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Abstract

Results showing the dynamic response of a vertical long flexible cylinder vibrating at low mode numbers are
presented in this paper. The model had an external diameter of 16 mm and a total length of 1.5m giving an aspect ratio
of about 94, with Reynolds numbers between 1200 and 12000. Only the lower 40% of its length was exposed to the
water current in the flume and applied top tensions varied from 15 to 110 N giving fundamental natural frequencies in
the range from 3.0 to 7.1 Hz. Reduced velocities based on the fundamental natural frequency up to 16 were reached.
The mass ratio was 1.8 and the combined mass—damping parameter about 0.05. Cross-flow and in-line amplitudes,
x—y trajectories and phase synchronisation, dominant frequencies and modal amplitudes are reported. Cross-flow
amplitudes up to 0.7 diameters and in-line amplitudes over 0.2 were observed with dominant frequencies given by a
Strouhal number of 0.16.
© 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

In the area of vortex-induced vibration (VIV) of cylinders, the vast majority of research efforts in the past have been
focused on the study of flexibly mounted rigid bodies, with one degree of freedom (dof), the transverse motion. Well-
known reviews on this topic are Bearman (1984), Sarpkaya (2004) and Williamson and Govardhan (2004). The dynamic
response of rigid cylindrical structures is well documented and the effects of combined mass—damping characteristics on
the maximum attainable amplitudes, especially in low mass and damping systems, are major concerns in offshore
engineering.

Although differences between the responses of flexibly mounted rigid cylinders with 1 or 2 degrees of freedom have
been found, many of the features documented for 1 dof cases are still valid for 2 dof systems, at least for low
mass—damping systems with mass ratios higher than 6. These recent investigations enhance the understanding of
fluid-structure interactions but what it is not completely clear is if these studies have direct relevance to offshore
engineering applications dealing with long flexible cylinders, especially those prone to vibrate at high mode numbers.
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Most of the engineering applications in which VIV is a problem involve flexible bluff bodies with the same mass,
damping and mechanical characteristics in-line and cross-flow, which imply complex motions. Several investigations
such as the ones reported by Vandiver and Marcollo (2003), Chaplin et al. (2005b), Trim et al. (2005) and Lie and
Kaasen (2006), have been conducted to investigate VIV under these conditions. The paradigm of one or two dof rigid
cylinder VIV behaviour being a valid hypothesis to predict the response of flexible cylinders, is still a major concern.
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Fig. 1. Layout of the experiment. (a) Side view. (b) Top view.
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Looking to recent investigations, it seems that there are still many discrepancies between predictions from
computational codes and even between the empirical methods (Chaplin et al., 2005a). Important differences in the
dynamic response of flexible bodies arise due to the intrinsic nature of the body, its capacity to vibrate at high mode
numbers and the complex added mass and hydrodynamic damping distributions while in motion. The response, both
in-line and transverse to the flow, and the fluid forces exerted on the body are now mode dependent, adding extra
complexity. Recent experiments carried out in May 2003 on a long flexible cylinder at the Delta Flume (Chaplin et al.,
2005b), showed the behaviour of a flexible circular cylinder with a mass ratio of about 3 and an aspect ratio of 400,
responding multi-modally with responses up to the 8th cross-flow and the 14th in-line structural modes. According to
the data presented by Jauvtis and Williamson (2004), at mass ratios lower than 6 with cylinders in two degree
of freedom motion, one should expect amplitudes over 1.5 diameters in what has been called the super-upper branch.
The Delta Flume experiments showed a strong lock-in behaviour in which the model responded with monotonically
increasing amplitudes that reached similar maxima inside clearly defined mode dependent reduced velocity regions.
The dynamic response was closely scrutinised and the main observations revealed important differences from the typical
response of rigid circular cylinders. Ratios between the cross-flow and the in-line motion in the range from 2 to 4 were
presented in Huera-Huarte (2006), showing agreement with those suggested by Trim et al. (2005). These ratios are a
common characteristic in flexible cylinder response in front of the high ratios reported in Jauvtis and Williamson (2003).

2. Experimental details

The experiments were performed in a water channel at the Department of Aeronautics of Imperial College London.
The test section is 0.6 x 0.75m with a total length exceeding 8 m. The maximum water depth can be varied up to about
0.65m, and the pumping system is able to generate currents up to 0.75m/s at the maximum water depth.

2.1. The cylinder model

The model, with the same damping, mass and natural frequencies in both directions, allows the study of vortex-
induced motion of a continuous (or multi degree of freedom) system, in which different responding amplitudes are
found at different heights along the length of the model. The set-up, Figs. 1(a) and (b), consisted of a supporting
structure and a long flexible circular cylinder instrumented with strain gauges along its length. The design of the model
was based on that described in Chaplin et al. (2005b) and used at the Delta Flume in 2003. The 1.5m long circular
cylinder had a 6 mm diameter aluminium core with 15mm diameter aluminium diaphragms attached to it with
cyanoacrylate glue. This skeleton structure was covered with a transparent flexible PVC skin, providing an external
diameter of 16 mm and an aspect ratio (length/diameter) of about 94. The PVC skin provided a smooth external surface

Table 1
Main parameters.

