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Experimental Study on Vortex Induced Vibrations of Highly
Flexible immersed Pipe Subjected to Top End Oscillations
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Abstract: This study reports an experimental investigation on vortex induced transverse vibrations of a highly flexible free hanging
pipe. The experiment was carried out in a towing tank with a 6 m of long flexible rubber pipe. by exciting top end oscillations and
measuring lateral displacements at nine points. The largest response amplitude of transverse vibrations occurs at the bottom part of the
model for all excitation frequencies and amplitudes. Eve:: -hough K¢ numbers are different along the model length due to in-line re | onse
amplitude differences, transverse vibration frequencies are all the same along the model length. Transverse structural wave propagation is

observed at the experiment and found in the measured di:.a analysis. A transverse structural wave initiated at a particular point by ortex

shedding propagates along the model length and resulting in all the response frequencies to be same.
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Introduction

In offshore activities, examples of free hanging marine pipes are
numerous such as ocean the:mal energy conversion pipes, deep
sea water exploration pipes, ¢il exploration, and production risers
during retrieval conditior:x. Presently, since ocean resource devel-
opments move to much deeper waters, such long slender marine
structures play more important roles than before. The slender
structures for ultra-deep water developments are highly flexible
and exhibit very complex dynamic behaviors. Thus more exact
dynamic analysis on long flexible marine structures needs to be
carried out.

Vortex induced transverse vibrations of slender marine struc-
tures have been a key issue in the dynamics of slender marine
structures. Even though the maximum amplitude of vortex in-
cuced vibration (VIV) is small of order of 1 diameter, it contrib-
-5 to fatigue damage accumulation and increases the drag forces
that may lead to operational limitations.

Vortex induced vivration of cylindrical structures has been in-
vesiigated by many researchers. Sarpkaya (1979) and Griffin and
Ramberg (1982) and Blevins (1990) have given comprehensive
reviews of the art in respect of vortex shedding and associated
vibrations of cylindrical structures. For ocean cylindrical struc-
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tures, there has been some earlier research on VIV (Whitney et al.
1981). Recently, VIV of marine pipes is @ matter of increasing
concern as production operations move into deeper waters where
structures become more flexibi:- due to the increase of length over
diameter ratio and are sensitive to VIV. In a numerical method. a
VIV problem is solved by ¢:inputational fiuid dynamics or strue-
tural dynamics based appr:: :ches. In the foner approach. an in-
teraction between structure and fluid is analyzed by directly solv-
ing the Navier-Stokes equ=tion (Herfjord 1999: de Oliveira et al.
2000: Schuiz and Kallinderis 2000). In the latter approach. VIV is
solved by using experimental hydrodynamic coefficients (Van-
diver and Li 1997; Grant et al. 2000).

Numerical methods for VIV of flexible slender marine struc-
tures have many advantages but still have some uncertainties and
.ire much computational time. So. experimental studies are
> actively performed to validate numerical and/or theoretical
resulis. to obtain some essential information for a theoretical
analysis and to observe real physical phenomena. Experimental
studies on slender marine structures can be performed at a model
scale or a full scale. Data from full-scale measurements under
realistic conditions provide - ery important information for under-
standing of VIV phenomenon of slender marine structures. A typi-
cal full-scale experiment on VIV of deepwater risers was carried
out as a part of the Norwegian Deepwater Program that was
formed in late 1996 by oil companies. A series of papers were
published for the experimental results. Halse (2000) introduced an
overview of the experimental work.

Although full-scale data provide completely representative
evidence of marine structures, it is very expensive to acquire such
data and very difficult to interpret it. Thus model scale tests have
been more frequently carried out than full scale for slender ma-
rine structures (Lyons and Patel 1986; Sumer and Fredsoe 1988.
Moe et al. 1994; Pesce and Fujarra 1999; Vikestad and Halse
2000; de Wilde and Huijsmans 2001). Recently a theoretical in-
vestigation on coupled cross-flow and in-line vibrations is also
carried out for a suspended cable (Kim and Perkins 2002).

