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In this article, the objective is to characterize the influence of a continuous stratification
on wake induced vibrations of a circular cylinder. Experimental results are obtained by
towing cylinders, fixed to free-to-rotate arms, at a constant speed in a linearly stratified
fluid made of salty water. The diameter of the cylinder, the length of the arms and
the translating speed are varied. Two flow induced vibrations modes are observed. The
first one is interpreted as a Vortex Induced Vibration (VIV) mode: it is associated with
a resonance between the vortex shedding frequency and the natural frequency of the
mechanical system. The cylinder oscillation and vortex shedding frequencies are also
found to be locked in a large range of velocities in agreement with the low-mass-ratio
VIV theory. The second mode is shown to be a galloping mode. It has a low frequency
and a large amplitude, and occurs for low Froude numbers and long arms. It corresponds
to the regimes when the buoyancy forces are larger than the inertial and vertical drag
forces. By computing the forces on the cylinder, it is shown that stratification is the
source of a destabilizing lift when the cylinder departs from its horizontal motion. Only
a weak effect of the Reynolds number on the stability characteristics has been observed
in the considered range (500 < Re < 15000).

1. Introduction

Despite the very large number of studies on Flow Induced Vibrations (FIV), none of
them considered the case of horizontal wakes in a stratified fluid. This work aims to
characterize the influence of a continuous stratification on wake induced vibrations of a
circular cylinder.

Many works have concerned simple geometries such as circular cylinder that exhibit
a large variety of regimes and wake structures. They were initially motivated by ap-
plications such as marine cables (Griffin 1985), or taut wires in air (Strouhal 1878).
In this civil engineering context, it is important to minimize or control any undesired
vibrations that could damage the structure. For other applications, one could instead be
interested in increasing the oscillations as they could be a source of energy when coupled
to piezoelectric devices (Bernitsas et al. 2008; Grouthier et al. 2014; Song et al. 2015).

As now documented in text books (Tritton 2012) and review articles (Williamson
19960), the wake of a cylinder is known to exhibit different regimes as the Reynolds
number is varied. As the Reynolds number increases, one observes successively the
breaking of the upstream/downstream symmetry, the appearance of a separation bubble
(Coutanceau & Bouard 1977), vortex shedding (Von Karman 1911), and a series of 3D
transitions (Williamson 1996a). One of the most remarkable features is the persistence
of the von Karman vortex street for Reynolds numbers as large as 107 (Roshko 1961).
These coherent structures induce coherent pressure fluctuations on the cylinder that are
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responsible for lift and drag fluctuations. When the cylinder is free to move, this induces
transverse oscillations (Feng 1968): this is the so-called Vortex Induced Vibrations (VIV).
Reviews can be found in Bearman (1984); Williamson & Govardhan (2004); Sarpkaya
(2004).

VIV has generally been studied experimentally by mounting a circular cylinder on
springs in a water channel or a wind tunnel. The system then possesses two natural
frequencies:

- The frequency associated with the transverse displacement of the structure given by
the natural frequency of the springs :

k
=4 — 1.1
where k is the spring constant, m the cylinder mass and m4 the potential added mass.
- The frequency associated with vortex shedding given for a fixed cylinder by an empirical
formula:

fv = St% (1.2)

where St is the Strouhal number (Strouhal 1878), U the fluid velocity and D the cylinder
diameter. St is found experimentally to be close to 0.2 in a large range of Reynolds
numbers 200 < Re < 200000 (Lienhard 1966).

In the classical VIV theory (reviewed by Williamson & Govardhan 2004, for instance),
the vortex shedding frequency is found to synchronize with f, when fy reaches f,
(Den Hartog 1954). Both the structure oscillations and vortex shedding then remain
locked in at almost a constant frequency in a large interval of velocities. For large mass
ratio m* (equal to the cylinder mass m divided by the mass of an equivalent volume
of fluid), this frequency is close to f,, as observed in the experiments in air performed
by Feng (1968). For smaller m* (Khalak & Williamson 1999), this mode of constant
lock-in frequency is again observed, called the “lower branch mode”, but with higher
amplitudes and a larger frequency compared to high-mass-ratio experiments. This lock-
in frequency has been determined empirically by Govardhan & Williamson (2000) for a

circular cylinder as:
m* + Cy
rwer =\ ————— 1.3
flower m* _0.547 ( )

where the added mass coefficient C'4 is set to 1. Furthermore, in this low m* case, a second
“upper branch mode” is observed. It results in oscillations of even larger amplitude than
the first mode. The oscillations start when fy reaches f,, and have a frequency which
grows with the velocity up to f: .., where the system switch to the lower branch mode.

