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Lock-in of the vortex-induced vibrations of a long tensioned beam
in shear flow
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2 Department of Mechanical Engineering, Massachusetts Institute of Technology, Cambridge, MA 02139, USA
b pivision of Applied Mathematics, Brown University, Providence, RI 02912, USA

ABSTRACT

The occurrence of lock-in, defined as the local synchronization between the vortex
shedding frequency and the cross-flow structural vibration frequency, is investigated in
the case of a tensioned beam of length to diameter ratio 200, free to move in both the
in-line and cross-flow directions, and immersed in a linear shear current. Direct
numerical simulation is employed at three Reynolds numbers, from 110 to 1100, so
as to include the transition to turbulence in the wake. The Reynolds number influences
Keywords: the response amplitudes, but in all cases we observed similar fluid-structure interac-
Vortex-induced vibrations tion mechanisms, resulting in high-wavenumber vortex-induced vibrations consisting

LOCkTm of a mixture of standing and traveling wave patterns.
Tensioned beam R . . . ] X R
Shear flow Lock-in occurs in the high oncoming velocity region, over at least 30% of the cylinder

Direct numerical simulation length. In the case of multi-frequency response, at any given spanwise location lock-in
is principally established at one of the excited vibration frequencies, usually the locally
predominant one. The spanwise patterns of the force and added mass coefficients
exhibit different behaviors within the lock-in versus the non-lock-in region. The
spanwise zones where the flow provides energy to excite the structural vibrations are
located mainly within the lock-in region, while the flow damps the structural vibrations
in the non-lock-in region.

1. Introduction

Long tensioned beams subject to vortex-induced vibrations (VIV) within a shear flow are encountered in a number of
important applications, while they serve as a paradigm of a distributed flow-structure interaction problem. In the context
of ocean engineering, the reliable estimation of the fatigue damage of risers and mooring lines placed within sheared ocean
currents requires detailed understanding and efficient prediction of these self-excited oscillations.

The problems of a rigid circular cylinder free to move or forced to oscillate in the crass-flow direction. in uniform
current have contrihnted to elucidate some fundamental VIV mechanisms

. Large amplitude oscillations occur when the vortex sneaaing ana tne structural viprauon
Irequencies coinciae, a condition referred to as ‘lock-in’. The lock-in condition can occur over a range of oncoming flow
velocities and the vortex shedding frequency can be driven relatively far from the Strouhal frequency, which results from
the von Karman instability behind a stationary cylinder; this phenomenon of frequency entrainment is described as ‘wake
capture’.

The case of long flexible cylinders has attracted less attention, especially for beams in sheared currents.

studied the wake of a cable forced to oscillate in the cross-flow direction within a linearly sheared flow.
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defined as m = p_/n-N?. where n_ is the cvlinder mass per unit length, and py the fluid density. The mass ratio is set equal
to 6 in reference t«  work and lower values are currently under investigation. The constant
tension, bending sumness ana aamping or tne structure are designated by T, EI and K, respectively. The in-line and cross-
flow displacements of the cylinder are denoted by {, and {,. The drag and lift coefficients are denoted by C, and C,. The
structural dvnamics are oaverned hy a tensioned beam model, expressed as follows in non-dimensional formulation
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where { = [Cx,Cy]T and C =[G, G]". t denotes the non-dimensional time variable. o, and w; are the cable and beam phase
velocities, defined as w? =T/m and w? = EI/m, respectively. The structural damping is set equal to zero (K=0) to allow
maximum amplitude oscillations. A tensioned beam is considered in this study, with cw; =4.55 and @, =9.09. As shown in
Section 3, these structural parameters lead to vibrations involving high structural wavenumbers, which are representative
of configurations encountered in the context of ocean engineering.