Experiment parameters

External diameter D m 0.016
Length L m 1.5
Aspect ratio L/D - 93.75
Submerged length L m 0.585
Flexural stiffness EI Nm? 6.04
Axial stiffness EA MN 1.84
Top tension T, N <110
Flow speed 14 m/s <0.75
Reynolds number Re - 1200-12000
Mass m kg/m 0.362
Submerged weight Wy N/m 2.7
Mass ratio m* - 1.8
Fund. natural freq. fi Hz 3.0-7.1

Damping ratio 4 % (. 1.77
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as well as protection for the instrumentation, not allowing the water inside the hollow parts of the model. The total
mass of riser, including the instrumentation cables, was 0.362 kg/m and its submerged weight was 2.7 N/m. The flexural
stiffness was kept very low, 6.04 Nm? and the mass ratio (ratio of structural mass to displaced fluid mass) was
approximately 1.8.

A very stiff aluminium structure was designed to secure the ends of the model (Fig. 1(a)). The model was attached
vertically to the supporting structure through universal joints at both ends, with the possibility of changing the applied
top tension through a spring system, therefore allowing changes in its natural frequencies. A total of five top tensions
(15, 35, 60, 85 and 110 N) were tested. The natural frequencies in water of the first structural mode of vibration are
shown in the last column of Table 2 for each top tension. These natural frequencies were obtained in modal tests but
they have also been calculated with a finite element code which solves the eigenvalue problem of an Euler—Bernoulli

Table 2
Summary of tests.
Initial top tension 7'; (N) Symbol Number of runs f1 (H2)
15 O 19 3.0
35 <& 23 4.5
60 * 20 5.6
85 + 21 6.5
110 o 20 7.1

First column indicates the initial top tension applied to the model, the second column indicates the symbol used in all the figures and
the third indicates the number of runs conducted at each top tension.
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Fig. 2. Example of test: V' =0.60m/s, T, = 60N, Re = 8400, V', = 6.85. First column shows the instantaneous non-dimensional
cross-flow displacements for the whole run, at each position along the length of the model in which a strain gauge station was installed.
The second column shows an enlargement of 2 s inside the test. The third column shows the spectra of each signal. The fourth column
shows the cross-flow deflections; solid lines represent motion every ll—oth of a second inside the interval #[40,45], and the dashed line is
used for the root mean square value of the motion in the selected time window.
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beam [see Huera-Huarte (2006) for more details] and very good agreement was observed. The structural modal
damping ratios were obtained from decay tests in air. The model was forced to vibrate at a constant amplitude in a
certain mode and then the forcing was stopped. The damping ratios were obtained by analysing the exponential decay
of amplitudes for each top tension tested. The values, as a percentage of critical damping, were found to be in the range
from 1.45% to 1.95%, with a mean value of { = 1.77%. The model was situated more than 15 diameters upstream of
the supporting structure in order not to have any influence of that in the wake of the cylinder.

The apparatus was installed in the water flume exposing the lower 40% of the model to the current. In an experiment
such as this one it is desired to have large shedding frequencies and a model with low natural frequencies, in order to be
able to excite the cylinder over the widest possible range of reduced velocities and mode numbers. High shedding
frequencies are obtained with high flow speeds and small model diameters, however, there are limitations imposed
by the facility regarding the maximum attainable flow speed, and there are also limitations in the minimum external
diameter of the model, as instrumentation needs to be embedded in it. The length of the cylinder model is a critical
design parameter as its natural frequencies are inversely proportional to the square of the length. This means that high
aspect ratio (L/D) models in water tunnels able to deliver high flow speeds are the best combination. As the length of
the models is increased, the required size of the facilities also increases. A solution in order to keep high aspect ratios in
relatively small facilities is to use reduced water coverages. This was first done by Chaplin et al. (2005b) and it was seen
how a reduced water coverage was able to excite high modes. In that experimental campaign, several experiments were
conducted in order to find the main differences in the response caused by different water coverages. It was seen how
over a certain threshold, which was less than 30%, the excited modes in the response did not vary. Hydrodynamic
damping and added mass are considerably reduced in the upper part of the model, but it was verified that the responses
were still not remarkably altered, by carrying out some tests in which the upper part of the model was not surrounded
by water. The excited modes and the response were still the same and small changes appeared only in the mean in-line
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Fig. 3. Example of test: V' = 0.60m/s, T, = 60N, Re = 8400, V| = 6.85. First column shows the instantaneous non-dimensional in-
line displacement for the whole run, at each position along the length of the model in which a strain gauge station was installed. The
second column shows an enlargement of 2s inside the test. The third column shows the spectra of each signal. The fourth and fifth
columns show the in-line motion after removing and without removing the mean in-line deflection, respectively; solid lines represent
motion every ll—oth of a second inside the interval 1[40, 45]; the dashed line in the fourth column is used for the root mean square value
and the dashed line in the fifth column represents the mean deflection of the motion in the selected time window.
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deflections as the mean drag acts only in the lower part of the model, and the maximum mean in-line deflection does not
occur at the mid point of the model anymore. Details can be found in Huera-Huarte (2006).

For each of the top tensions the flow speed was varied between 0.1 and 0.75m/s in increments of 0.05 m/s, producing
a uniform velocity profile acting on the lower 40% of the model, with Reynolds numbers varying from about 1400 to
12000. Each run, lasting a total of 60s, was started from still water allowing enough time for the initial flow transient
to die away. Table 1 presents the main parameters of the experimental arrangement. As the preparation of each run
required changes to parameters in the acquisition system, the water tank pumping system control and sometimes the
tension applied to the model, more than 5 min were allowed between each run, enough for the vorticity to be damped
away from one run to the next.

In offshore applications it is common to find arrangements of single or several long flexible circular structures in non-
uniform flows such as sheared or stepped flows. Stepped or abrupt shear flows in the ocean can lead to situations in
which large currents are combined with regions with no current or very low current at different positions along the
structures.

