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Abstract

These new mechanisms for suppressing vibration in large diameter intake pipes and pumping systems has been developed for
use in Floating Liquefied Natural Gas (FLNG) facilities. Like existing devices such as fairings and strakes, this mechanism
is designed for practical use and has a flow path inside the pipe. The mechanism is designed to suppress vibration caused
by both float motion and vortex-induced vibration (VIV) due to currents. Experiments were conducted using a scale model,
and numerical calculations were used to evaluate the mechanism’s ability to reduce vibration. As a result, the natural fre-
quencies of the pipes were analyzed, and it was found that the vibration damping mechanism, when installed at appropriate
locations, can provide effective vibration suppression against the motion of the upper float and vibration caused by VIV due
to currents over the entire length of the pipe, even at limited installation locations. On the other hand, it was found that the
vibration suppression effect could not be achieved without appropriate positioning, and that the longer the pipe length, the

more limited the vibration damping capability.

Keywords Hanging pipe - VIV - Vibration control - Model experiment - Fluid—structure interaction - Underwater linear

structures

List of symbols

OD  Outer diameter of model pipe

WO Cases without vibration-suppression mechanism
installed

DP  Cases installed with damper-type vibration-suppres-
sion mechanism

SP  Cases installed with spring-loaded vibration-sup-
pression mechanism

LB  Cases installed with laminated rubber vibration-
suppression mechanism

M4  Cases with suspension devices mounted at the 4-m
arc length position

1 Introduction

Linear structures such as risers, intake pipes, and seabed
mineral resource development systems have been used in oft-
shore development. Intake pipes are operated in suspension
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in the sea without connection to the seabed. The SMS (sea-
floor massive sulfide) lifting riser system is designed with a
submersible pump suspended at the lower end of the system
[1, 2]. Because the lower end is not fixed in the suspended
condition, vibration may increase owing to the motion of
the upper floating body, and vortex-induced vibration (VIV)
in the current may increase. Similar problems arise with
plant cooling-water intake pipes used in floating liquefied
natural gas (FLNG) liquefaction and production facilities,
where large-diameter pipes are suspended for operation [3].
Intake pipes were also used in the TAKUMI project, which
used buoys to pump deep-ocean water for marine nutrient
enhancement [4].

For underwater linear structures, the vibrations caused
by the motion of the upper structure and currents can cause
significant fatigue damage and are to be considered in the
design. Thus, ball joints, bend stiffeners, and other mecha-
nisms to reduce bending moments at the ends are often pro-
vided at the connection between the upper structure and the
underwater linear structure. In addition, mechanisms such as
a chain suspension of the connection to release the bending
moment are used in suspension-type structures. Large-scale
model tests of free-hanging intake pipes under vessel motion
and model tests of top-end excitation and in-tidal VIV for
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three to five multi-intake pipes have also been conducted in
previous studies [5—7]. Equipment such as strakes and fair-
ings have been introduced worldwide as VIV-suppression
devices. Strakes promote turbulence around the riser and
prevent vortex shedding, fairings regulate the flow around
the riser and make it less likely for vortex shedding to occur.
With regard to strakes, evaluation through tank experiments
using scale models, and behavior measurement and visuali-
zation experiments using wind tunnels have been conducted
[8—11]. There are not as many papers on fairings as on heli-
cal strakes, but many studies have used tank experiments and
computational fluid dynamics (CFD) [12]. There have been
other studies on VIV control, including passive controls
such as strakes and fairings with a viscoelastic layer around
the pipe to increase damping, a proposal to install a mass
damper on the outside of the pipe, and use of the inner pipe
of a pipe-in-pipe as a mass damper [13—16]. In contrast, the
vibration absorption mechanism investigated in this study is
different from conventional VIV-suppression devices in that
it is inserted into the joint between rigid risers.

