 Lock-in and drag amplification phenomenon 

Vortex-induced vibrations occur when vortices are shed alternatively from 
opposite sides of the structure whose primary frequency ns is, according to the 
Strouhal relation, 

 
                                                             (1) 

 

where St depends upon body geometry and the Reynolds number, D is the 
across-wind dimension of the body, and U is the mean velocity of the uniform 
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flow in which the body is immersed. This gives rise to a fluctuating force density 
Fy (t) perpendicular to the wind direction, which can be rendered dimensionless 
and expressed in terms of lift coefficient as 
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where ρ is the fluid density. 
     Under the action of the vortices shed in its wake the structure will be driven 
periodically, but this driving will lead only small response unless the vortex 
shedding frequency approaches the natural across-flow natural frequency of the 
structure ne. Near this frequency greater body movement is elicited, and the 
structural motion begins to interact strongly with the flow in such a way that the 
vortex shedding frequency synchronizes with the structure’s natural frequency 
which controls the vortex-shedding phenomenon even when variations in flow 
velocity modify the nominal Strouhal frequency away from the natural frequency 
by a few percent. This phenomenon is called lock-in and it is observed for low 
values of mass and/or structural damping [13]. 
     On the other hand, an interesting large-amplitude response mode is found at 
higher reduced velocities outside the principal synchronization range [14,15], 
resulting in a large amplification of the drag coefficient. This vibration mode is 
due to a coupled streamwise-transverse motion, where the streamwise amplitude 
becomes non-negligible. There is strong correlation between the streamwise and 
transverse motions, as the frequency of the transverse oscillation is exactly half 
the frequency for the streamwise vibrations. 

3 Theoretical formulation 

To study the lock-in and drag amplification phenomenon a one-dimensional 
structural model [16] has been coupled to the fluid flow. In order to perform the 
interaction between both problems, it is necessary to identify the geometry of the 
across-section of the beam and the distribution of pressure or force density on its 
boundary. Under the usual assumptions, the motion of the beam axis describes 
the motion of the whole cross-section, which can be imagined as a rigid surface 
which follows the translation and the rotation of the beam axis. This allows one 
to associate any section of finite dimensions lying in the xy plane to each point of 
the one-dimensional beam element, assumed to be oriented as the Oz axis. Given 
the hypothesis of small-strains, the motion of the cross-section outside of the xy 
plane can be neglected. This is not consistent with the kinematics hypothesis on 
the beam motion, but can be accepted as a very good approximation for the only 
purpose of describing the motion of the beam imagined as a three dimensional 
body. 
     Current work concentrates on the case of blunt-body cross-sections with a 
clear predominance of the shape resistance over the friction resistance. For this 
category of structures, the dynamic behaviour of the overall coupled system 
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plays a very important role. A time-accurate viscous flow solver is thus needed. 
Even if the features of the problem make it possible to use a rather coarse mesh, 
it can be immediately verified that the number of elements needed for a complete 
3D simulation makes it unviable for any realistic beam length. 
     In our case, the interest focuses on the behaviour of a beam subjected to a 
flow orthogonal to the beam axis. Under this assumption, the fluid domain was 
modelled with a number of independent two-dimensional planes of fluid where, 
on each one, the problem can be solved separately. Conceptually, the solution on 
each fluid plane provides a force density Fy (t), acting on the cross-section beam, 
which is obtained by integrating the pressure of the fluid over the corresponding 
cross-section boundary. A time-varying distributed load over the beam is 
obtained by linear interpolation between consecutive fluid planes. The 
deformation of the beam provides a relation between the motion of the different 
sections. 
     It is interesting to make a conceptual consideration on the nature of the 
coupling. The beam formulation makes use of the small strain hypothesis, which 
implies that the reference and deformed configuration are considered to coalesce 
in writing the equilibrium. On the other hand, the motion of the cross-section is 
obtained exactly once given the motion of the corresponding axis, without taking 
advantage of the small strain hypothesis. This implies that the loads acting on the 
structure will be allowed depending in a non-linear way on the motion of the 
beam. This feature may become important for the cases in which the model 
moves at the limits of the small strain formulation. 
     Finally, it is needed to choose a suitable coupling algorithm. In this work, the 
aeroelastic problem is characterized by large Reynolds numbers and flows 
featuring sharp separations at the corners of the section. It is well known that 
loose coupling procedures are very efficient for such a problem. A fractional-step 
approach was chosen and is described in Rossi [17]. It assumes the form: 

 Solve the structure using the loads (pressure) at time. 
 Move the fluid-mesh according to the structural motion. 
 Solve the fluid. 
 Solve the structural problem applying the newly calculated pressure. 

