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ABSTRACT

Much effort in the past half century has been made to explain
the role of damping in the prediction of VIV. Scruton (1965),
Griffin et al. (1975), Klamo, et al. (2005) and Govardhan &
Williamson (2006) all made significant contributions. None
fully characterized the role of damping in governing the
response over the full range reduced velocities, which
encompass the wake synchronized region. In 2012 Vandiver
devised a way to do that with a new damping parameter c*. His
results were verified using 2D spring-mounted cylinders in
uniform flow.

The primary objective of the research described in this paper is
to find a c*-like quantity for flexible cylinders, which is
capable of organizing response data for flexible cylinders,
which may have many modes, be exposed to sheared flows and
possess spatially varying properties, such as the coverage of
strakes and fairings. Data from a recent high mode VIV model
test campaign conducted by SHELL Exploration and
Production Company are used to illustrate the application of c¢*
to flexible cylinders. It is shown that, if one accounts for
Reynolds number, the response of flexible cylinders with
varying strake coverage in the SHELL Tests collapse onto a
single curve.

INTRODUCTION

Since 1955, many authors have attempted to use the mass-
damping parameter to explain the role of damping in the
prediction of VIV. Griffin et al. (1975) attempted to collapse
the VIV amplitude response of a wide variety of cylinders using
the mass-damping parameter S;. The “Griffin plot” had a lot of
scatter (Sarpkaya, 2004). The scatter was the result of their
attempt to include data from low mass ratio structures and data
from structures with a variety of mode shapes. The most
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important limitation was they did not account for the role of
Reynolds number.

Klamo et al. (2005) were the first to reveal that VIV peak
response amplitude increased with Reynolds number in the sub-
critical range.

Govardhan and Williamson (2006) conducted further
experiments on spring-mounted cylinders with 1 and 2 degrees
of freedom in uniform flow. Careful control of damping in their
experiments enabled them to investigate the relationship
between their damping parameter a and the peak-amplitude at
a given Reynolds number. They successfully separated the
effect of damping from that of Reynolds number and mass
ratio.

As with all forms of mass-damping parameter, Govardhan and
Williamson’s a parameter only succeeds at characterizing the
peak response of spring-mounted cylinders at resonance and
performs worse for low mass ratio structures. Vandiver (2012)
derived a new damping parameter c¢* which overcame many
of the limitations of mass-damping parameters mentioned
above. This new damping parameter, c*, is valid over the full
lock-in range of reduced velocities. His results were verified
using data from experiments with spring mounted cylinders in
uniform flow.

The primary objective of the research described in this paper is
to find a c*-like quantity from flexible cylinders, which is
capable of organizing response data for flexible cylinders,
which may have many modes, be exposed to sheared flows and
possess spatially varying properties, such as the coverage of
strakes and fairings.

The largest challenges involve properly defining a damping

coefficient for structurally non-uniform cylinders in non-
uniform flow. For example, how does one characterize damping
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for a riser partially covered with helical strakes in a uniform
flow?

EXPERIMENT DESCRIPTION

The experiments were conducted in 2011 by SHELL
Exploration and Production in the Ocean Laboratory at
MARINTEK, which is described in detail in Lie et al. (2012).
Some results from these tests have already been published in a
series of papers over the past few years, see Resvanis et al.
(2012, 2014), Rao et al. (2012, 2013, 2014, 2015) and Rao
(2015)

A 38 m long horizontal riser model was attached to the test rig
via universal joints. Figure 1 shows the schematic of the test
set-up in uniform flow. Clump weights were attached to the
upper truss in a vertical pendulum configuration. The riser ends
were are attached to the clump weights via universal joint and
the force transducers.

Crane-system

L~ " ~NL"~ ~~l

Crossbeam

N SN

N N
‘ Riser

Clump weight

Figure 1 Schematic of the test set-up in uniform flow
(MARINTEK, 2011).

Table 1 Pipe Model Properties for the SHELL Tests

Parameters Pipe
Total length between pinned ends (m) 38.00
Outer diameter (Hydrodynamic Diameter) (mm) | 80
Optical diameter (Strength Diameter) (mm) 27

Inner diameter (mm) 21
Bending stiffness, EI (Nm?) 572.3
Young’s modulus, E(N/m?) 3.46x10%°
Mass/length in air (kg/m) 5.708
Weight in water (kg/m) 0.937
Mass ratio 1.14

The pipe was densely instrumented with Bragg fiber optic
strain gauges at 30 equidistant locations. Additionally 22 bi-
axial accelerometers were mounted inside the pipe to measure
in-line and cross-flow accelerations. Tri-axial force transducers
were installed at both ends. All transducers were sampled at a
rate of 1200Hz. Pipe properties are listed in Table 1.