Another type of flow induced vibration can also come from the breaking of the
axisymmetry of the object, it is called galloping. When the object is not circular, a small
angle of incidence may induce a destabilizing lift force. This leads to high amplitude low
frequency oscillations that have been studied for rectangular cylinders (Mannini et al.
2014), and modified circular cylinder geometries (Chang et al. 2011; Nakamura et al.
1994). Some studies have also considered the interaction of galloping and vortex shedding
(Parkinson & Wawzonek 1981; Mannini et al. 2016). Note finally that there exist other
FIV phenomena such as buffeting (Blevins 1977), or resulting from the interaction of
several objects (Assi et al. 2010).
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Studies of transverse FIV have considered very complex systems but surprisingly have
never tried to include stratification, while most fluids in the environment are stratified.
A stably stratified fluid has a density that increases with depth. It possesses an intrinsic
natural frequency, the Brint-Vaisala frequency N defined by

N2 _90p (1.4)
po 0z
where p is the fluid density, pg is a reference density, g the gravity along the vertical
direction z. This frequency corresponds to the natural oscillation frequency of a fluid
parcel when vertically displaced from its equilibrium position. This new additional
frequency in the system is expected to modify the VIV phenomena described above.

Stratification is already known to modify the wake of a fixed cylinder. As it inhibits
vertical motion, it delays the appearance of vortex shedding and narrows the vertical
extent of the wake (e.g. Lin & Pao 1979). It can also be responsible for the appearance
of a second vortex shedding mode when the cylinder is tilted with respect to the
horizontal plane (Meunier 2012). The reference experimental study for an horizontal
circular cylinder has been carried out by Boyer et al. (1989). They have been able to
observe 10 different types of regimes as the Reynolds number and the stratification
strength are varied. Even more regimes have been found in Chashechkin & Voyekov
(1993).

In the present work, we start exploring experimentally the new field of “stratified wake
induced vibrations” for the simple and most documented geometry of a circular cylinder
in a large Reynolds number regime. The objective is to evidence some new phenomena,
describe their characteristics and tentatively provide some physical explanations.

The paper is organized as follows. In section §2, the experimental set-up is first
described. The main control parameters of the problem are identified. Reference data
with a fixed cylinder are also obtained. In section §3, the FIV results are presented. Two
oscillation modes are obtained which are successively discussed in sections §4 and §5. In
section §5, some numerical computations are also performed to identify the mechanism
of instability. In section §6, the competition between the two modes is further studied,
to propose a stability diagram for the system. A brief conclusion is made in section §7.

2. A stratified VIV experiment
2.1. Facility

The experimental setup, sketched in figure 1, consists of a PMMA tank 4 m long, 1
m wide and 1 m deep, which is filled with salty water up to a height H between 70
and 85 cm. A trolley is mounted on rails and moved with a ball screw connected to a
motor MAC800 D2 of JVL, allowing a horizontal translation of the system along the
tank. The velocity of the trolley is kept constant during each run and vary in the range
0.01 < U < 23cm.s™ .

Three different cylinders of diameter D (equal to 3.2, 4 and 6.2cm) and length L,
of 63.9cm are considered. This leads to large ratios L,/D >10 and H/D >12 which
minimizes end effects in the transverse direction y and at the top and bottom of the
tank. As illustrated in figure 1, the cylinder is mounted on flat blade-shaped arms, which
are free to rotate around their junction point with the supports thanks to ball bearings.
The length L of these arms is an important parameter chosen between 15 and 50 cm. Their
flat shape and junction with the cylinder using two screws limit tilting and minimize the
arm-induced drag. All the parameters of the experiments are summarized in table 1.
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FIGURE 1. Sketch of the experimental setup with the main parameters: velocity U, length of
arms L, cylinder diameter D and the Briint Vaiséld frequency N defined by equation (1.4)

Exp. n° D [em] L [em] N [rads™'] 1 Re/Fr U Symbol
1 15 04401 242 15410° 17.32 %
2 6.2 30 0.52+0.05 4.84 2.0010° 2450 O
3 50 0.72+0.02 806 2.7710° 31.62 0O
4 15 0.37+0.02 3.75 5.9210% 21.57 K
5 4 30 0.62+0.03 7.5 9.9210° 3050 O
6 50  0.65+0.05 12.5 1.0410° 39.37 O
7 4 15 0 3.75 0 21.57 ¥
8 15  045+0.1 4.67 4.6110% 24.07 %
9 19 0954001 6 96910% 27.28 <
10 30  0.83+0.06 9.38 85010° 3412 O
11 3.2 30  0.38+0.05 9.38 3.8010% 3412 O
12 34 1.07+£0.15 11 1.0910° 36.94 ¥
13 45  1.22+0.07 14 1.2310% 4167 +
14 50 0.83+0.06 15.63 8.50 10? 44.03 0O