The parallelized code Nektar, based on the spectral/hp element method , is used to
solve the coupled fluid-strmicture svstem. Netails recarding validatian studies at the nuimerical method and parameters
have been reported in and The computational

domain extends 50D aownstream ana Zuv In Iront, above, and below the cyunaer. A two-aimensional grid of 2175
elements with polynomial order p=6 or 7, depending on the Reynolds number, is used in the (x,y) planes. In the z
direction, 512 planes (256 complex Fourier modes) are used for the Re;,=110 case. and 1024 nlanes (512 comnlex Fourier
modes) in the Re,;=330 and 1100 cases. The spatial resolution is similar tc ; study for
a cylinder of aspect ratio L/D=4n constrained to oscillate in the cross-now airecuion, at Ke=1uUvu. 1ne spanwise
periodicity of the imposed shear velocity profile, due to Fourier expansion, is enforced in a buffer region. The buffer region
inflow velocity profile is represented by a third-order polynomial that ensures continuity of the velocity profile and its
slope. The size of the huffer resion is chosen equal to 8% of the cylinder length (Az=16), in agreement with the
recommendations of Two additional simulations performed at Re,;;=110 with Az=11 and 21 have
emphasized the negugipie innuence or the buffer region size on the rest of the domain, as long as it remains small
compared to the cylinder length. The relative difference on the maximum RMS values of the structure displacements along
the span is smaller than 3% between Az=11 and 21 cases. The relative difference on the vibration frequencies is smaller
than 0.5%. The buffer region is not shown in the following. The results reported in this study are based on time series of
more than 300 convective time units, collected after the initial transient dies out, for each Re,,.

3. Structural responses

The structure exhibits an asymmetric time-averaged in-line deformation due to the oncoming shear flow, with a
maximum displacement located near z=80 b)). The Reynolds number considered in the simulation has only a small
influence on this deformation. The time-averagea drag coefficient normalized by the local inflow velocity, Cy, is plotted in

c). The spanwise evolution of Cy is substantially influenced by the structural motion, in particular by the cross-flow
vipration pattern. A slight increase of the C, local maxima can be noticed with increasing Re,, in the region of maximum
in-line displacement. Fluid forces are investigated in Section 5.

In both the in-line and cross-flow directions, the structural response is a combination of standing and traveling wave
patterns, as illustrated ir d) by the spatio-temporal evolution of the in-line displacement fluctuation, over a selected
time interval. for Re,,=11vu. Maximum and RMS values of the vibration amplitudes reflect the mixed nature of the
responses .In these plots and in the following, only the deviations of the in-line motion from its mean value, Z,, are
considerea. 1ne standing character of the responses leads to the formation of cells along the span corresponding to
alternating ‘nodes’ (minima of the response envelope) and ‘anti-nodes’ (maxima of the response envelope). Despite the
shear flow, the displacements associated with anti-nodes remain relatively constant along the cylinder span. The standing
character of the response is more pronounced near the ends. The RMS values of the displacements associated with nodes
are different from zero, which emphasizes the modulation of the standing wave patterns by superimposed traveling wave
components. The Re,, influence on response amplitudes is more pronounced in the in-line direction. The amplitudes of
vibration reached at Re..=1100 are similar to exnerimental measurements carried out with flexible cylinders at higher
Reynolds numbers . The variability of the
spanwise distance between the successive maxima {anti-nodes) ot the cross-tiow displacement KMS values illustrates the
deviation of the actual standing wave components from sine Fourier modes, defined by sin(znzD/L), for the nth mode.

Snanwise distributions of the temporal power spectra of the in-line (Z,) and cross-flow ({y) vibrations are plotted in

The power spectral densities (PSD) are normalized at each spanwise location by the corresponding displacement
variance.

Responses at a single frequency as well as responses at several frequencies can be observed along the span. These two
types of response are referred to as ‘mono-frequency’ and ‘multi-frequency’, respectively. In the case of multi-frequency
response, as, for instance, in the in-line direction at Re,,=330, it can be noticed that the peaks are clearly defined and
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Fig. 2. (a,b) Maximum and {c,d) RMS values of the (a,c) in-line displacement fluctuation and (b,d) cross-flow displacement, along the cylinder span.

distinct from each other, despite a narrow-band vibration, in the range of [0.26,0.35]. The ratio between the in-line and
cross-flow excited frequencies is generally close to 2, including the multi-frequency cases.