The pipe, partially covered with helical strakes, is the main
focus of this paper. The triple start helical strakes were cast
from polyurethane, and were delivered in sections 430mm long.

Each complete section was made up of two half-shells attached
to the 80mm pipe with plastic straps.

With 100% strake coverage the long flexible pipe exhibited no
VIV. The strakes were then removed progressively from the
center towards the ends so as to create a bare section in the
middle. Figure 2 shows the schematic diagram of the pipe
partially covered with helical strakes. Rao et al. (2014) used the
vibration intensity technique to confirm that the bare sections of
length L;, were in fact the power-in regions. Five straked
configurations were tested in uniform flows: gap lengths tested
were 5%, 15%, 25%, 52% and 100% of the total length. The
Reynolds number spanned the range from 20,000 to 120,000.

5% Gap

15% Gap

25% Gap

Strakes 529% Gap Strakes

100% Gap

Figure 2 Schematic of the 80 mm diameter pipe with the five
strake configurations.

THE C* DAMPING PARAMETER FOR SPRING-
MOUNTED, RIGID CYLINDERS

The damping parameter, c¢*, was proposed by Vandiver (2012).
It may be derived from the cross-flow equation of motion for a
rigid cylinder. It is valid over the full range of reduced
velocities for which the wake and cylinder motion are
synchronized and is applicable to both high and low mass ratio
cylinders. Vandiver’s damping parameter for a rigid cylinder is
defined as:

% 2cw

- pUZ (1)
Where ¢ is the damping constant per unit length of a rigid
cylinder and has units of force per unit length per unit cylinder
velocity. w is the response frequency which does not have to
coincide with the natural frequency, p is the fluid density and
U is the flow speed.

Equation (1) is based on the assumption that any steady-state,
periodic, VIV exciting force may be decomposed into a Fourier
series. Thus c¢* is valid at any steady state excitation
frequency. The observed dimensionless response amplitude A*
need not be observed at resonance.
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Govardan and Williamson (2006) showed that the effect of
Reynolds number could be separated from that of damping. In
Vandiver (2012) the G&W data was recast in terms of c*.
Figure 3 shows that data taken at several different Reynolds
numbers collapse onto a single curve, after the Reynolds
number dependence is removed from A*. The plot shows the
modified amplitude A},,./f(Re) versus log(c™).
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Figure 3 Ayq./f(Re) versus log(c*) for Re = 1250(m* =
15.3) , Re =4000(m* =10.9) and Re = 12000(m* =
10.3). The solid line represents the best-fit curve in Govardhan
and Williamson (2006). This figure is based on the data shown
in Fig.14, Govardhan and Williamson (2006).

The best-fit curve in Fig.3 represents the relationships between
the modified peak-amplitude Aj,../f(Re) and damping
parameter ¢* which is written as

Anox/f(Re) = (1-0.31¢* + 0.023¢*%) (2)

Where Aj,.,. is the dimensionless peak amplitude, f(Re) =
log(0.41Re®3%) and Re is the Reynolds number.

DEFINITION OF THE EQUIVALENT DAMPING PA-
RAMETER ¢, AND AMPLITUDE A4, FOR FLEXI-

BLE CYLINDERS

The primary objective of the research described in this paper is
to find a c*-like quantity for flexible cylinders, which is
capable of organizing response data for flexible cylinders.
VIV on flexible cylinders tends to excite many modes.
Furthermore they may be exposed to sheared flows and may
possess spatially varying properties, such as the coverage of
strakes and fairings. We seek an equivalent parameter, cg,,
which organizes response data in much the same way as the
rigid cylinder data is organized in Figure 3.

In order to extend c* to characterize the response of long
flexible cylinders, new definitions are needed for response
amplitude and system damping.