TABLE 1. Parameters of the different experimental configurations. For each configuration, about
20 different values of the translation velocity are considered between 0.01 cm/s and 23 cm/s. The
last column indicates the symbol used for each experiment in the figures.

The damping induced by ball bearings is measured in air using the pendulum model:

é+£9+w8920
m

(2.1)

with wg = /g/L ~ 4.43rad.s™! for the arms of length L = 50cm. The damping
coefficient ¢ is found by fitting the exponential decay of the cylinder position over 96
periods, and found to be ¢ = 5.6 £ 0.2 10 3 kg s~ 1.

The mass m of the cylinder is finely adjusted so that it is at equilibrium when the
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FIGURE 2. Plot of the density profile two days after the creation of the stratification. By
taking po = p (# = 50 cm)= 1.046 g.cm ™3 as density reference, one can find N = 1.06rad.s™*.

arms are horizontal. The uncertainties are such that, at rest, the cylinder is at 50 +4 cm
from the bottom of the tank.

2.2. Stratification

The tank is filled with salty water with a salt concentration increasing linearly with
depth. The fluid density can be written as p = po(1 — 2N?/g) where pg is the density at
the cylinder equilibrium position.

This stratification is obtained using a technique described in the PhD thesis of Bosco
(2015). It consists in dividing the tank into two parts, one with pure water and the other
one with uniformly mixed strongly salty water, and letting the two fluids mix through
holes of diameter 0.5 cm drilled in the separation slab. This technique is preferred to the
usual “two tanks method” because it requires only one tank, which is far more convenient
considering the huge volume used here.

A plot of the density profile just after the stratification creation is shown in figure 2.
One can notice that the profile is linear from z = 20 cm to the free surface at z =85 cm,
but a mixed layer is observed for z < 20 cm. This is due to a stronger mixing occurring
at the bottom when the salty and pure water blend through the slab holes. We have been
able to limit this effect that could also happen at the free surface by closing some of the
holes.

Experiments are typically performed during a few months with the same water. During
this period, the value of N decreases progressively owing to leaks and the mixing
generated by the displacements of the cylinder. In order to minimize these effects, the
tank is regularly filled with fresh water at the top and/or salty water at the bottom.
Every experimental day, a density profile is measured to recompute N, but mixing still
induces uncertainties on N from 2% up to 25% for the runs with the largest cylinder
diameter and the strongest oscillations.

2.3. Important non dimensional parameters

From the geometrical parameters (D, L, H, L), as defined in figure 1, the translation
speed U and the fluid properties (kinetic viscosity v, diffusion coefficient D, and N), an
important number of non-dimensional parameters can be defined:

e the Reynolds number Re=UD/v ,

e the Froude number Fr = U/ND,

e the length ratiol = L/D,
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FIGURE 3. Strouhal number as a function of the Froude number. D = 2.1 cm (green), D = 3.1cm
(blue) and D = 4.1 cm (red). Black symbols stand for experimental (stars) and numerical (dots)
results of Meunier (2012) (Re € [40,200]).

e the Schmidt number Sc = v/D,

e the mass ratio m* = m/(poL,wD?/4),

e the geometric ratios L,/D and H/D

These last two ratios are large. For this reason, end effects as well as boundary effects
associated with the free surface, side and bottom walls are assumed to be negligible.
They are not considered in the present study. The Schmidt number is close to Sc ~ 625
obtained for v = 107%m? s7! and D = 1.64 10~%m? s~!. The mass ratio m*, is here
always equal to 1, which is much smaller than in classical VIV experiments where m* is
larger than 20 most of the time.

In the present study, the three important parameters are then Re, F'r and [. They
will be varied in the following ranges: 500 < Re < 15000; 0.5 < Fr < 19; 2 <l < 16.
Of interest is also the ratio Re/F'r that remains constant for each experiment number
indicated in table 1. Except for the non-stratified case (experiment number 7), this ratio
is large, indicating the dominance of buoyancy over viscous effects.