The vibration modes caused by floating body motions are
of a lower order than those caused by VIV; the lower end
of the free boundary condition is always on antinode of the
vibration. For example, in the case of two-node vibration, a
node is created at approximately one-third of the length from
the bottom, with an antinode at two-thirds of the length [17].
In general, the bending stresses are higher at the antinodes
of vibration in linear structures; thus, the bending moments
can be reduced by inserting joints that absorb bending at
this point. For short-period vibrations such as VIV, effective
vibration suppression can be achieved by inserting mechani-
cal dampers. The deflections caused by VIV occurs at the
top, where the current is faster. Thus, the VIV in a suspended
pipe is more likely to break because the bending radius is
smaller at the bottom owing to the lower tension, resulting in
a greater bending stress, except at the top end or at specific
points where there is a stress concentration.

In this study, a practical vibration-damping mechanism
with a shape that does not disturb the flow path in the
pipe was trial-designed for the afore-mentioned suspen-
sion riser system, with reference to existing riser joints
and seismic isolation components in buildings. In addi-
tion, the behavior of a suspended riser system subjected
to low-order modes and large-amplitude vibrations caused
by floating body motions at the top end was measured in
tank experiments using a scale model. The behavior of
VIV caused by the riser being exposed to currents was also
measured using a current generator. A behavior estimation
model of the suspended riser system, including the vibra-
tion-suppression mechanism, was developed, compared,
and verified with the measurement results. The effec-
tiveness of the vibration-suppression mechanism against
vibrations caused by the motion of the upper structure
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in waves and VIV in currents was investigated through
model tests and numerical calculations. Furthermore, as a
case study, the effectiveness of the vibration-suppression
mechanism was evaluated in a seabed mineral resource
development system with and without the device.

2 Experimental approach
2.1 Design of vibration-suppression mechanism

The connection between the upper floating structure
and the underwater linear structure is often fitted with a
mechanism to reduce the bending moment at the end. This
is a ball joint or bend stiffener, in which the connection
is chain-suspended to release the bending moment [18].
Equipment such as strakes and fairings are often installed
as VIV-restraint devices.

In the field of architecture, protecting buildings from
earthquakes is critical. In addition to rigid construction
of a structure, one method is seismic isolation, which is a
method of absorbing the shaking of an earthquake. There
are two main types of seismic isolation components: isola-
tors that “parry” the shaking and dampers that “absorb” it.
The respective classifications are shown in Table 1 [19].

When considering application of these seismic isolation
components to suspended risers, the following three points
are considered: (1) risers are under constant tension in
the axial direction; thus, mechanisms such as sliding and
rolling bearings, which are established by receiving loads,
cannot be used; (2) deformations caused by earthquakes in
structures are irregular and infrequent, whereas vibrations
in risers are small and occur constantly; (3) vibrations in
the vertical direction occur due to vertical movement of
the upper floating structure.

Thus, in this study, it was assumed that a damping
mechanism was installed at the joints of the risers; the
following damping mechanisms were designed experimen-
tally: The models of the damping mechanisms are illus-
trated in Fig. 1.

(i) Laminated rubber

Table 1 Classification of seismic isolation components

Seismic isolation components Isolators Laminated rubber
Plain bearings
Rolling bearings
Damper Historical dampers

Fluid dampers
Viscoelastic dampers
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Fig. 1 Vibration-suppression mechanism model: (i: laminated rubber; ii: spring; iii: damper; iv: suspension system)

The joints of the risers were connected by long bolts with
alternating layers of steel and rubber plates between them
to absorb the bending deformation of the pipe caused by
rubber deformation. To make the rubber layer shear rigid
to the scale of the model, a damping mechanism using a
low-rebound urethane damping material was manufactured
to match the scale of the model.

(i) Spring
Springs were inserted between the links to absorb lon-
gitudinal vibration due to spring extension and to absorb
bending stress due to shear deformation of the springs. The
spring was selected to have a sufficiently high natural fre-

quency in relation to the excitation and VIV frequencies to
avoid resonance with the riser model.

(iii) Damper

The riser tubes were connected by two chains facing each
other, and the fluid dampers were arranged in an orthogonal
direction such that the dampers expand and contract when
bending occur. In the model shown in Fig. 1, the transferred
bending causes the fluid damper to expand and compress
with a maximum stroke of 40 mm, dissipating energy as the
oil inside passes through the orifice.