Figure 4 shows how the authors propose to model the damping
of a long flexible cylinder in terms of an equivalent rigid cylin-
der. For a steady state response, the input power entering the
long flexible cylinder must equal the output power dissipated
by damping

(Hin) — <"out) — ("str> + (Hflux> A3)

Where (IT™™) is the time-averaged input power and (I7°%t) is
the time-averaged output power. The output power includes two
terms, (I15t") which is dissipated by the structural damping in
the power-in region and (I77%~), the power flux which leaves
the power-in region and is dissipated by damping, both
structural and hydrodynamic in the power-out region.

Long flexible cylinder model

Power Flux Power Flux

Input Power

Lo oL

Structural Damping

Input Power

4 L o

Equivalent Damping
Equivalent rigid cylinder model

Figure 4 A conceptual model of the relationship between
flexible cylinder damping and the damping of the equivalent
rigid cylinder.

The basic principle to be applied is that the damper of the
equivalent rigid cylinder must dissipate the same total power as
that in the long flexible cylinder. The equivalent rigid cylinder
has the length of the power-in region of the long flexible
cylinder for each specific excitation frequency. For the data
shown in this paper the power-in region is the bare region in the
middle of the partially straked pipe, exposed to uniform flow. A
key step is to find the damping coefficient, r,,, of the
equivalent damper from the experimental data.

In order to find c;, and Ag,, three quantities must be

evaluated, as shown in equations 4, 5 and 6.

The temporal root-mean-square (RMS) of the cross-flow
displacement y(z,t) ateach location is defined as:

Yems(@ = [T Y2z, Ot @)

The spatial mean value of the temporal RMS displacement
Vrms(2) in the power-in region is defined as:

1
"= EfLinyrms(z)dz 5)
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The spatial RMS of the temporal RMS displacement y,.,,,s(2)
in the power-in region is defined as:

1
Yrus = Jr I, ¥ims(z)dz (6)
in in
The cylinder velocity is defined as:

yrmszyrms*w )

Which is exact for a purely sinusoidal signal and approximately
equal if y(z,t) is a Gaussian narrow band signal, centered on

the frequency w.
o Definition of the equivalent damping parameter c,

The basic idea of this energy conservation method is that the
damping coefficient 7, is defined so as to require the
dissipated energy of the equivalent rigid cylinder be equal to
that of the long flexible cylinder. The per unit length damping
coefficient of the equivalent spring-mounted cylinder is defined
as:

(nout) _ (nout)

- 2
Jy 20y (zt)dzdt  Lin*@*Yys
m

©)

req =

The calculation of (/7°%¢) is shown in Rao et al. (2014). z is
the axial coordinate along the pipe. t is the time in seconds. T
is the oscillation period of the pipe. The displacement y(z,t)
is a zero mean, narrow band random process, centered on the
response frequency w. y(z,t) is the velocity of the pipe. The
damping coefficient 7., has the units of Ns/m?.

The equivalent damping parameter c, is then defined as:

2Teqw
Cog = —5 9
eq pU2 ( )

Similar to the definition of Vandiver’s damping parameter, c;,
may be thought of as the ¢* for an equivalent spring-mounted
rigid cylinder of length L;,, and a constant damping coefficient
per unit length of 7,,. The total damping for the equivalent
spring-mounted cylinder is given by R.q = 7oq * Lip.

o Definition of the equivalent lift coefficient C,.,

The familiar model of VIV lift force per unit length is:
1 .
f(t) = CLquDpUzsm(wt) (10)

Where C,., is the average lift coefficient in the power-in
region. D is the hydrodynamic diameter of the pipe. p is the
fluid density. U is the spatial RMS flow speed in the power-in
region.

In this paper the goal is to find the equivalent C,., and

equivalent c;fq from actual measured strain and acceleration
data resulting from the displacement y(z,t), which is a zero
mean narrow band random process centered on the frequency
. A model of the time dependence of the lift force is required
which is formulated in terms of the measured velocity.

The following approximate formula is used to represent the
time dependent part of Equation (10) when y(z,t) is a narrow
band signal:

j’(Z,t)

O R w— (11)

It has the following properties:
(1) Itis normalized to have a maximum value of 1.0.

(2) It requires the VIV lift force to be in phase with the
cylinder velocity.

(3) It reduces to sin(wt + 6) when y(z,t) is a simple
harmonic function.