2.2. Instrumentation

The cylinder model was equipped with five strain gauge measurement stations distributed every 300 mm starting at
150 mm from the ends. Each one of the measurement stations was formed by two half Wheatstone bridges measuring

x-y trajectories Tt=60N; v=0.6m/s; V,=6.8467
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Fig. 4. Example of test: V' =0.60m/s, T, = 60N, Re = 8400, V; = 6.85. Left hand side depicts the trajectories at each one of the
measurement stations from the 40th to the 42nd second. Right hand side shows an alternative representation of the motion of the
model along its length.
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the bending simultaneously in the direction aligned with the flow (in-line), and in the direction transverse to the flow
(cross-flow). This arrangement of the instrumentation was suitable for measurements up to the fifth structural mode of
vibration, well above the highest expected mode for these experiments. Displacements were computed from bending, by
calculating the double spatial integral of the curvatures. The in-line and transverse curvatures as a function of time ¢
and the position along the axis of the cylinder are

&x(z,1) &y(z, 1)
’C(Z t) - —> cy(Za l) = 822 5

where x are y are the in-line and transverse motions, respectively, which can be calculated as follows:

x(z, 1) —/ /L 62x(2 0 dzdz, y(z,0) _/ / 82y(z t) 2

The boundary conditions for these expressions are those of a pin ended beam that has zero displacements and zero
curvatures at the ends

(M

x(z,t) = y(z,t) =0, z=0,L Vi,
*x(z, 1) _ &y(z, 1)
oz2 T oz

-0, z=0,L Vr. &)

Strain gauges were successful in showing the high mode structural response of a long flexible cylinder responding to
vortex shedding, in a previous experimental investigation (Chaplin et al., 2005b). In this case, in order to verify that
calibrations and the strain gauge measurements were correct, they were compared against independent laser sensor
displacement measurements, showing very good agreement.
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Fig. 5. Root mean square (r.m.s.) of the in-line motion (X/D) as defined by Eq. (5) versus reduced velocity ;. The solid line is the best
quadratic fit for the present work data, given by % = 0.0024V73.
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3. Results

In this section the dynamic response of the model is analysed by studying amplitudes, frequencies, phase relations
between x and y motions and modal amplitudes for each data set. The data are presented according to the different sets
of applied top tensions, presented in Table 2. A total of more than 100 tests were carried out, producing a large set of
data.

As already stated in Section 2.1, for each run, a time window in which the response was found to be steady, was
selected to perform the data analysis. Even though the top tension increases with drag, the initial values have been used
for the data analysis and for the calculation of the natural frequencies due to the fact that the tension was not measured
during the course of a run. In the following section, the amplitudes are nondimensionalised by the diameter and the
reduced velocity is based on the fundamental natural frequency in water:

Vv

V=
/1D

4)

3.1. Dynamic response

Figs. 2-4 show results for a case in which the applied top tension was 60 N, the flow speed was 0.6 m/s, giving a
Reynolds number of about 8400, and the reduced velocity was 6.85. This test is used as an example to illustrate the data
analysis carried out on every run.

In Fig. 2 the instantaneous cross-flow amplitudes at each position where a strain gauge was fixed, are shown in
columns 1 and 2. All runs were started from still water and after a few seconds (12 in this case) the pumping system was
turned on, so the water started to flow in the flume. The time window for the analysis was chosen for each test assuring
that this transient period was avoided. In the test shown, from 22 s onwards, the response seems to have reached a more
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Fig. 6. Maxima of in-line (x,,/D) and cross-flow displacements (y,,/D).
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or less constant amplitude. The third column in Fig. 2 shows spectra of each one of the signals in column 1. In all cases
clear peaks can be identified and in some more than one peak was observed, depending on how close the natural
frequency of each mode was to the vortex shedding frequency. The last column in Fig. 2 shows the deflections along the
length of the model every %th of a second between the 40th and the 45th seconds with solid lines, and the root-mean-
square (r.m.s.) value with a dashed line.

Fig. 3, for the in-line response is structured in the same fashion as Fig. 2. The first two columns are used to show the
time series of the in-line deflections and the third column shows the spectra. In the fourth column the displacements
along the length, after removing the mean deflection, are shown every %th of a second inside the interval [40,45] with
solid lines, together with the root mean square with a dashed line. The last column shows the in-line motions and the
mean deflection with a dashed line. A 3-D representation of the trajectories along the length of the model is shown in
Fig. 4 for the same example test. The trajectories show several vortex shedding cycles from the 40th second to the 45th.
A similar data analysis was applied to each of the more than 100 runs to produce Figs. 5-9 of this section.

The root-mean-square of the in-line motion for each test is shown in Fig. 5. It has been calculated as the temporal
r.m.s. of the spatial (spanwise) r.m.s. for each instant in time of the in-line motion. It is given by

S D PN
X= SZ[Nj_le}i(z,t):|, ©)

i=1

where s is the number of time samples in the selected time window for the analysis and N is the number of nodes at
which a measurement station was located. The drag force on the model increases as the square of the flow speed, as does
the in-line deflection. Hence the data in the figure follow roughly the second order equation X = 0.0024 12, depicted by
the solid line in the figure.