In order to cope with the requirements for ultradeep-water
ocean development researches, rather a large-scale model test for
a long flexible model is necessary. An experimental study on VIV
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Fig. 1. Pipe model and measuri:-¢ devices

of a highly flexible pipe is rare. In this research. a model test is
performed for a 6 m long flexible model in towing tank 7 m deep.
A rubber pipe is selected as a model for having high flexibility.
Tie model pipe is set to be free hanging and excited by horizontal
oscillations at the top end. In-line and transverse displacements
are measured and analyzed to obtain its response characteristics in
detail.

Test Setup

In the model test, in-line and transverse displacements of a free
hanging immersed pipe model by top end oscillations are mea-
sured at several points without current (see ~ig. 1). The test model
is made from a rubber pipe to have high flexibility and its prop-
erty ‘s given in Table 1. In selecting the rubber pipe. any scaling
of Young’s iodulus is not considered. The upper end is fixed to
an oscillating plate and the bottom part is set to be free.

A position tracker device and underwater charge-coupled de-
vice (CCD) camera system is used to measure lateral displace-
ments of the model. Before carrying out actual model experi-
ments in a towing tank, static and dynamic calibration
experiments are performed to obtain optical tracking and time lag
errors of the position data from the tracker device. According to
calibration results, the time lag error is found to be a function of
exciting period (T) and can be interpolated by the following ex-
pression:

Ary=—2.1604X 107*T = 0.03097

(b
At;=—-1.7012X 10737~ 0.03828

Table 1. Model Data
Material Rubber pipe
Length 6m
Diameter 0.02 m
Weight in air 4.758 N/m
Weight in water 1.678 N/m
Young modulus 233 MPa

Thus maximum position tracking errors can be calculated and
are about 1.40 and 0.61 mm in horizontal and vertical directions.

Experiments are carried out in a 7 m deep towing tank that is
designed and constructed for deep-water research by Research
Institute for Applied Mechanics at Kyushu Univ. An electro-
hydraulic actuator is mounted on the tank carriage frame. The top
end of the model is fixed to the actuator plate and is excited in
any prescribed horizontal displacements by control signals from a
computer. The movements of the test model are measured by a
position tracker device and underwater CCD camera system at
three positions. One camera can track three white targets and thus
measure the displacements of three points simultaneously.

Before measuring dynamic motions of the test model, static
reference data are first obtained by measuring static positions of
the targets for 20 s. Next, the model top is excited by an actuator
and when a steady state is reached dynamic motions of the model
are measured for 100 s that are about ten times the largest natural
period of the model. In the data processing facility, a standard
software program is equipped to make sampling of model deflec-
tions and loads data, to store and to filter digitally in a prescribed
way. A graphics window is also provided for vn-line observations
of the model movements. Sumpling rate is 53 Hz for each chan-
nel.

Natural Frequency and Mode Shape

The natural frequency of a free hanging marine pipe is dependent
on mass, bending stiffness, tension (self-weight) and boundary
conditions. In the case of a long flexible pipe, the bending stiff-
ness effect is very small compared to the tension effect. The bend-
ing stiffness effect is relevant just in the vicinity of the clamping,
within a small boundary layer of order vE/:T. EI being the
bending stiffness and T the tension at the top. Thorough and en-
larged analyses on closed reiated problems cin be found in the
literature of Triantafyllou (1984), Irvine (19%2}. and Aranha et al.
(1997).