(iv) Suspension system

A mechanism that can absorb bending deformation in
one direction due to the suspension chain is relayed by a
ring and rotated in the orthogonal direction to combine with
another one. This mechanism absorbs bending deformation

in all directions to release the bending moment generated at
the connection with the floating body at the upper end [20].

2.2 Test facilities.

The model tests were conducted in the deep-sea basin of the
National Maritime Research Institute, Japan. The basin was
equipped with an optical behavior measuring device that
enables non-contact measurement of the three-dimensional
behavior of the model. A current generator capable of gen-
erating a maximum flow of approximately 0.35 m/s in the
basin was also used to simulate the VIV of the riser model.
An electric linear slider-forced excitation system was used
to simulate the motion of the upper structure of the waves.
The device was capable of excitation with constant and non-
constant amplitude and period.

2.3 Riser system model

A 10-inch steel pipe riser was used as the basis for the
assumed actual machine; the scale of the test model was
approximately A =1/8. The relationship between the riser
pipe model and the assumed actual machine is presented
in Table 2. The weight of the model in air and in water was
adjusted to be A2 according to the law of geometric simi-
larity, respectively, and the bending stiffness was adjusted
to be A° to satisfy the law of dynamical similarity. On the
other hand, the pipe diameter was set to 0.06 m without
relying on the law of similarity to ensure a sufficient cross-
sectional area to install the vibration control mechanism
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Table2 Assumed actual equipment and model pumping pipe speci-
fications

Item Assumed actual Riser
equipment pipe scale
model
Length [m] 100 12.0
Outer diameter [m] 0.254 0.060
Bending rigidity [Nm?] 2.49%x 107 395.9
Weight in air [kgf/m] 143.7 2.38
Weight in water [kgf/m] 124.9 1.88

*The model was designed to satisfy the similarity rule for the items
in italics

model. This was approximately twice as large as A. The
riser model was constructed as one piece at 2 m, and six
pieces were connected to form a scaled-down partial
model with a total length of 12 m. The total length was
shortened due to the limitations of the test facility. When
the bending stiffness of the tube was measured using the
three-point bending test, the bending stiffness of the lami-
nated rubber and spring of the four vibration-suppression
mechanism models were also measured. It was found that
the laminated rubber type had 3.8% and the spring type
had 0.3% of the pipe-model bending stiffness, indicating
that the model had a discontinuity in bending stiffness as
a vibration-suppression mechanism. The damper type and
suspension system have structures that bend so easily that
a three-point bending test is not possible, and they func-
tion as joints.

Fig.2 Modal analysis results 0

The natural frequencies of the riser system in this test
were important for assessing the capability of the damping
mechanism. Thus, eigenvalue analysis was performed prior
to the test to determine the mounting position and excitation
frequency of the vibration-control mechanism at the top end.
Because the experimental model used in this study is long,
eigenvalue analysis and modal analysis cannot be performed
in air, where there is low damping by the fluid. Therefore,
the eigenvalue analysis used the commercial software Orcaf-
lex, which is widely used in the field of marine develop-
ment as a finite element method (FEM) for behavior analysis
of underwater linear structures such as riser systems. The
results are shown in Fig. 2. The figure shows the first-order
to fourth-order modes at the free end, with the left-hand
figure showing the case without a vibration-suppression
mechanism installed, and the right-hand figure showing
the eigenvalue analysis results for the case with a vibration-
suppression mechanism installed 4 m from the top end. The
first-order to fourth-order modes at the free end of the model
vibrated with eigen periods of 0.9-10.7 s. Attachment of
the vibration-suppression mechanism caused a discontinu-
ity between the bending stiffness and linear weight of the
model, which increased the eigen period by approximately
0.1-0.2 s. On the actual scale, Global Wave Statistics are
generally higher in the open sea by 4-10 s, which corre-
sponds to 1.41-3.54 s in the scale of the model experiment.
Thus, in this experiment, the capability of the vibration-
suppression mechanism was verified mainly for the third-
order mode at the free end, which corresponded to the actual
wave period, based on the results of the eigenvalue analysis
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of the riser model. The vibration-suppression mechanism
was installed at the flange connection with an arc length of
approximately 4 m and had an antinode close to the upper
end of the free-end third-order mode.