The in-line motion of the flexible body is also analysed by removing the mean deflection from the overall in-
line displacements. The maximum non-dimensional cross-flow (Y /D) and in-line (X /D) amplitudes caused by
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Fig. 7. Normalised responding cross-flow f,, /f| and in-line f,, /f, frequencies as a function of V. Linear fits of equation f, /f| =
0.16V| and f 4, /f1 = 0.32V are presented with a dot-dashed line and with a dashed line, respectively.
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vortex-shedding are plotted in Fig. 6 versus the reduced velocity V. Initial, upper and lower branches of response are
evident in the cross-flow results. It is also clear that instead of the desynchronisation branch, the build-up of the second
mode of the response is observed. If higher reduced velocities could have been achieved, the lock-in region of the second
mode would have been observed, as reported previously by Chaplin et al. (2005b). The in-line response shows the same
characteristics with the same branches but they are not as evident as in the cross-flow case. The maximum cross-flow
displacement occurs at a reduced velocity in the range 5-7 with a peak value about 0.7 diameters. In the same reduced
velocity range, the in-line amplitudes exceed 0.15 diameters reaching a peak value over 0.2 at a reduced velocity around
6. In the build up of the second mode branch, amplitudes increase monotonically both for the cross-flow and in-line
motions. The ratio transverse to in-line amplitude varies between 4 and 6 in most of the cases, whilst in previous two-
degree-of- freedom rigid body studies practically no in-line motion was observed. This fact introduces very important
differences in the dynamic response and it has obviously practical implications in offshore design, as well as it could
mean differences in the vortex dynamics as pointed out by Jeon and Gharib (2001) in their forced vibration
experiments. In Section 4 a compilation of previous data obtained by several researchers in experiments involving rigid
body motions of one and two degrees of freedom and in flexible cylinders, is presented and discussed against the present
work data.

Normalised dominant frequencies are plotted in Fig. 7. The frequencies have been found by carrying out Fourier
analysis of the modal contributions. The ratio of the dominant frequency in the cross-flow response to the fundamental
natural frequency in Water,fdy /f1, matches that given by the frequency of the vortex shedding and it is about 1 for V
between 5 and 11, that is when the response did not have any contribution from the second mode. A linear fit with slope
0.16 is presented in the figure. Exactly the same slope was found in the Delta Flume campaign (Huera-Huarte, 2006).
If the frequency of vortex shedding is assumed to be equal to the dominant frequency in the response, the Strouhal
number can be inferred from the data and in this case it is 0.16. The normalised in-line frequencies are shown in the
lower plot of the figure, where two linear fits are presented with slopes of 0.16 and 0.32. The oscillating part of the drag
is characterised by frequencies which are twice those of the cross-flow response, but in order to have an in-line response
at a frequency twice the cross-flow, the flow must be able to generate excitations at the frequency of the second mode.



F.J. Huera-Huarte, P.W. Bearman | Journal of Fluids and Structures 25 (2009) 969-990 979

YMi/D i=1,2,3 XMi/D i=1,2,3

mode 1

0.8

0.6

mode 2

0.4

o T=15N
0.8 t

* Tt=35 N

© 0.6 -

2 ¢ Tz=60N

g 04 + T=85N
(@]

o 4 8 12 o 4 8 12 16
Reduced Velocity V/f;D Reduced Velocity V/f;D

Fig. 9. In-line (xy, /D) and cross-flow (y,,, /D) modal contributions of modes up to the third. The modal decomposition leading to the
modal contributions has been computed assuming sinusoidal mode shapes as described in Eq. (7).

This happened weakly only in a very few cases because of the low maximum attainable flow speed in the flume. At the
maximum flow velocity (0.75m/s), the frequency of the exciting cross-flow force is f, = S(U/D) ~ 7.5Hz and the
frequency of the exciting in-line force should be 2f, ~ 15Hz. The frequency of the second mode was only below 15Hz
for top tensions less than 60 N. This is why in these experiments the in-line and cross-flow responding modes and
frequencies were the same, except in a few cases in which the applied top tension was the lowest and the flow speeds
were the highest.

By using the reduced velocity based on the dominant responding frequency (V,), one obtains the collapse of data
shown in Fig. 8. For the cross-flow case, the initial, upper and lower branches are still clear but all the responses
concentrate around values of V4, ~ 1/§ = 6.25, in the range from 4 to 9. The in-line response is characterised now by
three clear regions in V4 as reported by previous authors (Wooton et al., 1974; Jauvtis and Williamson, 2003). The first
region showed symmetric shedding of vortices whilst the second showed asymmetric shedding. The maxima inside each
of the three in-line regions were reported at reduced velocities <1/2S, ~ 1/2S5 and ~ 1/, and as can be seen from the
present data, in Fig. 8 they occur at 1.75, 3.1 and 6.25, respectively.

Fig. 9 confirms that the response was found in almost all the test cases to be in the 1st cross-flow and in-line modes.
Cross-flow contributions of the 2nd mode were only observed at the lower top tensions, for reduced velocities higher
than 11. In-line contributions from the second mode are observed in some of the higher tension cases for reduced
velocities around 6 and for all cases with reduced velocities higher than 11. No responses dominated purely by the
second mode were observed; that would require frequencies of about 17 Hz at the highest tension cases, and the flow
speed was not high enough to generate them. Regarding the third mode, there is no contribution to the overall response
at all. The values shown in the figures are the maxima of each mode contribution to the overall response. These values
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have been obtained from the measured displacements, by assuming sinusoidal mode shapes. Modal analysis is based on
the fact that the riser response can be expressed in matrix form as a linear combination of its modes.