A closed form solution for mode shapes and natural frequen-
cies of the model without considering a bending stiffness effect
can be obtained by employing a Bessel function as follows (Bow-

man 1958):
Z"(Z)=‘l0(j0<ll \/Vi—) (2)

where J,=Bessel Function of the first kind of order zero and
Jon=nth zero of J,(z) and is jo,=2.405, jo2=5.52, joa
=8.654, and j,,=11.792. From Eq. (2), vibration mode shapes
of the model can be obtained and are shown in Fig. 2. The natural
frequency of the model @, and the corresponding natural period
T, can be obiined as follows:

W, === = Jon Vitr.
Tn 2\/210‘ ! +BZ

Using Eq. (3) and data given in Table 1, the first four natural
frequencies of the model are calculated and given in Table 2. The
first three natural frequencies are @,=0.71rad/s(8.85s), @,
=1.62rad/s (3.89s), and &;=2.54rad/s (2.47s).

The natural frequency of the model is also measured at the
towing tank experiment to verify the theoretical results. After one
large stroke movement at top end, free lateral oscillations of the
model are measured. Fig. 3 shows the displacement time history
of the model’s bottom end where the largest amplitude of the first



Experimental Study on Vortex Induced Vibrations pf Highly Flexible -11-
Immersed Pipe Subjected to Top End Oscillations

0.6

0.4 !

0.2 :

0 i i H 0
-1 0 1 -1 0 1 -1 o 14 0 1
1st mode 2nd mode 3rd mode 4th mode

Fig. 2. Vibration mode shape of free hanging model

vibration mode occurs. It can be seen from Fig. 3 that the free
oschiation dies out quickly due to high fluid damping. The mea-
sured natural period is about 9 s and agrees well with the calcu-
latec one of 8.85 s by Eq. (3).

Transverse Response to Vortex Shedding

A free hanging immersed model pipe is excited at the top end
Excitation periods are around the first four natura! periods and
mid natural periods. Two different excitation amolitudes of 100
and 200 mn, are used. Even though the model is iorced to move
in x direction, there are out of plane motions in ihe v direction.
i.e., transverse responses due to vortex shedd The transverse
response plays an important role for the fatizve life of a marine
riser or pipe a: well as drag forces. In this s:udy, the transverse
displacements Hf the test model are measured and analyzed.

Fig. 4 presents typical tirwe histories of transverse displace-
ments at various points for the excitation amplitude of 100 mm
and period of 9 s (close to the fundamental period). In Fig. 4. the
uppermost one is the time history of an excitation and va.
vh.....yiin the vertical axis are transverse displacements at «.
b... .0 measuring poirts. All of the response frequencies are much
higher than excitatio v2quencies. The response frequency is im-
portant in transverse iesponses and thus wil} be analyzed further
in detail in the spectral analysis section. The response amplitude
i variant along the model length and largest at the bottom part. as
it should be expected.

Fig. 5 shows time histories of transverse displacements at
upper, mid. and bottom parts for six excitation frequencies with
excitation amplitude of 100 mm. The largest response amplitude
occurs at the bottom part for all excitation periods as can be
expected. The transversal response frequency seems o increase
with the excitation frequency. From Fig. 5, we can see a phenom-
enon of a low frequency of response oscillation for lower values

Table 2. Natural Periods of Test Model by Theory
Period(s) [Frequency (rad/s)}

Mode number

Fundamental 8.85[0.71]
2nd 3.89 [1.62]
3rd 247 [2.54]
4th 1.81[3.47]
Sth .43 [4.40]
6th 1.18 [5.33]

7th 1.00 [6.26]
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Fig. 3. Mecasured free vibration

of excutation periods. It is more evident at a bottom part. This fact
indicat~s that there is a long period of motion with high frequency
transverse vibrations. The phenomenon is presumably due to the
interaction between in-line and transverse vibrations since it is
more evident at the bottom part where larger transverse vibration
occurs.

Fig. 6 represents time histories of transverse displacements for
the excitation amplitude of 200 mm. The response pattern is simi-
lar to the case of the excitation amplitude of 100 mm !.ut the low
frequency response oscillation is more evident.

