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ABSTRACT

This paper explores the Reynolds number dependence of the
Vortex-Induced Vibration (VIV) of flexible marine risers.
Emphasis is placed on revealing the trends that exist between
the Strouhal number and the Reynolds number and between
the dimensionless amplitude (4/D) and Reynolds number.
Data is drawn from recent towing tank experiments which
used flexible cylinders of three different diameters. The 38m
long pipes were exposed to uniform and sheared currents. The
Reynolds number range extended from approximately 5,000 to
220,000 -well into the critical regime- with the larger diameter
pipes responding in up to the 13™ mode and the smaller
diameter pipe responding well above the 20™ mode. The
results and trends from this set of experiments are compared to
previous results from laboratory and field experiments.

INTRODUCTION
The Reynolds number, Re, is a very important dimensionless
parameter in most fluid dynamics problems including VIV.
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v
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Recently, independent studies by Govardhan and Williamson
(2006) and Klamo et al. (2005) have shown that the Reynolds
number is extremely important when analyzing the response
amplitude of rigid cylinders undergoing VIV in laboratory
experiments. Both studies demonstrate that the mass ratio does
not influence the peak response amplitude whereas there is a
strong dependence on the Reynolds number - with the peak
response amplitude increasing as the Reynolds number is
increased.

Despite being an important factor that governs the behavior of
VIV, it has been very hard to study the effect of Reynolds
number on the VIV response of flexible risers. A lot of the
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high Reynolds number data remains the proprietary
information of the oil and gas companies that funded the
experiments, and only a few published datasets are available
to researchers. Furthermore, when attempting to compile
enough data so as to span a reasonable Reynolds number
range, one inevitably runs into the problem of comparing data
from many different systems with different dynamic
properties, instrumentation procedures, etc...

To date, the most comprehensive study of the Reynolds
number effects on flexible cylinders is the work of
Swithenbank et al (2008) who compile and organize the A/D
vs. Re number data from ten different datasets including
laboratory and field experiments.

This paper attempts to build on the past work by using data
from recent experiments on flexible pipes where the Reynolds
number range spans three orders of magnitude. The aim of
this paper is to reveal the trends that exist between the
Reynolds number and some of the most important VIV
response parameters (Strouhal number, cross-flow (CF) & in-
line (/L) amplitudes and drag coefficient (C,)).

Effect of Reynolds number on the response of rigid
cylinders

Govardhan & Williamson (2006) and Klamo et al (2005)
independently showed that the Reynolds number influences
the peak response of a rigid cylinder free to vibrate in a cross-
flow. After accounting for the Reynolds number dependence
both Williamson and Klamo were able to show excellent
correlation between peak response amplitudes with their
respective damping parameters. The authors clearly
demonstrate that the response amplitude depends on the
Reynolds number and some form of damping parameter.

Vandiver (2012) reviews the history of damping parameters,
including the two used by Govardhan & Williamson and by
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Klamo et al. He explains the shortcomings of all previous
damping parameters used in the study of VIV and then
introduces a new damping parameter c*, which is defined
below.

c* = 2cw/pU?

By far the most interesting result to follow from his analysis,
is that a very simple relationship is shown to exist between the
lift coefficient, C;, the dimensionless response amplitude, 4 *,
and the damping parameter, as shown in Equation 1:

C,=A-c )

The key points from this analysis are repeated here because
they not only provide great insight into the VIV problem but
also help explain the strong Reynolds number dependence that
Govardhan & Williamson (2006) and Klamo et al (2005)
discovered and will be shown to exist with flexible cylinder
data later on in this paper.