¥z, 1) = @@y (1),  X(z,1) = ®2)xu(1), (6)
where ® = [¢y, ¢», ..., ¢,] is the displacement modal-shape matrix and its column components are the non-dimensional
displacement mode shapes normalised to be 1 at its maximum. y(z, ?) = [y(z1, 1), y»(22, ), ..., V,(zn, V)] and Xx(z,¢) =

[x1(z1, 8), x2(z2, 8), . . ., Xn(zp, 1)] are the measured displacements matrices, where each row vector y;, x; is the time series of
the measured displacement at a certain height (z;) along the length of the model, at which a strain gauge station was
located. y,,(#) and x,(¢) are the modal contribution matrices, containing the time series of each mode’s contribution to
the overall response as the row vectors y (1) = [V, (), Yar, (D), - - -, Yar, (O] and Xpr(2) = [X21,(8), X1, (1), . . ., X01, (D],

Yu() = @' @y GE D), xu(1) = D7 (2)x(z, 0). ™

The mode shapes are normalised to 1 and bold letters indicate matrices or vectors. It has to be noted that for the in-line
case, the static deformation or mean deflected shape has been previously removed, therefore only the dynamic part of
the in-line motions are used in the modal decomposition.

3.2. x—y Motion synchronisation

The motions at certain planes perpendicular to the axis of the cylinder are plotted to give the trajectories as shown in
the example in Fig. 4. As the in-line and cross-flow motion are coupled, a complete analysis of the motion of the model
requires a study of the amplitudes, frequencies and phases and how they are related to each other. The concept of
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Fig. 10. Example of test: V' = 0.60m/s, T, = 60N, Re = 8400, V| = 6.85. In the first column the time series of the cross-flow (dashed
line) and in-line (solid line) displacements are shown for 2's of the run. The second column shows the trajectories. In the third column
the time series of the phase differences ¢, ,(z;, 7) are plotted. Finally, the last column depicts the phase differences (b;”’;,‘“ (z;) calculated
for different time intervals.
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synchronisation has been widely used to study oscillators in dynamical systems, and it is used here to investigate the
interdependence of the in-line and the cross-flow motions. A methodology has been developed to analyse the data,
based on the analysis of instantaneous phase and frequency of a signal. The objective is to determine in which parts of
each run the in-line and the cross-flow motions are synchronised and in which parts the x—y motions are independent.
Indeed, it is very important to clarify that the concept of phase difference only makes sense when synchronisation
occurs. Another important fact is that the notion of phase synchronisation only implies a relation between the phases of
the signal while the amplitudes could remain unrelated. For the purpose of properly detecting the interrelation between
signals, the concept of the analytical signal must be introduced and applied to the displacement signals:

&(ziy ) = (21, 1) + isp(zi, 1) = Az, )P, 3)

Here s(z;, t) represents either the in-line x(z, t) or cross-flow motion y(z, f) at a height z; along the axis of the model and
su(zi, t) is the Hilbert transform of s(z;, #). The instantaneous amplitude A(z;, ) and the instantaneous phase ¢(z;, t) of
s(z;, t) are then uniquely defined. The analytical function can be applied to any signal but it has physical meaning only in
narrow banded signals such as the ones in this work (Pikovsky et al., 2001). The instantaneous frequency of the signal is
do,(zi, 1) _doy(zi, 1)

el Q= ©)

If the signals are not too noisy, a straightforward way to investigate the existence of synchronisation is to compute
the instantaneous phases of each signal and then to calculate the instantaneous phase difference between them as

(:bx,y(zl'a t) = }’l(l)x(Z,‘, t) - m¢y(zf’ t)’ (10)
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Fig. 11. Example of test: V' =0.60m/s, T, = 60N, Re = 8400, V; = 6.85. In the first column the time series of the cyclic phase
difference ¥, ,(z;, t) is shown for the whole run. The other five columns show the synchrograms calculated according to the different
time intervals.
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where n and m are two coefficients related to the ratio of instantaneous frequencies such as Q.(z;, 1)/Q(z;, t) = n/m. By
plotting the phase difference in time, synchronisation occurs when the phase difference remains constant, i.e. when the
time series of the phase difference exhibits a plateau in time. Unfortunately, for experimental signals noise is
unavoidable and the instantaneous phase difference can result in numerous phase shifts caused by the noise that masks
the real results. Hence, other techniques must be used to complement the identification of synchronisation. In this work
a statistical method has been applied for this purpose, and it has been extended to all the tests. The methodology is
based on the computation of phase histograms (synchrograms) which will allow us to obtain the phase difference for
each run. Fig. 10 shows the phase differences for the test presented as an example in Figs. 2—4. The first column shows
the in-line (solid line) and cross-flow (dashed line) motion for the 40th second at each strain gauge. The second column
shows the x—y trajectories in the same time window. In column three the instantaneous phase difference between the
two signals ¢, ,(z;, 1) is depicted for the whole run at each height (z;). These are obtained by applying the standard phase
difference study and it is evident that ¢, , remains constant from the 12th second onwards and synchronisation is clear.
This conclusion is reinforced by looking to the plot in the last column of Fig. 10, which shows the phase at each
measurement station for the different time intervals indicated in the legend. The data in this column is the result of
plotting the statistical data shown in Fig. 11. Phase differences in Fig. 16 have been computed for 6 different time
intervals: At;s = [15,60], At;o = [10,20], Aty = [20,30], Atzp = [30,40], Aty = [40,50] and Atzsy =[50, 60]. Note that
the first 10s have been avoided because of the transient due to the fact that all the runs where started in still water. In
the case presented in Figs. 10 and 11, the signals are not too noisy and strongly narrow banded with clearly defined
frequency peaks, hence synchronisation can be determined directly from the instantaneous phase. It remains practically
constant and there are no phase shifts from 13th second. In other cases, where synchronisation occurs only in parts of
the run or where there are phase shifts, the standard method based only on the analysis of instantaneous phase
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Fig. 12. Example of test: V' =0.70m/s, T, = 85N, Re = 9800, V| = 6.7. First column shows the instantaneous non-dimensional
cross-flow displacement for the whole run, at a position along the length of the model in which a strain gauge station was installed. The
second column shows an enlargement of 2s inside the test. The third column shows the spectra of each signal. The fourth column
shows the cross-flow deflections; solid lines represent motion every ll—oth of a second inside the interval ¢[50, 55], and the dashed line is
used for the root mean square value of the motion in the selected time window.
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difference plateaus, does not always yield to good results and it needs to be complemented with the statistical analysis
proposed here.