Fig. 7 shows the mecasured maximum amplitude of transverse
vibrations at the upper, mid. and bottom positions of the model
plotted against maximum velocity at the top of :he model for a
wide range of excitation frequencies. Itis clearly seen from Fig. 7
that the response amplitude of the bottom part i< auch larger than
upper and mid parts. The amplitude of the m:d part is slightly
larger than that of the upper par:. The response wmplitudes of the
excitation amplitude of 200 mm (larger in-line motion and thus
larger Kc number) are larger than those of the excitation ampli-
tude of 100 mm (smaller in-line motions and thus smaller Kc
number). The magnitude of the transverse vibration amplitude of
the bottom part is larger ihan the model diameter but those of mid
and upper parts are all wmaller than the model diameter.
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Fig. 4. Time history of measured transverse vibrations of model with
excitation period of 9.0 s and amplitude of 100 mm
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Fig. 5. Time history of transverse vibrations of model with excitation ..mplitude of 100 mm

Transverse vibratic.as cause unacceptable levels of fatigue
damage to slender n:iine structures and ihus have been studied
as an important subject. The fatigue damcy< is directly connected
to response frequencies of transverse vicrations as well as re-
sponse amplitudes and thus the transverse response frequencies of
the test model are examined in detail.

The measured time series data of transverse vibrations are
transformed to frequency domain. Fig. 8 represents a typical am-
plitude spectral density of measur.d points for an excitation pe-
riod of 9 s and excitation amplitude of 100 mm. An interesting
fact is that a peak ~ommonly exists at the same frequency of 2.76
rad/s (2.28 s) for all measured points. It seems that the peak
frequency does -3 corresponds with any natural frequencies of
the model (sec Table 2). However, natural frequencies are ex-
pected to charpe as a result of fluid inertia forces as recently
observed by many researchers (Leonard and Roshko 2001;

Leweke et al. 2001; Vike.tad et al. 2000). So. it can be mentioned
that the peak frequency is close to the thir¢ natural frequency
(2.54 rad/s) of the model.

In order to examine this matter, vortex-sheiding frequencies of
the measured points are determined and compared with the peak
frequency of 2.76 rad/s. In order to obtain more exact Kc numbers
and thus vortex shedding frequencies at the every measuring
point, the inline displacements are also measured. Fig. 9 shows
the ratio of response amplitude to excitation amplitude and phase
lags between measuring positions for several excitation periods.
First the amplitudes =f in-line displacements of upper (B point),
middle (E point), anc Hottom (/ point) parts are taken from Fig. 9.
Then Kc numbers i B,E.l points are. respectively, calculated as
23, 21, and 24 using Kc=(2mwA)/D, where A is the response
amplitude in x direction and D is the model diame:er. Some re-
searches have-been conducted to obtain a relation between Kc
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Fig. 6. Time history of transverse vibrations of model with excitation amplitude of 200 mm




Experimental Study on Vortex Induced Vibrations of Highly Flexible -13-
Immersed Pipe Subjected to Top End Oscillations

1.5 .

-©O- target B

(v} 0.1 0.2 0.3
Max speed at top (m/sec)

(a) Excitation amplitude = 100 mm

1.5 T T v

: i : -O- target B
—*— target E
-&— target |

0 0.1 0.2 03 04 0.5 0.6
Max speed at top (m/sec)

(b) Excitation amplitude = 200 mm

Fig. 7. Maximum amplitudes of transverse vibrations at B, E, and / points

numbers and vortex shedding frequencies of an oscillating slender
structure (Koterayama 1984; Blevins 1990). By using the curve of
Kc¢ rumbers versus vortex shedding frequencies (Koterayama
1984, the corresponding vortex shedding frequencies of B.E./
points are, respectively, obtained as .8, 2.1, and 2.8 rad/s. From
Fig. 8, we can find that the most dominant peak frequency coin-
cides with vortex shedding frequencias of B and / poinrs. On the

Fig. 8. Response spectrum of measured transverse vibrations of
model with excitation period of 9.0 s and amplitude of 100 mm

other hand, the response frequency of 2.1 rad/s that is the vortex
shedding frequency of E point is very week.