Starting with the equation of motion for a rigid, spring-
mounted cylinder exposed to a cross flow,

1
my +cy+ky= ECFpUZD sin(wt + ¢)

= %CFpUZD[sin(a)t) cos(¢) + cos(wt) sin(¢p)]

and after substituting y=A4 sin(wt) for the response, the
resulting equation can be separated into two equations; the
first describes the dynamic equilibrium between the stiffness
and inertial terms

1
(k —mw?)A = ECFpUZD cos(¢p)

And the second describes the equilibrium between the

damping force and the lift force

1
cwA = ECFpUZD sin(¢)

After rearranging this equation, the relationship shown in

Equation 1 is obtained for the lift coefficient:

*_A_pUZ . _ 1 . _cC
A* = E = ECF Sln((p) - ;CFSIH(()D) - 5

L
pr
It is a well known fact that the Reynolds number influences
the lift coefficient of stationary cylinders (Norberg, 2003).
Klamo et al (2005) and Govardhan & Williamson (2006)
showed that 4* is very dependent on Reynolds number for
spring-mounted, rigid cylinders. Equation I, from Vandiver
(2012) makes it clear that the Reynolds number effect on A4*
for rigid oscillating cylinders is entirely embodied in the lift
coefficient, because c* is composed only of parameters that
have no Reynolds number dependence.

At this point Equation I becomes extremely useful, because it
allows the calculation of the lift coefficient from quantities
that both Govardhan & Williamson (2006) and Klamo et al
(2005) measured in their experiments. Namely, for every
damping value tested, there is a corresponding peak A*
achieved by the vibrating cylinder. After calculating the c*

corresponding to each damping value it is then straightforward
to calculate the C; using Equation 1.

Doing so, one creates curves of C; vs A*, at a specific value of
reduced velocity (Vr), very similar to those used in VIV
prediction software like SHEAR7 and VIVANA.

The C; versus A* curves created using the data from
Govardhan & Williamson (2006) and Klamo et al (2005) are
shown in Figure la and 1b respectively.
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Figure 1 Cp vs A/D at various Reynolds numbers

1a (top) created using data from the experiments of
Govardhan & Williamson (2006)
1b (bottom) created using data from the experiments of
Klamo et al (2005)

The keen observer will notice that even though the shape of
the curves is very similar, the C; values are quite different.
This is due to differences in experimental setups such as
aspect ratio, end plates etc. Despite this, it is very obvious that
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in these Reynolds number ranges, increasing Reynolds
number increases the magnitude of the lift coefficient.

The authors believe that the Reynolds number effect on A/D is
best explained through the effect that Reynolds number has on
the lift coefficient. The purpose of this paper is to show that a
similar dependence of A/D on Reynolds number may be
observed in the VIV response of flexible cylinders.

38m SHELL DATA

The 38m SHELL experiments were conducted at
MARINTEK's ocean basin on behalf of SHELL International
Exploration and Production Co. The experiment involved
towing three densely instrumented flexible pipes, of different
diameters, in uniform and sheared currents. The full test
matrix included runs which tested the effects of fairings,
strakes, staggered buoyancy and marine growth on riser
response. The most interesting feature of this data set was the
very large range of Reynolds numbers covered while testing
the three different pipes. Towing velocities ranged from
0.25m/s to 3.45m/s which correspond to Reynolds number
range from 5,000 to 220,000. More details on the experimental
set-up can be found in OMAE2012-84055.

The properties of the three different pipes are summarized in
Table 1. (MARINTEK, 2011)

Table 1.  Pipe Properties

Pipe 1 Pipe 2 Pipe 3
Length 38m 38m 38 m
Outer Diameter 12 mm 30mm 80 mm
(Hydrodynamic Dia.)
Optical Diameter 10 mm 27 mm 27 mm
(Strength Diameter)
Inner Diameter (solid rod) 21 mm 21 mm
El 16.INm’ 572.3 Nm’ 572.3 Nm’
E 3.27¢10 N/m”> | 3.46e10 N/m’ | 3.46e10 N/m’
Mass in air (with 0.197 kg/m 1.088 kg/m 5.708 kg/m
contents)
Mass in water (with 0.078 kg/m 0.579 kg/m 0.937 kg/m
contents)
Mass ratio 1.74 1.54 1.14

The smallest pipe was instrumented with 52 Fiber Optic Bragg
Strain gauges measuring pipe curvature in each of the cross-
flow (CF) and in-line (/L) directions. The optical fiber was
located at a distance of Smm from the neutral axis and was
covered by a silicon sheet Imm thick. The medium and largest
diameter pipe had curvature measured at 30 different locations
and accelerations at 22 points in both the CF and IL directions.
The largest diameter pipe was simply the medium sized pipe
with a clam-like plastic shell, 25mm thick, surrounding it. For
the medium and large pipes the curvature was measured at a
distance of 13.5mm from the neutral axis and was covered by
a silicon sheet 1.5mm thick.