The results from the statistical analysis methodology applied to all the tests support the conclusions obtained by the
analysis of the time series of the phase difference ¢, (z;,?). In the example shown, it can be seen how there are
practically no differences when calculating the phase in the different time intervals as can be seen in Fig. 11. The
statistical methodology is based on the calculation of the cyclic phase difference,

Pyl ) = 5 [, mod )] (i

and the frequency distribution y, ,(z;,7) of each cyclic phase, also called synchrogram. The synchrograms can be
analysed by finding the best Gaussian fit to the data, according to

o ’
PN S 1 Wy
S - | 12
Ty 1) o/2n :

where u is the mean and o is the standard deviation of the Gaussian distribution. A unimodal distribution with a small
amplitude peak (o) indicates synchronisation and the mean (u) of the distribution indicates the value of the phase
difference. x,,(z;, 7) has been computed for the six different time intervals Atys, Atyg, Ay, Atzp, Atsg and Atsy, so the
existence of synchronisation and the occurrence of phase shifts in time, can be studied for each run. Fig. 11 shows the
synchrograms obtained from y, ,(z;, #) for each position along the length of the model and for the six different time
intervals. The first column shows the time series of the cyclic phase difference ¥, ,(z;, ) at each z;. The phase angle in
these plots is normalised to 27 as given by Eq. (11), hence 0.5 in this plot indicates 180° or = radians and so on. The
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Fig. 13. Example of test: ' =0.70m/s, T, = 85N, Re = 9800, V| = 6.7. First column shows the instantaneous non-dimensional in-
line displacement for the whole run, at a position along the length of the model in which a strain gauge station was installed. The
second column shows an enlargement of 2s inside the test. The third column shows the spectra of each signal. The fourth and fifth
columns show the in-line motion after removing and without removing the mean in-line deflection, respectively; solid lines represent
motion every ll—oth of a second inside the interval ¢[50, 55]; the dashed line in the fourth column is used for the root mean square value
and the dashed line in the fifth column represents the mean deflection of the motion in the selected time window.
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second column shows the probability density function or synchrogram y, ,(z;, #) computed in the interval Af;s. The rest
of the columns present the synchrograms computed in the time intervals Atyg, Atyg, Atsg, Atsy and Atsgy, respectively. By
considering the first or the second column in Fig. 11 it is clear that synchronisation exists from the 15th second
onwards, with a phase difference of about 30°. In fact, all the synchrograms are unimodal with clear peaks giving the
phase difference between the x and the y motion. Only the synchrograms corresponding to the time interval Aty at
z = 1.35 and 1.05 show a distribution which does not seem to be Gaussian. The plot of the phase found at each height
from the synchrograms appears in the last column of Fig. 10. Each of the symbols represent the phase in the different
time intervals. This example run was characterised by the absence of amplitude modulation, and a very narrow banded
spectra, both in-line (Fig. 3) and cross-flow (Fig. 2). But not all the cases were like this and in those runs the
methodology to investigate synchronisation has proved to be extremely useful compared to the simpler study of the
time series of the phase difference.

Figs. 12-16 illustrate a case for a top tension of 85N, a flow speed of 0.7 m/s, a reduced velocity of 6.7 and a Reynolds
number of 9800 in which strong modulation and phase shifts are observed. Fig. 12 shows how the transverse motion
seems to be steady between the 27th and the 42nd second, and suddenly it changes to another steady state but at a
considerably higher amplitude until the end of the run. The same happens with the in-line amplitude as can be seen in
Fig. 13. Fig. 14 shows the trajectories at the different heights along the axis of the cylinder. Dark lines are the plots of
the trajectories in the time interval ¢[50, 52] and grey lines are used for the interval ¢[30, 32]. Differences are also very
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Fig. 14. Example of test: V' = 0.70m/s, 7, = 85N, Re = 9800, V', = 6.7. First column depicts lissajous figures showing the trajectories
at each one of the measurement stations with dark lines in the interval #[50, 52] and with grey lines in #[30,32]. The second column
shows a 3D representation of the motion of the model.