2.4 Test parameters

The arrangement of the model and equipment in the deep-
sea basin is shown in Fig. 3. Measurements were taken for
either a riser pipe model with no vibration-suppression
mechanism or the four vibration-suppression mechanism
models discussed in Sect. 2.3, each of which was attached
to a joint 4 m from the top end. The behavior of the riser
pipe and the forces and bending moments acting on the top
end were measured using a six-component force transducer.
Additionally, a suspension device was attached to the top
end to release the bending moment, and measurements were
taken at the fixed end without this device for comparison.
The amplitude of the motion of the upper structure in waves
varies. The main purpose of the upper end forced vibration
test is to evaluate the effect of the motion frequency. Thus,
the amplitude of the top end excitation was set to 1.0 m on
the actual scale, and regular wave excitation was performed
by changing the parameters with a vibration period corre-
sponding to 4-16 s on the actual scale. In the current VIV

Fig.3 Schematic of test setup

test, the pipe was subjected to a current equivalent to 5 knots
in maximum on the actual scale. In the experiment, the out-
let of the current generator was placed near the water surface
to reproduce shallow surface currents. The average velocities
presented in Table 3 correspond to 2 m below water surface
(Table 3).

3 Numerical calculation

OrcaFlex from Orcina, which is widely used for predicting
the behavior of underwater linear structures, was used for
the numerical simulation in this study [21]. The conditions
involved in the numerical analysis are shown in Table 4. The
simulation model was simple, consisting only of a riser pipe
and a vibration-suppression mechanism. The damping coef-
ficients were calculated based on the results of hammering
tests on a pipe model in air. The structural damping ratio of
the riser model was quite high at 6.52%, which is attributed
to the different vibrations of the outer plastic tube and the
weight placed inside for weight adjustment. The damping
coefficient of steel pipes used in offshore structures is gen-
erally considered to be approximately 0.5%, which means
that the model used in this test is more likely to damp vibra-
tions than the actual machine. The bending stiffness of the
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Table 3 Test conditions

Parameters

Test conditions Notes

Model

Top-end forced oscillation Vibration direction
Vibration amplitude
Vibration period
VIV in current Flow velocity

Flow direction

5 Cases in test
(Without, vibration-suppression
mechanism i, ii, iii, iv)

For the damper model, the
mounting position was
changed

Horizontal (1 axis)
0.12m

14-57s

0.05-0.30 m/s on average

1 m on the actual scale
4-16 s on the actual scale
0.05 m/s increments
Horizontal

Table 4 Calculation conditions
for numerical analysis

Pipe length 12.0 m
Length of vibration-suppression mechanism 0.3 m
Element length 0.1 m

Fixing conditions at top end

Fixing conditions at lower end

Damping factor of riser model

Position of vibration-suppression mechanism
Bending Stiffness of vibration-suppression mechanism model

Damping force of vibration-suppression mechanism

Pin (with suspension device)
Fix (without suspension device)

Free end

6.52% (Pipe)

2m, 4m(default), 6m, 8m
1% of riser model

Extended 60N
Piston speed rate 0.04 m/s

vibration suppression mechanism was given as 1% of the
riser model to prevent divergence of the calculations. In
addition, damping force was set for the dampers of the vibra-
tion suppression mechanism with reference to the catalog
specifications of the oil dampers that are the components of
the model. The damping force of an oil damper acts only in
the extension direction, but since two oil dampers are used
in the model, the damping force is equal for both bending
regardless of the direction of excitation.

4 Results
4.1 Model experiment

As an example of the results of the top-end forced vibration
test, a comparison of the amplitude distribution is shown in
Fig. 4. For a vibration period of 5.65 s, which was close to
the free-end second-order mode, a vibration period of 3.53 s,
which was close to the free-end third-order mode, and a
vibration period of 1.53 s, which was close to the free-end
fourth-order mode. These three vibration periods correspond
to 16.0 s, 10.0 s, and 4.3 s, respectively, in the actual equip-
ment. The amplitudes were made dimensionless by divid-
ing them by the upper end excitation amplitudes. There
was little difference in amplitude between cases without