The excited frequencies exhibit spectral peaks along the entire span. In both the in-line and cross-flow directions, these
peaks form spanwise cellular patterns that can be related to the excitation of specific structural wavenumbers. A spatio-
temporal spectral analysis based on a two-dimensional fast Fourier transform of the structural responses (not presented
here) shows that wavenumbers in the ranges [0.055,0.063] and [0.033,0.038] are excited in the in-line and cross-flow
directions, respectively. For illustration purposes, these excited wavenumbers can be loosely associated with the
corresponding sine Fourier modes; n € {22,23,24,25} in the in-line direction and n € {13,14,15} in the cross-flow direction.
The natural frequency associated with the wavenumber k can be evaluated as follows:

[P = #ﬂcm ky/wZ+4m2w2k?, @
\/ 2

where G, is the added mass coefficient induced bv the fluid. The natural frequencies corresponding to the above
mentioned modes, with C,,=1, are indicated in by vertical dashed lines. The actual responses exhibit substantial
deviations from f**, especially in the in-line direcuon.

4. Lock-in phenomenon

In the case of flexibly mounted rigid cylinders in uniform flow, the phenomenon of lock-in consists of self-excited,
vortex-induced vibrations accompanied by the synchronization of the frequency of vortex formation with the freauencv of
cvlinder vibration. The lock-in nhenomenon has been extensively investigated in this context

In the context oI long nexible cyunaers in shear flow, the lock-in condition can be defined locally; at each spanwise
location, the lock-in condition is established when the local vortex shedding frequency coincides with the local cross-flow
vibration frequency. In the absence of such synchronization, the condition is referred to as non-lock-in. The spanwise
region which includes all the locally locked-in locations is referred to as the lock-in region and the rest of the span as the
non-lock-in region.

The vortex shedding frequency is quantified from the cross-flow component of the flow velocity, v, along a spanwise
line located downstream of the cylinder at (x,y)=(20,0). The PSD of the v velocity component is nlotted along the span for
the three Re,, in The predominant cross-flow vibration frequencies determined ir are indicated by vertical
dashed lines.

In all cases, a region of lock-in can be identified in the high oncoming flow velocity zone, near z=0. The rest of the span
corresponds to a non-lock-in region, where the vortex shedding and the structural vibrations are not synchronized. The
lock-in region covers 59D, 75D and 77D at Re,,=110, 330 and 1100, respectively. The case of Re,;=330 exhibits lock-in at
all three distinct frequencies identified in the multi-frequency structural response. Despite some secondary contributions,
it can be observed that, at each spanwise location, the vortex shedding is mainly synchronized with a single frequency,
which can be different for each location. In addition, a comparison of the cross-flow vibration and flow velocity spectra
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Fig. 6. (a,b) Maximum and {c,d) RMS values of the (a,c) drag and (b,d) lift coefficients along the cylinder span.
instance in the in-line direction at Re,,=330 b)). The spanwise modulation of the power spectra by the standing

component of the vibrations is clearly visible. At ke;;,=330 and 1100, the regular spanwise distribution of the frequency
peaks is considerably altered in the lock-in region.

The time-averaged total (G, ), drag (C,,) and lift (G,) force coefficients in phase with the cylinder velocity, and
total (Cyq), drag (Cyq) and lift (C,,) force coefficients in phase with the cylinder acceleration, are defined as follows:

Coy = ﬁ(Cx.sz-FCyCy) . Cuo= ﬁ(Cx2Cx> . Gu= ﬁ(?yfy) ' 3a)
\/<Z,,+Z§> s &>
Cu= ﬁ(CxCx+CyCy> Coa = V2L CxlD . Ga= «/i(CyCy> 3b)

=2 22 %
V<Gt & V<G
where < - ) denotes the rime-averaging operator and p the fluctuating component of p. The spanwise evolution of these
coefficients are plotted ir for the three Re,, studied. The force coefficients in nhase with the cvlinder velgcitv are
used ta identify the fluid-structure energy transfer in a similar way as used ir anc¢