Damping tests conducted in air for all three pipes yielded
structural damping ratios of ~0.5-0.7% of critical damping.

Data will also be drawn from a set of runs where the largest
diameter pipe was covered in P40 sandpaper in order to alter
its surface roughness.

Analysis of the recorded data revealed the strong presence of
higher harmonics in most of the test cases. All of the time-
series data used in this work were band-pass filtered around
the 1X or 2X response frequencies for the CF and IL
directions respectively. Thus the 3X, 4X and 5X components
are excluded from the data shown here.

ANALYSIS
The variables under investigation in this paper are:
The Strouhal number

D
St = ﬁ’espo[}zse
The Strouhal number for each test was calculated by
identifying the resonant frequency, fresponse , from the
response spectrum of several curvature sensors within the
power-in region.

Response amplitude

For the medium and large sized pipes, the amplitude at every
accelerometer location was determined after integrating the
accelerometer time history in the frequency domain. For the
smallest pipe, the response amplitude was determined after
reconstructing the displacement response based on the
measured curvature and identifying the mode weights.

In all cases, once the response amplitude was known, the
spatial mean of the RMS values in time, g4, , was calculated
according to:

D Y R _E?:M%Zﬂ-il(yj—?)iz

%ap = TN ND

Where N is the number of sensors and M is the number of
samples in the time history under consideration. y; and y are
respectively the instantaneous amplitude and the mean value
in time at a specific sensor.

Even though the above parameter is useful when looking at
data from uniform flow tests, it should not be used with
response data from sheared flow tests. Sheared flow tests
usually have large response amplitudes within the power-in
region but the response outside the power-in region is
considerably smaller. Therefore averaging the response
amplitude over the entire riser length is not appropriate.
Instead, the maximum RMS value, @{%X , along the length is a
more appropriate metric.

To account for the possibility, that the location where the
maximum response occurs, falls between two measurement
locations, a modal reconstruction along the lines of Lie &
Kaasen (2006) was performed for each case. The appendix
contains an example of a typical case.

Drag coefficient

The drag coefficient along the length of the pipe was estimated
based on the method outlined in Jhingran et al (2008). The key
points are repeated below. Starting with the equation of
motion in the /L direction:

2 4 2
(m(x) + my(x, w) gT)zl + C(x)g—i + (EI(x)% — T(x)% = F(x,t)
3 Copyright © 2012 by ASME

Downloaded From: http://proceedings.asmedigital collection.asme.or g/pdfaccess.ashx?url=/data/confer ences/asmep/75835/ on 04/05/2017 Terms of Use: http://www.asme.or g/abc



Taking the temporal mean,(—f), makes all zero-mean terms
vanish. If EJ is neglected for a tension dominated riser, the
above formula simplifies to:

—t
2
—T(x)% =F(x)t
The force term on the RHS is simply the drag force per unit
length, which can be expressed as:

1
F(x) =35 C(x) pD U(x)?

Substituting and rearranging yields the drag coefficient Cp, .

324,
4100 %
Co(x) = —>= 92

pDU (x)?
It is important to emphasize that all these quantities are
calculated locally (i.e. at a specific sensor, located at a distance

x from the end), and as such the drag coefficient will vary
considerably along the length of the riser.

Power-in location

The power-in region is traditionally defined as the region
along the length of the pipe where the wake is well correlated
with the riser motion.