@ Springer

a vibration-suppression mechanism. There are likely two
reasons: (1) the free-end second-order mode vibration was
relatively slow; thus, the vibration-suppression mechanism
model moved in unison without bending; (2) in the free-end
third-order mode, the mounting position of the vibration-
suppression mechanism model fell between the antinode
and node of the vibration; thus, vibration suppression could
not be demonstrated. In contrast, the vibration-suppression
mechanism exhibited the best performance at a vibration
period of 1.53 s. The amplitude was reduced at the position
where the vibration-suppression mechanism was installed
at the other antinode and free end. In a regularly vibrating
underwater linear structure, the bending stress fluctuations
are the highest at the vibration antinode; thus, reducing the
amplitude at this position is important to the integrity of the
entire system.

A comparison of the amplitudes at the antinode position
of the free-end second- to fourth-order vibration modes
generated at each excitation period is shown in Fig. 5. In
terms of the arc length, the amplitudes were approximately
4 m, 6 m, and 8 m, respectively. The results show that
the vibration-suppression mechanism had no effect on the
amplitude of the free-end second-order and third-order
modes. The amplitude of the free-end fourth-order mode
was reduced, especially at the position of the vibration
antinode; the damper type produced the largest reduction



Journal of Marine Science and Technology (2024) 29:123-135 129

0 ’ o 0 ’

2 Position of 2 ﬁ Position of 2 Position of
Vibration Vibration Vibration
suppression r‘\\’ suppression Ki suppression

4 mechanism 4 \, | mechanism 4 . mech|an|sm

g = E —o—Exp. (WO)
ey ey

6 | —o—Exp.(WO)  BE w6 Exp. (LB)
2 —a—Exp. (LB) § w Exp. (SP)
(S} I3 8}

s o = —&—Exp. (DP)
< Exp. (SP) < Exp. (WO) <

8 - - ——Exp. (DP) 8 , — —a—Exp. (LB) 8 - - o Exp. (M4)

—o—Exp. (M4) Exp. (SP)
—A—Exp. (DP)
10 10— %——D—Exp. (M4) 10 -
% =
12 1 12 ‘ i 12
0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5

Disp. / Oscillation amp.

Disp. / Oscillation amp.

Disp. / Oscillation amp.

Fig.4 Top-end forced vibration test results (top oscillation amplitude 0.06 m, left figure: vibration period 5.65 s, middle figure: 3.53 s, right fig-
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Fig.5 Comparison of amplitudes at antinode position for each vibra-
tion mode, the position of the vibration suppression mechanism is
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in amplitude (up to 40%) compared to the amplitude with-
out the vibration-suppression mechanism. The damping
force provided by the fluid damper vibration-suppression
mechanism model was the most effective in reducing the
amplitude. The suspension and spring vibration-suppres-
sion mechanisms did not generate a damping force; thus,
simply releasing the bending moment created a state in
which the free-end fourth-order mode vibration was con-
nected by a joint between the two tubes at the upper 4 m
and lower 8 m, which shifted the natural frequencies. The
laminated rubber system had a higher bending rigidity
than the other models; thus, the vibration suppression

effect was weaker. Although detailed tuning was not per-
formed in this test, this method is also used in existing
flexible joints in terms of damping force and durability,
so it is likely that a higher effect could have been obtained
by approaching the design based on the specifications of
existing equipment would have been more effective in the
model test.

The measurement results for VIV behavior in the currents
are shown in Fig. 6. The figure shows two cases without a
vibration-suppression mechanism installed, where VIV was
observed at flow velocities of 0.2 m/s and 0.3 m/s. The figure
also shows four cases with an installed vibration-suppres-
sion mechanism, measured under the same conditions. The
amplitudes were made dimensionless by dividing them by
the outer diameter of the pipe model. The results without
the vibration-suppression mechanism show that with 0.2 m/s
and 0.3 m/s flow velocity, the current from the surface to
a depth of 2 m travels the VIV to the lower end position
of the 12 m length. The amplitude also increased with the
mean flow velocity; however, the generated vibration modes
were free-end third-order modes in both cases. Comparing
the amplitude distributions with and without the vibration-
suppression mechanism, the VIV amplitude increased over
the entire length of the model when no vibration-suppression
mechanism was installed. The amplitudes at the antinode
and lower end decreased in the following order: laminated
rubber, suspension, spring, and damper, indicating that the
vibration-suppression mechanism with damping exhibited
better vibration suppression.
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Fig.6 Results of VIV measure- 0

ments in currents (left: mean
velocity 0.2 m/s, right: mean
velocity 0.3 m/s)
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Fig.7 Comparison of amplitudes at the two lower-end antinodes
in mean velocity 0.3 m/s, the position of the vibration suppression
mechanism is 8.0 m at antinode and 11.6 m at lower end