In detail, the structural solution assumes the form 
 Integrate the fluid force on the beam section. 
 Solve the dynamic problem. 
 Move the section accordingly to the calculated motion of the beam. 
 Assign a velocity to the points of the section consistently with the mesh 

motion scheme chosen. 
The fluid solver used is a fractional-step scheme based on a second order 
pressure splitting [18]. The solver allows an Arbitrary Lagrangian Eulerian 
(ALE) description of the fluid domain, allowing dealing simply with the 
deformation of the fluid domain. The stabilization of convection and diffusion 
terms is obtained using the Orthogonal Sub Scales (OSS) approach [19]. It is 
assumed that the temporal variation of the subscales is negligible. No turbulence 
model is included in the simulation. The motion equations of the structure are 
integrated using a standard second-order accurate Newmark scheme. 
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4 Steel mast subjected to wind action 

The lock-in and drag amplification phenomenon is studied in a 34 m steel mast 
under wind action. The diameter of the mast is 0.5 m and the shell thickness is 
4.8 mm. The elastic properties are Young’s modulus E = 2.1·1011 Pa, shear 
modulus G = 8.077·1010 Pa, Poisson’s ratio ν = 0.3 and density ρ = 7772 kg/m3. 
The mast was modelled as a flexible cantilever with four beam elements and 
structural damping, proportional to the mass matrix, is assumed. The first natural 
frequency is estimated by a modal analysis to be 0.43 Hz.  
     The fluid is air with density ρ = 1.21 kg/m3 and dynamic viscosity μ = 1.8·10-

5 Ns/m2. Wind action was modelled as unique plane of fluid with triangular finite 
elements located at the free end of the cantilever (see fig. 1). 
 

  

Figure 1: Mast model under wind action and fluid domain mesh. 

     Figure 2 shows the frequency response of the across-wind vibration of the 
structure vs. reduced velocity for different structural damping ratios βs. The 
variation of the transverse amplitude response of the cantilever with the reduced 
velocity on a normal scale and logarithm scale is plotted in fig. 3. It is observed 
that in the principal synchronization regime (typically Ur about 5) the lock-in 
phenomenon occurs only for the case in which the structural damping ratio is 
0.025 and results in high response amplitude. 
     A further interesting result for the cantilever is the large-amplitude transverse 
oscillation for high velocities. It is noticed that the smaller the structural damping 
is, the more quickly the large-amplitude response occurs, that is, the lower fluid 
flow velocity is required. In order to explain this, we consider the case of 
structural damping ratio βs = 0.025 and Ur = 9 as representative of the rest. 
     Figure 4 shows the oscillation of the lift coefficient, eqn. (2), with time and 
the FFT analysis. We can see the synchronization between the vortex-shedding 
frequency and the structure’s natural frequency. During the first seconds of the 
analysis (t < 150 sec. approximately), the transverse displacements are small and 
the frequency of the lift coefficient is 0.84 Hz. This value is due to the vortex 
shedding and is coherent with the Strouhal relation, eqn. (1), for St = 0.21 (Re = 
6.67·104). For a time t between 150 and 250 sec. approximately, the 
synchronization occurs between the two frequencies. Finally, for a time t > 250 
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Figure 2: Frequency response vs. reduced velocity. 
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Figure 3: Transverse amplitude response vs. reduced velocity. 
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Figure 4: Oscillation of the lift coefficient and FFT analysis. 
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Figure 5: Time history of the across-wind vibration. 
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Figure 6: Time history of the across-wind and the along-wind vibration. 
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Figure 7: Frequency response of the across-wind and the along-wind 
vibration. 

sec. approximately, the frequency of the fluctuating lift coefficient is equal the 
natural frequency (0.43 Hz) and the transverse displacements increase 
significantly (see fig. 5) due to structural motion begins to interact strongly with 
the wind field and the structure’s natural frequency controls the vortex-shedding 
phenomenon. 
     Time history of the along-wind vibration is showed in fig. 6. We can observe 
that the structure vibration increases and occurs around a new position of 
equilibrium for a time t > 250 sec. approximately. For this time, there is a strong 
correlation between streamwise and transverse oscillations, as we find that the 
frequency of the across-wind vibration is 0.43 Hz and the frequency of the 
along-wind direction is twice as much as transverse one, 0.86 Hz (see fig. 7).  
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Figure 8: Oscillation of the drag coefficient. 
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Figure 9: RMS value of the drag coefficient vs. reduced velocity. 
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Figure 10: RMS value of the drag coefficient vs. transverse displacement. 

     The variation of the drag coefficient with time is showed in fig. 8. It is 
noticed that the drag coefficient increases significantly (drag amplification) as a 
result of the coupling between streamwise and transverse motion that happens 
for a time t > 250 sec. approximately. 
     Figure 9 shows the RMS value of the drag coefficient vs. reduced velocity for 
different structural damping ratios. It is observed that the smaller the structural 
damping is, the more quickly the RMS value of the drag coefficient increases 
from a certain value of the velocity. The variation of the RMS value of the drag 
coefficient with the transverse displacement is showed in fig. 10 on a normal and 
logarithm scale. We can see that the increase of the drag coefficient depends on 
the amplitude of the transverse vibration of the structure but it is independent of 
the structural damping ratio. 
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Figure 11: RMS value of the along-wind displacement vs. reduced velocity. 

     Finally, Figure 11 shows the increase of the along-wind displacement of the 
structure as the reduced velocity increases. This variation of the along-wind 
displacement is in line with the variation of the drag coefficient. 

5 Conclusions 

In summary, a simplified numerical method for fluid-structure interaction (FSI) 
analysis of line slender structures subjected to the action of the wind has been 
developed. The lock-in and drag amplification phenomenon has been studied 
successfully in a 34 m steel mast. A high-speed vibration mode of large-
amplitude response has been found, which is outside the principal 
synchronization range, and is associated with a streamwise-transverse vibration 
coupling. The frequency of the transverse vibration of this high-speed mode 
corresponds to half the streamwise vibration frequency, also according to 
experimental results. 
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