F.J. Huera-Huarte, P.W. Bearman | Journal of Fluids and Structures 25 (2009) 969-990 985

y/D(z,t), x/D(z,t) x—y trajectories — Tt=85N; dyy (1) mean phase = 25.1636
v=0.7m/s; V,=6.6976
o 1 1 90 14—
o 05 0.5 ® 0, (z[15,60])
a 0 Rhrhhvtrry sy %, 0 \& %0 09 xj(z (10.20)
N 05 -0.5 30 : ‘ y(z [20,30) |
al —1 0 y (Z:130,40])
1 1 90 0.8 + oy (Z140.50]) 4
g 0.5 | RN 0.5 (5060])
N 05 |riohe i il 7 g5 %0 /J 07 *
-1 -1 0
0.6 g
© 1 1 90
o 05 |yt haer ity 0.5
S 0yt S o 60 Q05 @ o
No—05 U e -0.5 30
- - 0 0.4
. 1 1 90
o 05 0.5
I Vbbbl A ‘» 60 0.3 peo < A
0 s 0 :
% o5 I W‘, o> ~05 30
-1 —1 0 02 F B
- 1 1 90
s 05 0.5
60 0.1 <A
é 0 Moy YDA g, 0 = @
N 05 0.5 30
-1 -1 0 0 . . .
50 50.5 51 51.5 52 0 02 04 06 0 102030405060 0 90 180 270 360
time (s) x/D time (s) Phase difference ¢y \(z.t)

Fig. 15. Example of test: ¥ =0.70m/s, T, = 85N, Re = 9800, V', = 6.7. In the first column the time series of the cross-flow (dashed
line) and in-line (solid line) displacements are shown for 2s of the run. The second column shows the trajectories. In the third column
the time series of the phase differences ¢, ,(z;, 7) are plotted. Finally, the last column depicts the phase differences ¢fx’:"f*' (z;) calculated
for different time intervals.

clear in this plot. The synchronisation analysis in Fig. 15 reveals a plateau in the phase plot and the absence of
synchronisation from the 42nd second onwards. It seems that in this case, without the supporting information provided
by the synchrograms in Fig. 16, the phase differences in the third column of Fig. 15 imply the non-existence of
synchronisation from the 42nd second on, when in fact synchronisation takes place at two different phases before and
after the 42nd second of the run. Columns 3-5 in Fig. 16 indicate synchronisation in the time intervals A¢,g, Atyy and
Atsy with a phase around 30°—45°. The last two columns give clear synchronisation at z; = 0.75m with a phase of 315°
but it is not so obvious at the other heights were y, ,(z;, ) resembles a uniform rather than Gaussian distribution. This
result can also be seen in the last column of Fig. 15, obtained from the synchrograms in Fig. 16,where the phases remain
at a value around 30°-45° over the length of the model in the intervals Atyg, Aty and Aty but has a value of about
315° (—45°) in the intervals Aty and Atsy. In order to quantify the degree of synchronisation, a synchronisation index
SI has been defined as the percentage of time in which synchronisation is observed, and this is obtained from the
synchrograms of each time interval at a certain position along the length of the model. This methodology provides a
very powerful technique to study synchronisation and phase interdependence in VIV and it can be implemented
relatively easily to large sets of data.

The results of applying this method to all the runs are shown in Fig. 17. The first two plots show the cross-flow and
in-line amplitudes against the reduced velocity as in Fig. 6 in order to relate them to phases and SI. The third plot shows
the synchronisation index (SI) which clearly indicates the degree to which synchronisation is found. The last plot in the
figure shows the phase differences in the interval A¢;s at the mid point of the model z = 0.75 m, ('x’sf’o(z,«), for all the tests
in which synchronisation was found, that is for SI>0. The three small plots give the lissajous figures for theoretical
x — y motions with phase differences of 90°, 315° and 45° assuming that cross-flow and in-line frequencies are the same.
By observing the SI plot it can be concluded that synchronisation only takes place for reduced velocities 7' >3.8. A SI
of 100% is found only for V'; between 4 and 9.5. Synchronisations with SI equal to 20%, 40% and 60% are found in
some runs to fall inside the initial branch and also in some of the runs for the lower branch. The beginning of the second
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Fig. 16. Example of test: V' =0.70m/s, T, = 85N, Re = 9800, V', = 6.7. In the first column the time series of the cyclic phase
difference ¥ ,(z;, t) is shown for the whole run. The other five columns show the synchrograms calculated according to the different
time intervals.

mode lock-in region shows that synchronisation is incipient with SI of 20%. The values of the phase difference decrease
monotonically from about 90° to 45° as the reduced velocity is increased in the initial branch. It remains practically
constant in the upper and the lower branches, with values near 30°. Basically as soon as the upper branch is reached, the
x—y motions are in phase or almost in phase. For some of the cases in this figure Digital Particle Image Velocimetry
(DPIV) was used and the results are shown in Huera-Huarte and Bearman (2009).

4. Discussion

Fig. 18 shows the present data for in-line and cross-flow amplitudes versus reduced velocity, together with other
researchers’ sets of data in which x—y motion was allowed. In Jauvtis and Williamson (2004) the effect of having two
degrees of freedom for different mass—damping combinations was analysed and in the figure cross-flow and in-line
amplitude data are shown for two mass ratios, 2.6 and 7. Also, data obtained in the Delta Flume test by Chaplin et al.
(2005a) is shown. In that experiment the response was strongly multi-modal and in the figure one can only see the
response lock-in regions of the two first modes (71 <16) plus four points corresponding to the third mode lock-in
region (V1 >16). A later set of results showing x—y data appears in Sanchis et al. (2008), which is also shown in this
figure. Regarding the cross-flow amplitudes, all sets show very similar behaviour in the initial branch. The amplitudes
reached in the upper branch reported by Sanchis et al. (2008) and Jauvtis and Williamson (2004) for m* = 7 and
Chaplin et al. (2005a) are about 50% larger than the ones in the present work. The amplitudes shown by Jauvtis and
Williamson (2004) for m* = 2.6 in the super-upper branch, are slightly over twice the present values. In the lower plot,