The result provides an interesting fact. izven though the vortex
shedding frequencies are different according to positions due to
the difference of in-line displacements :i:at is, the difference of
Kc numbers). the peak frequencies are ail the same at all posi-
tions. This is due to the fact that a vort:x-induced vibration that
happened at a position propagates to «:ther positions and makes
the response frequency at other posiuon equal to that of the
propagating structural wave. As can be seen from the result of 2.1
rad/s vortex shedding frequency, in this case, a propagating struc-
tural wave absorbs other transverse vibrations that occurred at
other positions with slightly different frequency.

In order to analyze this fact in more detail, response spectra
are obtained fisr other excitation frequencies (see Fig. 10). Gen-
erally, dominar:t peaks move to high {requency band as excitation
frequency increases. For most cases. there are common dominant
peaks that occur at the same frequency for the three positions as

1 T T [ S R
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Fig. 9. Maximum lateral displacements and phase difference for

different excitation periods (excitation amplitude is 100 mm)
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Fig. 10. Response spectrum of measired transverse vibrations of model with excitation ampiitude of 100 mm

was in Fig. 8. The vortex shedding frequencies of B, E. and /
points are obtained for three excitation frequencies as was done in
Fig. 8. Table 3 shows the calculated Kc numbers and vortex shed-
ding frequencies of 9. 7, 4, and 2.5 s excitation periods for the
three positions of B. E. and /. Dominant common peak frequen-
cies are also given in Table 3.

By comparing the peak frequencies with vortex shedding fre-
quencies and natural frequencies of the model given in Table 2,
we can also find some iri-resting phenomena as was in 9 s exci-
tation period in Fig. 8. Even though vortex-shedding frequencies
are different according ‘o positions, peak frequencies are !l the
same at all positions. For example, in the case of 7 s excitation
period, the vortex shedding frequencies of both B and / points are
3.6 rad/- and that of £ point is 2.7 rad/s, but the two frequencies
of vibrations simultaneously occur at all positions. As was argued
above. this is ue to the fact that a particular transverse vibration
that occurred at a particular position by a local vortex shedding
propagates along the model length as a structural wave.

Concerning the transverse structural wave phenomena, further
analysis is necessary. Recently there has been some research on
structural wave propagation on marine cables and risers
{Behbahani-Nejad and Perkins 1999: Sparks 2001). The celerity
of transverse structural wave for a tensioned slender structure can
be obtained as follows:

Table 3. Kc Number, Vortex Shedding Frequency, and Dominant
Peak Frequency at Measured Positions for Several Excitation
Frequencies

Exciting period(s) ~ Point 8 Point £ Point/  Peak frequency

[frequency(rad/s)) Ke/w, Ke/w, Kelw, (rad/s)

9.0 [0.69] 23/2.8 21/2.1 24/2.8 2.76

7.0 [0.9] 24/3.6 19/2.7 24/3.6 3.58.2.68
4.0[1.57] 18/4.7 13/3.1 12/3.1 6.28,3.14,4.78,

2.5 [2.51] 13/5 9.4/5 9.4/5 10.08,7.56,5.04

e=\cI+cl (4)

where ¢, and c,, are, respectively, celerity due to tension and
bending stiffness effects and they are approximately as follows:

¢ =NTIm
and
= [0 )
C; ot Z‘: P (5)

Generally c,, is very small compared to ¢, for a deep-sea riser
or pipe as was in the natural period case. In the case of a free
hanging pipe, structurai wave celerity is high in the upper part
and low in the lower part because of tension variation. This phe-
nomenon can be easily seen from Fig. 11, where there a numeri-
cal simulation of structural wave propagation for 5.03 rad/s fre-
quency and 100 mm amplitude for the model. The result is
obtained by using a three dimensional nonlinear finite difference
method program developed by the authors (Park and Jung 2002).