The vibration-suppression mechanism was installed at
an arc length of 4 m from the top end, which is close to the
vibration mode antinode, and reduced the vibration. How-
ever, amplitude reduction also occurred at an arc length of
8 m and at the bottom end, where there was no vibration-
suppression mechanism. A comparison of the amplitudes
of the two lower end antinodes is shown in Fig. 7. It was
found that the amplitude reduction was stronger than the
forced oscillation at the upper end, with a 27-81% reduc-
tion in the vibration caused by VIV.
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4.2 Comparison with numerical results

A comparison of the amplitude distributions of the numeri-
cal simulation results under the calculation conditions cor-
responding to the model test is shown in Fig. 8. The symbols
indicate the experimental results and the lines indicate the
numerical simulation results. The oscillation period was set
to T=1.53 s, which corresponded to the fourth-order mode
at the free end, where the performance of the vibration-sup-
pression mechanism was best demonstrated. The left figure
shows the same top-end fixed case as that in the top-end
excitation experiment shown in Fig. 2; the right figure shows
the results with a pin support using a suspension device at
the top end. The cases fitted with vibration-suppression
mechanisms are shown in the figures as representatives of
the damper type, which had the highest vibration suppres-
sion capacity. The models for the numerical simulations
were created according to the specifications of the damper-
type (DP in legend) vibration-suppression mechanism used
in the experiments. It will of course be important to evaluate
the damping performance in the process of optimizing the
damping mechanism, since changing the damper’s capacity
could change its effect on the response.

Approximate agreement was obtained between the
model tests and numerical simulations for the cases with-
out a vibration-suppression mechanism with a fixed top
end and a damper-type vibration-suppression mechanism.
An approximate agreement of the amplitude distribution
was also obtained when the upper end was free from the
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bending moment by attaching a suspension device. From
these results, it was concluded that the model used in the
numerical simulation correctly modeled the experiment.
The bending moment, which was difficult to measure at the
targeted position in the model experiment, was evaluated.
The results are shown in Fig. 9. Comparison of the bend-
ing moment distribution in the numerical simulation shows
that in the case of a fixed top end, the bending moment was
reduced at the position where the vibration-suppression
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mechanism was installed, as well as over the entire length
of the pipe and at the lower end and upper end connec-
tion points. Furthermore, in the case of the free bending
moment at the top end, the vibration-suppression mecha-
nism had a moment reduction effect, especially from the
vibration-suppression mechanism installed at the bottom
end of the pipe, although the bending moment reduction
effect was not as significant as that at the fixed top end.
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A numerical parameter study was conducted to verify the
effect of different vibration-suppression mechanism mount-
ing positions on the bending moment reduction. In Fig. 10,
the upper figure shows the maximum amplitude, and the
bottom figure shows the maximum bending moment. The
figure shows a case with the vibration-suppression mecha-
nism installed at an arc length of 4 m from the top, the same
position as in the tank test, a case with the vibration-sup-
pression mechanism installed at an arc length of 2 m near
the top, a case with an arc length of 6 m in the middle of the
entire riser model, a case with an arc length of 8 m near the
bottom, and a case without the vibration-suppression mecha-
nism. The upper end was fixed, and the maximum bending
moment at the antinode, excluding the upper end, was con-
sidered as the representative value for each excitation period.
In the case where the vibration-suppression mechanism was
not installed, the maximum bending moment increased at a
vibration period of 1.6—1.8 s, which corresponds to approxi-
mately 5 s in the actual machine, and at a vibration period
of 3.5 s, which corresponds to approximately 10 s in the
actual machine. The two peaks corresponded to the eigen
period of the free-end fourth-order mode and free-end third-
order modes, respectively, and the amplitude and bending
moment increased due to the resonance. In contrast, when
the vibration-suppression mechanism was installed 4 m from
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Fig. 10 Effect of vibration-suppression mechanism mounting position
(upper: maximum amplitude, bottom: maximum bending moment)
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the top end, it was installed at one of the antinodes of the
third-order vibration, thereby reducing the bending moment
generated by this vibration mode. For the same reason, the
bending moment was also reduced in the case where the
damping mechanism was installed at the 8 m arc length.
With the vibration-suppression mechanism installed at arc
lengths of 6 m and 8 m, the bending moment generated by
the two-node vibration was suppressed at periods longer
than 2.5 s, compared with the case without the vibration-
suppression mechanism. However, the maximum amplitude
was larger than that in the case without the vibration-sup-
pression mechanism, particularly for long vibration periods,
and the effect of the lower-end swing may be stronger. In
addition, the maximum values of the amplitude and bend-
ing moment for arc lengths of 2 m and 6 m were higher than
those without the vibration-suppression mechanism with
short vibration periods. Thus, it is important to analyze the
natural frequencies of pipes and consider the installation
position when suppressing the vibrations caused by wave
motions with a vibration-suppression mechanism.