F.J. Huera-Huarte, P.W. Bearman | Journal of Fluids and Structures 25 (2009) 969-990 987

1 T T T T T y y y
o T,=15N
* T,=35N ]
O Ty=60N ||
=] + T,=85N
= O T,=110N ||
oo“ 1
g O
o ]
< o B opo
s L ]
» 25 ¢ BE ¥@* O O OO0 1
0 _._._W I I I = I I
360 . .
= o
§ 315 L %(Dx’y 315 <
s 201 ¢ =gpe ® =45° )
S 225 ¢ Xy xy 1
3 180 ¢} :
8 135 ]
© 3z
o 90 R
45 | * ]
0 L 0.+, 000

0 2 4 6 8 10 12 14 16 18
Reduced Velocity V/f;D

Fig. 17. Non-dimensional amplitudes and phase synchronisation. Upper first and second plots show the maximum non-dimensional
cross-flow (y,,/D) and in-line (x,//D) amplitudes, respectively. The lower plots show the synchronisation index and the phase
difference at the mid point of the cylinder model in the time interval At;s.

the larger in-line amplitudes come from the Delta Flume set of data with values up to 0.4 diameters and from Jauvtis
and Williamson (2004) for m* = 2.6, exhibiting amplitudes of about 0.3 diameters, 45% larger than the largest ones in
the present work. Regarding these data sets it appears that for high aspect ratio flexible cylinders not only the
mass—damping parameter is very important for the response, but also the modal characteristics leading to a certain
responding mode which is governed by the applied top tension and hence the natural frequencies. As the top tension is
increased for high aspect ratio flexible circular cylinders the less similar the response is to that of flexibly mounted rigid
bodies with the same mass—damping values. If tension dominates the structure, the behaviour is that of a cable with low
flexural stiffness able to respond multi-modally, otherwise a high aspect ratio cylinder running at low modes responds
qualitatively as a rigid body in x—y motion, but with limited amplitudes. The amplitudes in long flexible cylinders are
self-limiting as the structure is inherently inextensible and its end points are fixed in space, hence larger amplitudes are
limited.

One of the key questions in VIV is to what extent can the maximum attainable amplitudes be predicted as a function
of the mass—damping parameter of a body. The first attempt to answer this very basic question was a compilation of
data from several researchers resulting in what is traditionally called the Griffin plot (Griffin et al., 1975). Fig. 19 shows
a compilation of data obtained under very different conditions plus the data obtained in the present work. Data
obtained by Jauvtis and Williamson (2004) comes from experiments on a rigid cylinder in x — y motion. The data from
the Delta Flume (Chaplin et al., 2005a) as presented in Huera-Huarte (2006) for the different responding modes, is also
included in the figure. The rest of the data presented corresponds to y only motion studies. The collapse of all the data
into two clear distinct branches is evident, the lower and the upper branches. The amplitudes of the super-upper branch
are only attained from experiments with mass ratios below 6 and some of the modes in the high aspect ratio experiments
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Fig. 18. Cross-flow and in-line maximum amplitudes as a function of reduced velocity. Present work data (O, ¢, %, 4+, o) against
flexible cylinder and two degree of freedom experiments: e—Delta Flume test campaign in Chaplin et al. (2005a) as in Huera-Huarte
(2006); A—m* = 2.6 in Jauvtis and Williamson (2004); y—m* = 7 in Jauvtis and Williamson (2004); >—m* = 1.04 Sanchis et al.
(2008).

of the Delta Flume. The equation y;,/D = (1 — 1.120 + 0.30%) log(0.41Re"3), represented with dashed lines, accounts
for the effect of the Reynolds number in the amplitudes as a function of the combined mass—damping parameter («) as
introduced by Govardhan and Williamson (2006).

5. Conclusions

The response of a single long flexible circular cylinder, pin-jointed at its ends and responding in its first structural
mode, has been studied. When the lowest tensions are applied to the model, its dynamic response is very similar to that
typical of rigid bodies, with clearly defined initial, lower and upper branches of response. As the tension is increased, it
starts to behave like a cable, or a tension dominated structure, and the lower branch disappears so all the response is
concentrated in the initial and the upper branches. In-line motions are strongly coupled to the cross-flow motion, they
increase and decrease at the same reduced velocities as the cross-flow motion. Amplitudes of about 0.7 diameters cross-
flow and 0.3 diameters in-line have been observed. This is in contrast to what other researchers have recently
demonstrated in two degrees of freedom flexibly mounted rigid body experiments, with mass ratios below 6 (Jauvtis and
Williamson, 2004), where amplitudes over 1.5 diameters were related to a new vortex structure consisting of two pairs
of three vortices (2 T). Even though some similarities between the dynamic response of rigid and long flexible cylinders
exist, it has been shown here how there are important differences, especially regarding the maximum attainable
amplitudes caused by the intrinsic nature of the body and its capacity to vibrate at high mode numbers. This
observation can obviously have direct implications in offshore riser design codes.

Responding frequencies under lock-in conditions are practically equal to that of the natural frequency of the
responding mode, and they can be predicted using a Strouhal number of about 0.16, as other researchers reported in the
past (Chaplin et al., 2005a). Synchronisation between in-line and cross-flow motion is only observed under lock-in
conditions with phase differences decreasing in the initial branch from values of about 90° to less than 45° inside the
upper and lower branches.
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