It is difficult to clarify transverse structural wave propagation
from experimental data because a measured wave data is com-
posed of several different waves and a structural wave varies in
time and positions. In this study, an attempt has been made to
extract a particular propagating wave from measured wave data.
In order to examine the transverse structural wave propagation
from a quantitative point of view, the phase lag difference be-
tween three continuous points are numerically obtained.

Every response spectrum has one or more peaks. As a case
study, a single time history of a peak frequency is extracted from
the mixed time series for 9 s excitation period. In that case, the
dominant peak occurs at 2.76 rad/s as can be seen from Fig. 8, so
a time history of 2.76 rad/s is extracted from Fig. 4 and shown in
Fig. 12 for three continuous points of D, E, and F. In numerical
values, the phase lag between D and F points is 0.4387 rad.

The phase lag Ap can be converted to time lag Ar by the
following equation:
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Fig. 11. Numerical simulation of transverse structural wave propa-
gation

At=Aplw (6)

where w=peak frequency. Since the peak frequency is 2.76 rad/s
and the phase lag is 0.4387 rad, the time lag is 1.159 s.

We have attempted to check and compare the experimental
result with a structural wave,theory. Since ¢, is negligibly small,
only ¢, is considered in the analysis of the experiment result. At
the mid point of the model, the tension is 5.033 N and the total
mass per unit length of the m~i:1 is 0.77 kg/m, so the celerity of
transverse structural wave can be calculated as 2.55 m/s by Eq.
(5). The time for the wave to j:ropagate from point D to point F
can be obtained by dividing :ke distance between the two points
by the celerity. Since the dista::ce is 0.4 m and the celerity is 2.55
nVs, the elapse time is 0.157 s. We can find that the theoretically
calculated elapse time, 0.157 s. is nearly equal to the measured
time difference, 0.159 s.

This fact indicates that a structural wave initiated at a particu-
lar point by vortex shedding propagates along the model length
and “+s:dts in the same frequency of transverse vibrations along
the roeel. .

The phenomena of structural wave propagation was also easily
observed while carrying out the experiments due to the high flex-

tg. D (mm)

tg. E (mm)

tg. F (mm)

time (sec)

Fig. 12. Example of measured structural wave propagation

ibility of the model pipe and can be described as follows: when
the flexible model is forced to move, vortex shedding occurred
first at a position and induced transverse vibrations which propa-
gate down or up along the mode! length. It looks like a snake
movement.

Conclusion

Transverse vibrations of a highly flexible free hanging pipe of 6
m in water by top end oscillations are experimentally investi-
gated. For response frequency analyses, natural frequencies of the
model are theoretically obtained by considering tension variation
along the model length and verified by an experimental resu't
with good agreement. The largest response amplitude of tran:-
verse vibrations occurs at the bottom part of the model for all
excitation frequencies and amplitudes. Transverse structural wave
propagation is observed at the experiment and found in the mea-
sured data analysis. A transverse vibration that happened at «
position at a vortex shedding frequency propagates to other posi-
tions and absorbs other transverse vibrations that occurred at
other positions with slightly different frequencies and results in
transverse vibrations being the same frequency along the model.

Notation

The following symbols are used in s paper:
A = excitation amplitude;
¢, = celerity due to bending stiffness effect:
¢, = celerity due to tension effect;
D = pipe diameter;
El = bending stiffness of pipe;
g = gravity acceleration;
J,, = Bessel function of first kind of order zero;
jon = nth zero of J,(2):
k = arbitrary constant
L = model length;
T = excitation period;

T, = natural period of model, n=1.23....
w, = weight per unit length in air;
w, = weight per unit length in water:

w, = additional weight per unit length due to added
mass and internal fluid-

x,v = horizontal coordinates;

z vertical coordinate;

relative weight (=w /w,);

relative weight (=w,/w,);

Ap = phase lag of structural wave;

At = time lag of structural wave;

4
1

™
"~ —
hon

At, = time lag error of measured displacement in x
direction;

At. = time lag error of measured displacement in z
direction;

o = peak frequency; and
w, = natural frequency of model.
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