2.4. Measurements with fized cylinder: the Strouhal number

The Strouhal number, defined in equation (1.2), corresponds to the non dimensional
frequency associated with vortex shedding for a fixed cylinder. There are only a few data
for the Strouhal number law in a stratified fluid. For this reason, experiments with a
fixed cylinder are first performed in order to find the Strouhal number dependence in the
setup.

Three different cylinders of diameter D = 2.1, 3.1 and 4.1cm are considered. The
measurements were made by analysing the wake patterns in the last two meters of
the cylinder course with a shadowgraph method using a camera Sony a7s taking 25
frames per second, and lens FE 2.8/50 MACRO. Most patterns were already qualitatively
described in Boyer et al. (1989).

The frequency was measured and dimensionalized to obtain the Strouhal number.
Results are plotted in figure 3 as a function of the Froude number, which offers the best
collapse.

The Reynolds number is equal to Re = 410 Fr for D = 2.1cm, to Re = 894 F'r for
D = 3.1cm, to Re = 1563 F'r for D = 4.1 cm. The Reynolds number ranges from 400 to
8000 in these experiments. On this plot is also displayed the experimental and numerical
results obtained by Meunier (2012) for lower Reynolds numbers (40 < Re < 200). This
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figure clearly shows that the usual value St ~ 0.2 of the homogeneous case remains valid
here as soon as F'r > 1.5.

For lower Fr, a sudden increase of the vortex shedding frequency is observed, in
agreement with the numerical and experimental results of Meunier (2012). We can also
see that this increase becomes larger when the diameter of the cylinder is increased for
a fixed F'r. This means a growth of the Strouhal number with the Reynolds number for
small fixed F'r. This tendency is in agreement with the results obtained by Chashechkin
& Voyekov (1993) who observe a linear increase of St with Re for small Froude numbers.

2.5. Measurements with oscillating cylinder and sources of uncertainty

As for the fixed cylinder, FIV measurements were performed in the last two meters
of the cylinder course with the same apparatus. The oscillations of the cylinder are
characterized by monitoring with the software Tracker the angle § made by the arms
with respect to the horizontal plane. From a least squares fit of the time variation of the
angle, an amplitude A and a frequency f are obtained.

Sources of uncertainties coming from the visualisation method or the stratification
measurement for instance, are numerous. A few of them can be quantified.

Uncertainties on the Froude number F'r come from the variation of N due to mixing.
As already mentioned, they can reach 20 %. Uncertainties on the Reynolds number Re
of about 10 % are mainly due to temperature variation, which modifies the value of the
kinematic viscosity. Uncertainties on the oscillation frequency of the higher-frequency
mode (see section 4) are of order 5 %, and those on the amplitudes of order 20 %, mainly
due to the irregularities of the observed oscillations. For the low-frequency modes, the
uncertainties are of order 25 % for both amplitude and frequency measurements because
of numerous bias. The first one is due the limited length of the tank: only part of the
very long wavelength oscillations can be observed and it is difficult to guarantee that
a steady regime has been reached. The second one is associated with the stratification.
Although a particular attention has been brought by waiting for at least 15 minutes
between experimental runs, stratification remains slightly perturbed by the cylinder
displacements. This probably explains the dispersion of the amplitude measurements
that have been observed between the first and last run of an experimental day.

3. The existence of two vibration modes

Videos of the cylinder moving through the tank were analyzed to deduce the evolution
of vertical position z of the cylinder as a function of time. A plot of these raw data, in
a homogeneous and a stratified fluid, for fixed | and Re, is shown in figure 4. It is clear
that the cylinder exhibits strong oscillations in a stratified fluid whereas oscillations are
almost undetectable in a homogeneous fluid. This is a first indication that stratification
strongly affects the flow induced vibrations of a cylinder.

Measurements of the amplitude and frequency of the cylinder oscillations are reported
in figure 5 as a function of the Reynolds number for the homogeneous and stratified
cases. It confirms that although oscillations are observed in both cases, their amplitude
in stratified water are more than one decade higher than in a homogeneous fluid. Their
frequencies seem to follow the same slope, but they are higher in the homogeneous case.

The stratified experiments were repeated with different speeds U, cylinder diameters
D and arm’s lengths L to explore the space of the parameters F'r, Re and [.