In uniform flow tests when the pipe is responding at low mode
numbers the power-in region extends over the entire riser
length. Since, the entire pipe is exposed to the same current,
determining the corresponding Reynolds number for such a
case is straightforward.

The same cannot be said for sheared flows though. Here, the
current varies along the pipe length, and as such the Reynolds
number varies from 0 on one end to M on the high velocity
end. The question that then arises is: what’s the appropriate
Reynolds number for such a case?

Choosing the Reynolds number that corresponds to the
location of the power-in region seems like a sensible choice.
Identifying the power-in region in sheared flows is still a
matter of current research, yet one can try to use previous
experimental evidence to approximately identify this region.

VIV experiments on flexible cylinders in sheared and non-
uniform currents, such as the Lake Seneca tests, the Miami II
tests, the 38m NDP tests as well as the current SHELL tests
typically show that the largest strains are always near the high
velocity end and the response decays as you move toward the
low velocity end (see Figure A1 in the Appendix).

The exact location of the power-in region will eventually
depend on which mode -of all the potentially excited modes-
ends up dominating the response. In this work, it will be
assumed that the power-in region is approximately centered at
a distance x/L=0.25 away from the high velocity end.
Accordingly, the Reynolds number for the sheared flow cases,
to be used in the comparisons later on, will be 25% smaller
than the maximum Reynolds number which is always at
x/L=0.

The trends between the response amplitude and the Reynolds
number for the sheared flow cases are not very sensitive to the
precise location at which the Reynolds number is computed,
which in this paper is at x/L=0.25. If a slightly larger or
smaller Reynolds number had been chosen the data on a plot
of A/D vs Re would simply shift slightly to the right or left
respectively and all trends in the plots of 4/D vs Re would
appear the same.

RESULTS

Table 2 summarizes some of the key results from the tests. The
Reynolds number reported for the sheared flow tests is the
value corresponding to what is believed to be the power-in
region and not the maximum Reynolds number on the riser.

Table 2 Range of values for all tests cases under review.

Reynolds # | Mode # | o, N n{
Pipe 1 4.9e3 -3.76e4 | 10-26 0.32 - 0.52 0.47 - 0.84 0.07 -
Uniform 0.18
Pipe 1 4.1e3—-2.54e4 | 9-30 0.26-0.36 | 0.39-0.49
Shear
Pipe 2 6.6e3 — 6.8¢4 3-11 0.30-0.57 | 0.42-0.83 | 0.02
Uniform 0.08
Pipe 2 6.2¢3 — 5.9¢4 3-13 0.27-0.47 | 0.36-0.71
Shear
Pipe 3 3.6e4 —1.3e5 2-7 0.39-0.64 | 0.54-0.91 0.01
Uniform 0.05
Pipe 3 2.7e4 — 1.6e5 2-8 0.36-0.62 | 0.49-0.81
Shear
Rough 1.8e4 —1.2¢5 2-17 0.31-0.48 | 0.46-0.73 | 0.01
Uniform 0.05
Rough 4.9¢4 — 1.5¢5 4-11 0.31-0.40 | 0.39-0.50
Shear

Figure 2 shows how the response amplitude of the medium
sized pipe varied as a function of Reynolds number. The plot
shows the spatial mean ( 7,/ ) and maximum (O, A%X ) in
both the CF and /L amplitudes for all the uniform flow cases.
The influence that Reynolds number has on the response data
is clearly visible, with the response amplitude in both CF and
IL directions increasing as the Reynolds number is increased.

If one assumes that the power-in region for uniform flow
covers the entire riser length, then there is no hydrodynamic
damping present, and the only damping present in the system
is the structural/hysteretic damping which is the same for all
cases.

Since all other factors are the same, the scatter can be
attributed to variations in reduced velocity. This is further
reinforced by the fact that at the larger Reynolds numbers (and
hence higher velocities and higher excited mode numbers) the
scatter is smaller. At high mode numbers the natural
frequencies are spaced much closer than at low mode
numbers, which means that there is a higher probability that
the selected towing speed will coincide or be very close to that
mode’s critical reduced velocity.