The equivalent lift coefficient C,., is assumed to be constant
and generates the same power on the equivalent cylinder as that
on the long flexible cylinder. The equivalent lift coefficient for
the pipe under uniform flow is shown in Equation (12)

1 (miny 1 (i
15 1T . 1.2 on (12)
Y Dflinffo g®y(zt)dzdt 5pU*DLin 75

CLeq =

e Relation between Ag,, czq and Cp.q

Vandiver(2012) showed that A* = % by equating the input
and output power on a rigid cylinder. In a similar manner we
can equate the input and output power of our equivalent cyl-
inder: (IT™) = (I1°%t), we have

CLeq Yus
=22 13
Ceq wD (13

* —
Aeq =

When the response is that of a rigid cylinder in uniform flows,
Equation (13) reducesto A/D.

RESULTS

» Effect of power-in length on the equivalent amplitude Az,
at fixed Reynolds number

Figure 5 shows the equivalent amplitude Az, versus the
exposure length fraction L, /L at a single Reynolds Re =
60,000. It is expected that the equivalent amplitude Az,
increases with the exposure length. The exposure length is the
power-in length of the partially straked pipe in the uniform
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flow. The longer the power-in region the greater the expected
response.
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Figure 5 The equivalent amplitude Ag, versus the exposure
length fraction L;,/L at Re = 60,000(m" = 1.74) which
corresponds to the flow speed of 0.75m/s.

Figure 6 shows the plot of the damping parameter c;, versus
the exposure length fraction L;,/L at Re = 60,000. The
equivalent damping parameter c;, includes contributions from
both structural and hydrodynamic damping. In general, the
contribution from the structure damping is very small compared
to that from the hydrodynamic damping. Most of the
hydrodynamic damping is represented by the energy flowing
out of the power-in region as propagating waves. For long
cylinders the equivalent total damping is constant due to the
flow of energy away from the power-in region is approximately
constant. Thus the equivalent damping parameter cg,
decreases as the exposure length increases. This effect is seen in
Figure 6.
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Figure 6 The equivalent damping parameter c;, versus the
exposure length fraction L;,/L at Re = 60,000(m* = 1.74)
which corresponds to the flow speed of 0.75m/s.
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Figure 7 The equivalent amplitude Ag, versus the equivalent
damping parameter c;, at Re = 60,000(m™ = 1.74) which
corresponds to the flow speed of 0.75m/s.

As shown in Fig.3, the peak amplitude A;,,, depends strongly
on the Reynolds number. At a given Reynolds number, peak
amplitude A4;,., collapses to a single curve when plotted
versus c*.

Figure 7 shows the equivalent amplitude Az, versus the
equivalent damping parameter c., at the Reynolds number
Re = 60,000. The same trend of amplitude decreasing as
damping increases that was visible in Figure 3 is also seen in
Figure 7. The maximum equivalent amplitude Ag, occurs at
the minimum equivalent damping parameter cg, Wwhich
corresponds to the bare pipe case. For the bare pipe, the whole
region is considered as the power-in region and only structural
damping exists. Thus the bare pipe tends to have the smallest
possible equivalent damping parameter.

« Effect of Reynolds number on the equivalent amplitude
Agq
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Figure 8 The equivalent amplitude Ag, at very low equivalent
damping parameter from D = 80mm bare pipe, showing a
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linear increase in Az, versus the log of the Reynolds.

In order to investigate the effect of Reynolds number on
response amplitude, a number of cases at the same damping
parameter should be chosen. Govardhan and Williamson (2006)
chose the zero damping case to extract the effect of Re on A*.
The minimum damping cases for the Shell experiments were
those with 100% exposure in a uniform flow. In these cases
only structural damping acted on the cylinder. The response
was quite large and is on the response plateau which maxes out
at the A*corresponding to a lift coefficient of zero. The
measured damping was approximately 0.6% in air. The
response at this minimum level of damping is used here to
approximate the zero damping case.

A bare pipe with 80mm diameter at five different Reynolds
number was chosen to investigate the effect of Reynolds
number on the amplitude.