Data of measured amplitudes A and frequencies f obtained for a fixed value of [
are shown in figure 6. One can see that, as Fr increases, the cylinder firstly exhibits
large amplitude vibrations at low frequency (with an amplitude peak around Fr = 1.5),
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FIGURE 4. Vertical position of the cylinder in a homogeneous flow (green) and a weakly
stratified flow with F'r = 6.16 (red). Re = 4158, | = 3.75.
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FIGURE 5. Amplitude (a) and frequency (b) of the cylinder oscillations as a function of the
Reynolds number in a stratified (red) and homogeneous (green) fluid for I = 3.75. Black line
represents the Strouhal frequency (St = 0.2). In the stratified case, F'r varies from 1.8 for the
smaller Reynolds number to 12.6 for the larger Reynolds number.

then oscillations almost disappear before increasing again, to a lesser extent, while their
frequency jumps to a value about six times their initial value. This indicates the existence
of two distinct vibration modes.

These two modes are also clearly visible in figure 7 where is plotted as a function
of Fr the measured frequency f for all studied [. For visibility reasons, only frequency
measurements for which the oscillation amplitude was larger than 0.03D are kept. This
amplitude threshold has also been applied to all the following frequency plots, except in
the final plots of section §6. The large amount of data extending from low F' less than
one up to Fr = 20 enables to better identify the two frequency modes already spotted
on figure 6. The first mode has low frequency of order 0.25N/27; it is obtained for small
Froude numbers between 1 and 3 and is favored by large I. The second mode has a higher
frequency that increases with U.

In the next two sections, a focus is made on each frequency branch to detail the
observations and provide some physical interpretations.
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FIGURE 6. Amplitude (a) and frequency (b) of the cylinder oscillations as a function of the
Froude number for one set of cylinder diameter and length of arms (I = 11).
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FIGURE 7. Frequency of the oscillation as a function of the Froude number for all [ considered.
Black, red and blue symbols stand for the larger, intermediate and smallest cylinder diameters,
respectively (see table 1). Only experiments with amplitude oscillations larger than 0.03D are
plotted.

4. The VIV mode

The high-frequency mode is firstly considered. The objective is to show that this mode
corresponds to a classical VIV mode. For this purpose, a simple mathematical model is
derived to estimate the natural frequency f, of the mechanical system.

The model is based on the application of the momentum equation to the cylinder
assuming that the forces acting on the rod can be neglected (small mass, negligible
drag). For a cylinder of density po, volume Vs, diameter D and length L,, supported by
a rigid rod of length L which makes an angle 6 with respect to the horizontal plane (see
figure 8), the following forces acting on the cylinder can be listed:

e Rod’s tightness Fr
Weight Fyy, = poVsg
Buoyancy force Fy, = —p(0)V,g
Drag force Fp = —%p(@)DLyCDUabSUabS
Lift force Fp, = 7%p(9)DLyCLUabS(6y A Ubabs)
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F,

FIGURE 8. Schematic of the problem. Opposite or perpendicular forces are colored by pair to
ease comprehension.

o Added mass force F, = fCAp(G)VSL(éeg — 92er)

e Ball bearing damping Fy = —cLbeg
where Cp and C}, denote the drag and lift coefficients, respectively, and C4 the added
mass coefficient for a circular cylinder and p(f) = po(1— N2Lsin(6)/g) the density of the
ambient fluid at the cylinder position. Figure 8 shows these forces and their orientation.
The absolute velocity Uaps is the effective velocity of the cylinder due to the combined
action of its translation by the trolley and its rotation around the ball bearing caused
by oscillations, so that Uaps = —Uez + Lbeg. By definition, the drag force is oriented in
the direction of —U,ps while the lift force is perpendicular to it.

Applying the operation e, x to the momentum equation leads to the angular momen-
tum equation:

Vi(po + pCa) L+ cL = 5D (U sin(6) + L6] — UFL U cos(8) + (po — p)Vag cos(6). (4.1)

abs abs

By assuming 0 < 1, LO < U, C, < 1, C4 = 1, keeping only the first order terms in
equation (4.1), and switching from 6 to z = L, the following equation is obtained:

. C CDU . N2 C'DU2 CLU2
_c - - . 4.2
Z+(2povs+ WD)Z+(2 t LD )?T 7D (42)

This is the classical equation of a forced damped oscillator, that is forced by the lift
and damped by ball bearings and drag force.
Equation (4.2) shows that the restoring forces due to drag and stratification combine
to create an oscillator of natural frequency:
N2  (CpU?