4.3 Case study for actual scale

A case study was conducted with use of the vibration-sup-
pression mechanism in an actual system. The assumed actual
machine was a hang-off pipe connected to the upper struc-
ture; it was a 10-inch steel pipe, as assumed in the model
test. The pipe lengths were 100 m, 200 m, and 400 m, and
the effects of the presence or absence of vibration-suppres-
sion mechanisms were evaluated in terms of the amplitude
and bending moment. The upper structure was set to move
only in the horizontal and vertical directions and the upper
end was set to follow the wave position regardless of the
wave period. The upper end of the pipe was pin-supported
to allow the bending moment to be free, assuming actual
operating conditions. The vibration-suppression mechanism
was installed at the position where the bending moment was
maximum based on the results without the vibration-sup-
pression mechanism, which in this study was approximately
an arc length of 15 m from top-end. The calculations for
the six cases are shown in Figs. 11 and 12, which show the
distributions of the motion amplitude and bending moment,
respectively. The left figure shows the JONSWAP spectrum
with Hs=10 m and Tz=13.75 s as the long-period irregu-
lar wave motion, and the right figure shows the results for
Hs=7 m and Tz=38 s as the short-period irregular wave
motion. For the vertical axis in the figure, the position was
made dimensionless by dividing by the arc length according
to the different arc lengths of the models.

The vibration-suppression mechanism reduced the
vibration amplitude over the entire length of the pipe for a
total length of 100 m. However, no reduction in the vibra-
tion amplitude was observed for a total length of 200 m or



Journal of Marine Science and Technology (2024) 29:123-135 133
Fig. 11 Distribution of ampli- 0 0
tudes during top-end excita-
tion with irregular waves (left: 0.1 0.1
Hs=10m, Tz=13.75 s; right:
Hs=7m, Tz=8ys) 0.2 0.2
Position of Position of
Vibration Vibration
é 03 suppression ﬁ) 0.3 suppression
é 0.4 mechanism § 04 mechanism
o b
< <
=03 —— WO 100m =05 —— WO 100m
kel = WO 200m Rel — WO 200m
£ 06 206
2 —— WO 400m . —— WO 400m
e 0.7 = = -DP 100m o — — -DP 100m
: - - -DP200m 0.7 - - -DP200m
- — -DP 400 -—.
0.8 m 0.8 DP 400m
0.9 0.9
1 1
00 05 1.0 15 2.0 25 00 05 1.0 15 2.0 25
Std. Deviation of Disp. [m] Std. Deviation of Disp. [m]
Fig. 12 Distribution of bending 0
moments during top-end excita-
tion with irregular waves (left: 0.1
Hs=10m, Tz=13.75 s, right:
Hs=7m, Tz=8s) Position of 0.2
Vibration
suppression - 0.3
mechanism ED
004
o
<
? 0.5 Position of
o 0.6 Vibration
sV suppression
& mechanism
—— W0 100m 0.7 ——WO 100m
—— WO 200m —— WO 200m
0.8 — WO 400m 0.8 —— WO 400m
—= = DP 100m - = -DP 100m
0.9 - — DP200m 0.9 - — -DP 200m
- = DP 400m - = -DP 400m
1 1
0 20 30 0 10 20 30