Figure 3 shows how the Strouhal number, determined from the
uniform flow tests, varies as a function of the Reynolds
number. Looking at the bare cylinder data, it is obvious that
the Strouhal number decreases as the Reynolds number
increases.
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A best fit through all of the bare pipe data (i.e. excluding the
roughened pipe) presented in Figure 3 in the Reynolds range
investigated is:

St = —0.0065 In(Re) + 0.21

Figure 4 shows the spatial mean RMS amplitude, d/p, in the
CF and IL directions for all the pipes tested in this experiment.
The figure also shows Swithenbank’s best fit from her 2008
paper.

The first thing to point out here is the peculiar behavior seen
in the CF response of Pipe 1. Initially, the response amplitudes
are large but at Reynolds numbers greater than 17-18k the
response amplitude starts decreasing rapidly. This is most
likely attributed to the very high response mode (20+) and
correspondingly high n{ values which typically indicate strong
traveling wave response and/or strong response attenuation
outside the power-in region. The n{ values for the smallest
pipe are more than twice as large as the Pipe 2 values and
close to four times larger than the values that correspond to
Pipe 3.

This sudden change in the response characteristics is
consistent with the dynamic behavior changing from a
predominantly standing wave response to a strong travelling
wave response. The reasons why this happens so suddenly are
not clear, but in any case, this behavior is not believed to be a
Reynolds number effect, but is more likely due to the
difference in VIV response, which is dominated by travelling
waves at high mode numbers and standing waves at low mode
numbers. The response data from Pipe 1 will not be
considered when calculating curve fits for the 4/D vs Re data.

The relatively large scatter in the CF RMS A4/D values of Pipe
3 is due to the fact that the responding modes are much lower
(3-7) and a lot of the variability can be attributed to reduced
velocity effects.

The best fits through the bare Pipe 2 and Pipe 3 data for the
CF and L direction are:

CF direction: 0a/p = 0.077 In(Re) — 0.343

IL direction: “04/p = 0.023In(Re) — 0.087

In Figure 5, note how the maximum RMS response
amplitudes, aj’%‘,x , for the sheared cases are always smaller
than the uniform flow cases. This happens because under
sheared flow conditions the power-in length is limited to a
small portion of the riser and the remaining sections provide
hydrodynamic damping. As a result, the sheared flow cases
always have higher damping values than their corresponding
uniform flow cases. The increased damping will in turn limit
the maximum resonant amplitude.

The best fit through the data for the CF direction is:

CF direction:  0y/p = 0.1011n(Re) — 0.440

Once again, the roughened pipe data was not included when
calculating this fit and neither was the Pipe 1 data since it
exhibited different dynamic behavior.

Figure 6 shows the spatial mean drag coefficient, C,, along the
riser length calculated from the uniform flow cases.

Little emphasis has been placed until this point on the results
of the roughened cylinder; it has been included here to
demonstrate how profoundly the surface roughness can alter
the response characteristics. The roughened cylinder results
are directly comparable with the large diameter (Pipe 3)
results since all other properties (aspect ratio, Re, etc) are the
same. From Figure 3 it is apparent that the Strouhal number is
considerably larger for the rough pipe, whereas Figure 4
reveals that the response amplitude in both CF and IL
directions is significantly smaller than its bare cylinder
counterpart.

Figure 7 shows the drag coefficient at every location along
the riser as a function of the Reynolds number at that location.
Only the data corresponding to the largest diameter pipe with
and without the rough surface finish has been included.

At a given Reynolds number the variation in C, is due to the
A/D dependence, especially obvious when looking at the
uniform flow results, which show a lot of scatter consistent
with the variation in C; seen at the nodes or anti-nodes of a
strong standing wave response.

At Reynolds numbers smaller than 10’ there is a lot of overlap
in the C; values shown. As Reynolds number increases, well
into the drag crisis region, the C, for the smooth pipe starts
decreasing whereas the C, for the roughened pipe is
considerably larger.