N2 T ap

This formula applies to both homogeneous and stratified cases. The system is analogue
to the usual VIV system where the cylinder is mounted on springs. In the absence of
stratification, its natural frequency is f, = (U/27D)+/Cp /7l which has to be compared
to the natural frequency f,, = (1/2m)\/k/m associated with springs. The main difference
is then the linear dependence of the natural frequency with respect to the velocity whereas
it is constant for springs. The non dimensional velocity
U
fnD

fn

(4.3)

U = (4.4)
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that is commonly used in VIV studies (Williamson & Govardhan 2004), is thus constant
and equal to

Ug = 2x3/2\/1/Cp (4.5)

in the non-stratified case. For a cylinder (Cp = 1) and the parameters of the experiment
(number 7 in table 1), U ~ 21.5. This value is very large compared to the value 1/St =5
where VIV high amplitudes oscillations are expected in the classical theory (see section
1). In other words, the natural mechanical frequency and the vortex shedding frequency
are both proportional to the velocity which implies that they never match for any velocity.
It follows that no resonance is possible and no significant oscillations are thus expected
in the homogeneous system, which is in agreement with what has been observed in figure
5.

In the presence of stratification, the restoring force is due to the combined action of
drag and stratification. The natural frequency of the system is thus no longer proportional
to U and for strong stratification f,, becomes constant f,, ~ N/(2v/27). The expression
of U* becomes for the general case

A N (4.6)

/_1 c
2F7r2 + T?
This value is bounded by Uj that is reached for large Froude number. In table 1, the

value of Uj has been provided for each experimental configuration, using Cp = 1.
Equation (4.2) provides the natural frequency f, but also the oscillator damping rate

op as
1 C CDU
= - . 4.
b =5 (QpOVS 5D ) (47)

Measures in still air demonstrate that the damping rate caused by the structure
(c¢/(2poVs) ~ 51073s71) is at least 20 times smaller than the drag damping term
(CpU/(nD) > 0.1s71). op thus reduces to the second term in (4.7). The damping ratio
¢ =op/(2mfy,) is thus close to U*/47?, and therefore always smaller than U /4m? which
is at most equal to 1.

In figure 9(a), f/fn is plotted versus Fr. Cp = 1 has been used, as always done in
the following. One can see that the upper branch mode now exhibits a constant lock-in
frequency around 2f,, which confirms the link between the observed frequency and the
natural frequency of the oscillator. This result is in excellent agreement with the formula
(1.3) for the lock-in frequency of the lower branch VIV mode which predicts f;: .. ~ 2.1
in the case of low mass ratio. This is clearly visible in figure 9(b) where this value of the
frequency has been indicated in dashed line. This is a strong indication that the high-
frequency mode does correspond to a VIV mode. In this figure where f/f, is plotted
versus U* is also shown the vortex shedding frequency (in solid line). A synchronization
on the right side of this line is observed as expected, but for larger values of U* than in
classical VIV theory. However, the large extent of the synchronization interval is not far
from the results obtained by Govardhan & Williamson (2000) which predicts a lock-out
at UZ, 4 ~ 19.3. It is also not in contradiction with the value of the damping ratio ¢ which
remains smaller than 1 for all the regimes where oscillations were observed.

In figure 10, the amplitude of the most unstable configurations is plotted as a function
of U*. These configurations correspond to the smallest values of [, for which the maximal
value U of U* is also the smallest. These limits are indicated as vertical dashed lines
in the figure. The value of the peak amplitude decreases as U™ increases as expected.
But very low amplitudes are also observed for small U* that cannot be explained by the
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FIGURE 10. Amplitude of VIV mode as a function of U*, for experiments with smaller [.

classical VIV theory. It is suspected that in this regime for which the Froude number is
small, the stratification modifies the flow and the drag and lift forces it exerts on the
cylinder.

5. The galloping mode
5.1. Description and interpretation

Below the VIV frequency branch, figure 7 shows the existence of a second vibration
mode of the system with a constant frequency around 0.25N/2x. This mode occurs at
rather low Froude numbers (Fr € [1;3]), i.e. when the buoyancy forces are no longer
negligible with respect to the inertial forces. Furthermore, it is not observed for small
arms, but only when the ratio [ is larger than a critical value (around 7) as it will be
further discussed in the next section. This indicates that the predominance of buoyancy
forces over restoring drag forces is also probably important to observe this mode.
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FIGURE 11. Amplitude of cylinder oscillation in galloping mode as a function of Froude
number.

The amplitude of the galloping mode is plotted in figure 11. Despite a strong scatter,
the amplitude peak reaches values between one and two cylinder diameter. This is
between two and four times the maximal value obtained for VIV modes (see figure 6
and compare figure 10 and figure 11).