Std. Deviation of
Bending Moment [kNm]

more. This was attributed to the increased weight of the
pipe, which generated a large tension in the vibration-sup-
pression mechanism installed near the top end, making it
difficult to bend. Thus, the mechanism behaved in the same
way as the pipe section. Based on the bending moment
distribution, the bending moment received by the pipe was
reduced by installing a vibration-suppression mechanism
at the position where the bending moment was concen-
trated. Furthermore, with a 100-m length, the bending
moment distribution was also reduced below the position

Std. Deviation of
Bending Moment [kNm]

where the vibration-suppression mechanism was installed.
However, the effect of the vibration-suppression mecha-
nism was localized in cases where the total length was
200 m or more. Although it is possible to install multiple
suppression mechanisms, the effect of the second and later
mechanisms would be limited, since the most effective is
to install them at points where the amplitude is large. It is
also necessary to consider that this would complicate the
system and increase costs.
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5 Discussion

Based on the results of the experiments and numerical
simulations, the advantages and disadvantages of fabricat-
ing and installing a vibration-suppression mechanism in
an actual machine compared to existing VIV suppression
devices such as strakes and fairings can be summarized
as follows:

Advantages

e Vibration-suppression mechanisms can be installed at
appropriate installation positions based on analysis of
the natural frequencies of the pipes, providing vibration
suppression capabilities over the entire length of the
system

e Limited installation positions

e Effective against vibrations caused by upper float
motion and VIV in currents

e Low drag increase

e Disadvantages

e Can only provide vibration suppression if properly
positioned

e Durability is required due to the concentration of bend-
ing in the system

e Vibration damping capacity is limited as the overall
length of the pipe increases

Responses to the disadvantages will not be a problem,
as information on suitable installation locations will be
available from information from the fundamental analysis
carried out for all projects. It may be more difficult and
costly to design and manufacture a vibration-suppression
mechanism that is more durable and flexible than a pipe;
however, this can be addressed using existing applications
in marine engineering, such as flexible joints. Even if the
vibration damping capacity is limited, with a greater over-
all pipe length, vibration suppression at the most criti-
cal points of the system is achievable. In addition, com-
parison with methods that have many applications, such
as fairings and strakes, is necessary for evaluation. This
paper considers the vibration control mechanism concept
as a first step in this process. On the way to optimizing
the vibration suppression mechanism, it will be neces-
sary to evaluate the advantages and disadvantages of this
mechanism, including comparisons of vibration suppres-
sion capability, cost, safety, etc. The study in this paper
was not sufficient to demonstrate the effectiveness of the
proposed system against currents. In future research, it is
planned to study the effect of the mounting position of the
vibration suppression mechanism on VIV in currents and
to use a numerical simulation model to study the effect of
this mechanism.

@ Springer

6 Conclusions

A vibration-suppression mechanism, unlike existing VIV-
suppression devices such as strakes and fairings, was trial-
designed. It targets a large-diameter intake pipe for the
FLNG or a pipe with a layout suspended from the upper
floating structure in the pumping system used in the SMS
development. Experiments using a scale model and numer-
ical calculations were conducted to evaluate the ability to
suppress vibrations caused by upper floating-body motions
and the VIV caused by currents. The results showed that
the vibration amplitude and bending moment reduction at
the antinode were effective for vibrations close to the tar-
geted natural vibration modes for top-end excitation. It was
also shown to have a vibration damping capability against
VIV in currents. Parametric studies were conducted on the
installation position of the vibration-suppression mecha-
nism and the length of the adaptable hanging pipe. The
results showed that changing the installation position can
damp the top-end oscillations with different vibration
modes; however, other vibration modes may produce no
bending moment reduction or swinging near the bottom
end. It was also shown that the vibration and bending
moment reduction over the entire length of the tube con-
firmed in the model tests became localized when the total
length of the pipe was increased.
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