Figure 8 shows the plot of the equivalent amplitude Ag,
versus Reynolds number. The equivalent amplitude Ag, varies
linearly with log(Re) over the range of Reynolds numbers
tested. It is not expected to remain linear outside of the range
tested. A least-squares fit of all the data in Figure 8 suggests the
best-fit curve is given by:

*

eq

o =0 = f(Re) = 1og(0.07 x Re®*?) (14)
eq=

This result is assumed to be the same as would be seen in a true
zero damping case. We will use it to plot Az, /f (Re)

e Modified equivalent amplitude Ag,/f(Re) versus
equivalent damping parameter c,
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Figure 9 The equivalent amplitude Az, versus the equivalent
damping parameter c., for five partially straked pipes at five
different Reynolds numbers.

Figure 9 shows Az, versus c;, before accounting for
Reynolds number. The data has a considerable amount of
scatter.

The modified equivalent amplitude Ag,/f(Re) is the
equivalent amplitude Az, after removing the effect of
Reynolds number

12 : : .
1F — .
— [m]
[0
€ o08f .
g
<
e 06F .
2
g 04{ #* Re=40,00 |
< O Re=60,000
|| O Re=80,000 i
02
A Re=100,000
+ Re=120,000
O i3 i3 E
10° 10° 10" 10° 10

Damping parameter c;q

Figure 10 The modified amplitude AZ,/f(Re) versus the
equivalent damping parameter c;, for five partially straked
pipes at five different Reynolds numbers, all of the data
collapses well onto a single curve.

Govardhan and Williamson (2006) mentioned that the effect of
Reynolds number and the effect of mass-damping on the peak
response could be separated. For bare pipes in uniform flows,
the equivalent damping parameter is very small and has a very
small effect on the equivalent amplitude. The only main factor
to affect the equivalent amplitude will be Reynolds number.
Thus the best-fit for Reynolds number has already been
obtained through the equivalent amplitude at very small
equivalent damping. The best-fit curve in Equation (14) is also
applicable to the equivalent amplitude at large equivalent
damping case, such as the pipe partially covered with helical
strakes in uniform flow.

Figure 10 shows the equivalent amplitude after removing the
effect of Reynolds number at both small and large damping
parameters. All of the data collapses well onto a single curve. A
good representation of this curve is given by Equation (15).

Azq/f(Re) = e7033cea (15)

Govardhan and Williamson (2006) applied a simple quadratic
function to best fit the modified peak amplitude, see Equation
(2). However, such a quadratic relationship cannot represent the
response well for very low modified peak amplitude of order
~0.1 found at much larger damping parameter. Here, an
exponential function is used to best fit the modified amplitude
Azq/f(Re) based on two reasons. Firstly, the exponential form
captures well the physics of VIV. At a much larger damping
parameter, the modified amplitude Ag,/f(Re) tends to be
zero. A good example will be a pipe with 100% helical strake
coverage in a uniform flow. This case is considered as almost
zero amplitude but much larger damping.
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Another reason is that this exponential form is much simpler
but has a comparable performance to the quadratic function
even in the small damping region (Govardhan and Williamson,
2006). It should be noted that not all of these data in Fig.10 are
exactly on the best-fit curve. The possible explanation will be
the effect of reduced velocity. Govardhan and Williamson
(2006) investigated the peak response versus the Reynolds
number and mass-damping but at one reduced velocity ~5.9. In
Fig.10, the reduced velocity is not fixed at one value but varies
from test to test.

CONCLUSIONS

A method is proposed to model the long flexible cylinder as an
equivalent rigid cylinder. It shows that the use of the damping
parameter ¢* may be extended to the long flexible cylinder.
SHELL Exploration and Production Company conducted a
systemic VIV experiments for 80mm diameter pipe equipped
with helical strakes in uniform flow, which enabled the
investigation of damping on a long flexible cylinder.

It was demonstrated that the equivalent amplitudes depend not
only on the equivalent damping but also on Reynolds number.
By changing the coverage of helical strakes and thus changing
the hydrodynamic damping, it was possible to examine the
dependence of the equivalent amplitude on the equivalent
damping parameter at a constant Reynolds number. It was
demonstrated that the equivalent amplitude and the equivalent
damping parameter follows a single curve. The dependence of
equivalent amplitudes on Reynolds number could be obtained
by investigating the bare pipe without helical strakes (which
have very little damping) at different Reynolds numbers. It
shows that the equivalent amplitude linearly increases with the
log of the Reynolds number. If one accounts for Reynolds
number, all of the data from long flexible cylinders in the
SHELL Test collapse onto a single curve.

Extending this analysis to flexible pipes in sheared currents is
more challenging and is still a topic of research.
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