The characteristics of this mode (low frequency and high amplitude oscillations) remind
the classical galloping mode, which occurs in a homogeneous fluid when the axisymmetry
of the object is broken. As shown for example by Bokaian & Geoola (1984) in the case of a
square cylinder, the galloping mode results from an instability: due to symmetry breaking,
a tilt of the cylinder induces a lift in the same direction as the motion, and therefore
increases the displacement. This instability leads to very large amplitude oscillations
because they are only limited by the structure itself. Owing to its axisymmetry, no
galloping instability appears for a circular cylinder in a homogeneous fluid. However, in
the presence of stratification, as the axisymmetry is automatically broken, a destabilizing
lift could a priori be generated even for a circular cylinder. Numerical simulations are
presented in the next section to test this possibility.

5.2. Numerical stmulations

Numerical simulations are performed using the commercial software COMSOL®. The
following configuration is simulated: in a fluid with a linear stratification p, a cylinder
is moved at a constant speed U, in a direction tilted by an angle o with respect to the
horizontal plane. The total density is written as p = po+p(z)+p' (2, y, 2, t) where po+p(z)
is the background fluid density and p’ the density induced by the cylinder displacement.
Distances are non dimensionalized by D, velocities by U, pressure by poU? and density
by poDN?/g. In the cylinder frame of reference, the Navier-Stokes equations under the
Boussinesq approximation and the density transport equation can then be written as

Du 1 o
ﬁ = —Vp—i—EAu— ﬁez7 (51(]/)
Dy’ 1
~ (us +sina) = —— Ay 1b
Dt (u tsin a) ReSc P (5 )

In equation (5.1b), the u, term comes from the density transport due to the linear
gradient, and the sin a term is associated with the change of frame.
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FIGURE 12. Properties of the stationary perturbation induced by an inclined displacement of the
cylinder. Displacement angle with respect to the horizontal plane: o« = 5°. F'r = 1.5, Re = 300,
Sc = 1. (a): density field (color map) and streamlines. (b): pressure field (color map) and
streamlines.

The problem is solved in a (z, z) domain defined by —5 < < 20 and —5 < 2z < 5 with
the cylinder centred at the origin. The tilted velocity is imposed at the top (z = 5), the
bottom (z = —5) and the entrance (x = —5) of the domain. Outlet boundary conditions
are imposed at x = 20. Smooth sponge layers of thickness 1 have been added at the top
and bottom in order to damp internal waves: the viscosity is multiplied by a factor 1000
in these layers. A small Reynolds number (Re = 300) and a Schmidt number Sc¢ = 1
are considered such that there is no vortex shedding. We are interested in the stationary
solution to equations (5.1a,b).

The density and pressure fields of this stationary solution are plotted in figure 12. The
resulting vertical force (sum of drag and lift components on e), shown in figure 13, is
calculated by integrating the viscous force and pressure force on the cylinder.

Figure 12(a) shows that the density gradient is asymmetrically perturbed by the
cylinder. A strong positive lobe of density is created above and behind the cylinder.
This density correction is probably related to the combined action of the lee waves and
of the recirculation zone. This positive density lobe induces an asymmetric pressure
behind the cylinder since its z derivative is equal to the density in the absence of motion.
Indeed, although the usual positive pressure lobe causing drag is observed in front of the
cylinder, figure 12(b) also demonstrates the presence of a negative pressure on the upper
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right of the cylinder. This induces an upward lift. Since the cylinder is already going up,
this lift reinforces the initial motion, thus an instability develops. Figure 13 shows that
this destabilisation process occurs for angles in the range [—40°,40°]. For larger angles,
the drag force is stronger than the lift and the destabilizing mechanism described above
is no longer present.

To conclude this section, it was shown by analysing the properties of the perturbation
induced by the cylinder motion, that the lift can become destabilizing in the presence of
stratification when the displacement is no longer horizontal. The mechanism is therefore
very similar to the galloping instability.

The next section focuses on the influence of the non-dimensional parameters defined
in section 2.3 on the development of the galloping and VIV modes.

6. Competition between the two regimes

As already mentioned, there are three main non-dimensional parameters characterizing
the system: the length ratio [ which specifies the geometry, the Froude number F'r which
compares buoyancy and inertial forces, and the Reynolds number Re which characterises
viscous effects. In this section, the influence of these different parameters on the observed
mode is evaluated.