CONCLUSIONS

The first part of this paper provides an explanation for the
strong influence of Reynolds number on the response of rigid
cylinders vibrating freely in a cross-flow. This is attributed to
the effects that Reynolds number has on the lift coefficient,
demonstrated here, using the experimental data from
Govardhan & Williamson (2006) and Klamo et al (2005).

The most interesting result from the analysis of the SHELL
38m long data, is the clearly demonstrated effect that
increasing Reynolds number has on the response amplitude of
flexible cylinders. The trend identified is in good agreement
with what has been previously reported for flexible cylinders
and there are strong similarities with the effect of Reynolds
number on rigid cylinders. For elastically mounted rigid
cylinders vibrating in a cross flow, this work shows that the
lift coefficient increases as the Reynolds number is increased.
The same should hold true for the lift coefficient of flexible
risers.

Many of the factors that influence the response of rigid
cylinders are also important for the response of flexible
cylinders. A lot of the scatter seen in the plotted results- in
this work and in previous studies- can be attributed to
variations of these parameters between experiments. The most
notable are damping, reduced velocity, aspect ratio and
responding mode number as well as surface roughness.
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The Strouhal number for a vibrating riser decreases as the
Reynolds number is increased, approaching a limiting value
between 0.13 and 0.14 at Reynolds numbers up to 1.4x10°.
This is a very interesting result because Strouhal number data
from stationary cylinders in the same Reynolds number range
show that it remains roughly constant at ~0.18-0.2 from
Re~500 until the drag crisis region around Re~2x10°. This has
important implications for riser designers, since a lower
Strouhal number at a given Reynolds number will typically
mean a lower excited mode and hence smaller strains for a
given current speed.

Further experimental evidence, at even higher Reynolds
numbers, is necessary to see if this limiting value will hold
even beyond the drag crisis regime.
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NOMENCLATURE

A Response amplitude

A* Dimensionless response amplitude
c Damping coefficient per unit length
C; Lift coefficient

Cq4 Drag coefficient

D Hydrodynamic diameter

EI Bending stiffness (N m’)

fresponse ~ Response frequency (Hz)

k Stiffness per unit length

L Pipe length (m)

m Mass per unit length

m, Added mass per unit length

n Mode number

Re Reynolds number

St Strouhal number

T Axial tension (N)

U(x) Current (m/s) at position x

Upmax Maximum current (m/s) along pipe
V. Reduced velocity

X Position along riser (m)

CF Cross-Flow direction

IL In-Line direction

4 Damping ratio

v Kinematic viscosity

p Density

ouD Spatial maximum RMS A/D
Oap Spatial mean RMS A/D

w Response frequency (rad/s)
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APPENDIX

Example of Response Reconstruction for a Sheared flow 0 e ;

case o

Figure Al is a typical example of the response of a riser in a o8- — 1

sheared flow. The test run is number 3112, which involved —

towing the medium sized pipe (®=0.03m) in a sheared current o7f o 1

with a maximum speed of 1.5m/s at x/L=0. The maximum —

Reynolds number is ~40900 but the Reynolds number osf 0 1

corresponding to the power-in region will be somewhat ——

smaller. The blue stars indicate the measured quantities, while 06 . ]

the continuous green curves represent the modal = I

reconstruction. The maximum response is on the high velocity o4r —— il

end of the riser, but the location of the power-in region is not .

immediately apparent. osp e i
e

Figure A2 shows the drag coefficient C, at every curvature o2r — 1

sensor along the riser. The data presented in this plot is typical ——

of the data used to create Figure 7, where all the test cases i - i

(Pipe 3 and Pipe 3 Rough) and all the sensor data have been —o—

included. s 1 s P o 25 3 35 4

Figure A2 Drag Coefficient as a function of x/L for test

3112. The red lines indicate the uncertainties in the Cp
calculation at every measurement location
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Figure Al Plot of CF response for test 3112
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