These coefficients quantify the power developed by the fluid acting on the vibratung cyunaer, inciuaing both
tne m-ime and cross-flow directions (Cy,) or each direction separately (G, and Cy). The drag and lift coefficients are
normalized by the maximum oncoming flow velocity U (z=0) so that the force coefficients in phase with velocity are
representative of the relative contribution of each spanwise location to the overall energy transfer. Positive values of these
coefficients imply that the fluid supplies, on average, energy to the structure and hence excites the cylinder vibration,
while negative values indicate that the fluid is damping the cylinder motion.

For the three Re,, studied, positive values of C,, are principally located in the lock-in region, within the high velocity
zone. In the non-lock-in region, G, remains generally negative. G, exhibits a very similar spanwise pattern. As in the
cross-flow direction, the principal excitation zone in the in-line direction corresponds to the lock-in region. However, a
secondary zone of positive energy transfer of smaller magnitude can he identified in the non-lock-in region. A comparison
with the spanwise evolution of the vortex shedding frequency shows that this secondary excitation zone occurs in
the region where the cross-flow vibration frequency is approximarely equal to twice the frequency of vortex shedding.
However. it should be mentioned that the secondary lock-in phenomenon, i.e. at half the vibration frequency, reported by

for a rigid cylinder, does not appear in the present case; well-defined secondary lock-in cells are not
opservea. 11ne secondary zone of positive Gy, appears to be caused by the proximity of the vortex shedding frequency with
a submultiple of the vibration frequency. An analysis of the vortex shedding nattern fnot nrecented here) shows that
2S-like modes, with two counter-rotating vortices shed per wake period , dominate in the
non-lock-in region at the present Re,,. As a consequence, the vibration excited in the cross-flow direction by the shedding
of a single vortex over a cylinder oscillation cycle, will be damped during the next cycle by the shedding of a counter-
rotating vortex. This mechanism can explain why C,, remains negative when the cross-flow vibration frequency is twice
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Fig. 8. Time-averaged (a-f) total, drag and lift force coefficients in phase with the structure velocity and acceleration, (g) in-line and (h) cross-flow added
mass coefficients, along the cylinder span.

6. Conclusions

The in-line and cross-flow vortex-induced vibrations of a long tensioned beam immersed in a linearly sheared current
have been predicted by means of direct numerical simulation, in the range of Reynolds numbers 110-1100. Despite the
influence of Re,, on the displacement amplitudes, and the possibly different nature of frequency response (mono- versus
multi-frequency vibrations), the main features of the structural responses and of the fluid-structure interaction
mechanisms remain the same for all three Re,, cases studied. In all cases, the structural vibrations are mixtures of
standing and traveling wave patterns, and a frequency ratio of approximately 2 can be established between the excited
frequencies in the in-line and cross-flow directions.

Local synchronization of the vortex shedding with the cross-flow vibration, the lock-in condition, occurs in the high velocity
region over at least 30% of the cylinder length. In the case of multi-frequency response, vortex shedding exhibits synchronization
with all the vibration frequencies. However, at any given point along the cylinder length, lock-in is generally established at a
single vibration frequency. Under lock-in, the vibration amplitudes are related with the local frequency in accordance with the
capture region obtained from forced oscillation experiments on rigid cylinders for similar Reynolds number.

There are regular spanwise patterns of drag and lift coefficients, controlled by the standing wave patterns of the
structural responses, within the non-lock-in region. In contrast, these patterns are strongly altered within the lock-in
region. The flow excites the structure principally within the lock-in region, while it generally damps the structural
vibrations in the non-lock-in region. In the in-line direction, a secondary zone of excitation of smaller magnitude has been



identified in a spanwise zone where the vortex shedding frequency is approximately half of the cross-flow vibration
frequency.

The time-averaged added mass coefficients present contrasting behaviors along the cylinder span: while values
relatively close to 1 are observed in the non-lock-in region, especially in the cross-flow direction, small and even negative
values are reached within the lock-in region.
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