All data are plotted as a function of Fr and [ in figure 14(a). Each solid circle
corresponds to an experiment where a distinct mode has been observed. The color of
the circle is related to the frequency of the mode: red circles correspond to low-frequency
galloping modes, while blue circles to high-frequency VIV modes. This stability map
clearly shows that the galloping mode domain is limited to the square domain of high-{
and low-F'r: [ must be larger than 7 and Fr below 3 for the galloping mode to appear.
However, these data cover a large range of Reynolds numbers.

To evaluate the influence of the Reynolds number, the data are plotted as a function of
Fr and Re in figure 14(b) for a reduced range of [ (I € [8,12.5]). The Reynolds number is
found to have a weak impact on the transition between galloping and VIV mode compared
to the two other non-dimensional numbers. The transition Froude number between the
two modes seems to decrease as the Reynolds number increases. However it is difficult
to quantify precisely the Re dependence due the lack of data. Indeed, at transition,
amplitudes are very weak and frequencies difficult to measure, so many experiments
were not conclusive, causing a gap in the available data (see figure 14(b)).

Nevertheless, from figure 14, it can be inferred that the two main control parameters of
the system are the Froude number and the geometric parameter [. This is in agreement
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with the model that we have developed. We have indeed shown that stratification is
essential for the appearance of the galloping mode, while the parameter [ affects the
drag force that is responsible for the development of the VIV mode. Viscosity is not
expected to play an important role, especially in the regimes of large Re/Fr that we
have considered.

7. Conclusion

The classical experiment of a spring-mounted cylinder has been adapted to the case
of a stratified fluid: the flowing water channel has been replaced by a towing tank of
stratified fluid, and the cylinder has not been mounted on springs but on flat blade-
shaped arms free to rotate around their end. With this set-up, drag and buoyancy forces
induce a vertical restoring force that mimics the action of a spring.

This pioneered experimental study of Vortex Induced Vibrations in a stratified fluid
has brought out the existence of two different oscillating modes for a circular cylinder.

The first one is a VIV mode that results from the resonant coupling of vortex
shedding with the natural oscillations induced by drag and buoyancy. It has a moderate
amplitude (less than 0.6D) and a frequency proportional to the frequency f,,. The lock-in
frequency ratio f/f, has been shown to be remarkably well-predicted by the classical
VIV theory for low-mass-ratio (Williamson & Govardhan 2004). The natural frequency
is shown to be not constant. It varies from f,, ~ N/(2v/2n) for small Froude numbers to
fn ~U/27/Cp/mLD for large Froude numbers. In a spring-mounted experiment, this
natural frequency would be expected to switch from f,, ~ N/(2v/27) to /k/(m* + C4)
as the spring constant k increases.

The second mode is a galloping mode, characterized by a large amplitude (up to
2D) and a low frequency close to 0.25N/27. It has been linked to the breaking of the
axisymmetry due to the stratification. In particular, it has been associated with the
presence of a destabilizing lift force, as for the galloping modes of non-cylindrical objects.
This mode has been observed for low Froude numbers (Fr < 3), and long arms (I > 7).

Galloping and VIV modes were also observed in classical VIV systems in a homoge-
neous fluid when the object is no longer axisymmetric, but the scenario of appearance
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is different. In general, as U™ increases, VIV mode appears first, then it is replaced by
the galloping mode, that never disappears (Nemes et al. 2012; Mannini et al. 2014). Here
the scenario is opposite. We have first observed the galloping mode for small U* and
then the VIV mode. This can be understood because small values of U* also correspond
to small Froude numbers, which are necessary for the existence of the galloping mode.
As U* increases, F'r also increases, so the buoyancy restoring force responsible for the
instability of the galloping mode reduces, and is finally not sufficient to sustain the mode
when F'r is too large.

The effect of the Reynolds number on the transition from galloping to VIV mode has
been analysed for Re between 500 and 15000, but no significant dependence has been
noticed.

Oceans, which are stratified, are full of cables (transatlantic communications, oil
platforms...) subjected to complex streams, and then, potentially, FIV phenomenon.
As this study shows a strong influence of stratification on fluid-structure interactions
that has never been addressed before, it would be of interest to consider these specific
applications. It suggests numerous possible studies. For instance, it would be useful to
analyze the effects of an inclination angle, of the rigidity of the body and of a nonlinear
stratification. Another setup with springs could also be useful for a comparison with
classical homogeneous VIV results. Finally, using numerical simulations to explore
regimes difficult to reach experimentally, such as low Froude numbers/large Reynolds
numbers regimes could be another interesting research path.

The authors would like to thank Thomas Leweke for fruitful discussions.
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