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A B S T R A C T

Vortex-induced vibration (VIV) is one of the critical design considerations for the offshore riser and pipeline
system. Significant research effort has been devoted to better understanding and predicting riser VIV. Compared
to the bare uniform riser configuration, the attached staggered buoyancy modules of a small aspect ratio
will extensively alter riser hydrodynamic characters, and hence the riser dynamic response. In the current
study, experiments were performed on forced inline (IL)-crossflow (CF) combined vibration of a rigid cylinder
with staggered modules (module to bare cylinder diameter and length ratio of 2.5 and 1.0.) as well as self-
induced vibration of two flexible models with 100% and 50% buoyancy module coverage ratios. From the
rigid model experiment, positive regions for lift coefficient in the phase of velocity (𝐶𝑙𝑣) for both riser and
buoyancy module induced vibration are observed. The result indicates potential power-in excitation from both
riser and buoyancy modules, which is later confirmed by the bi-frequency and bi-modal vibration from the
flexible cylinder experiment. Furthermore, several other phenomena have been reported, including low reduced
frequency for buoyancy module induced motion, the phase between CF and IL trajectory, and buoyancy module
VIV suppression ability, emphasizing the connection between the rigid and flexible cylinder experiment.
1. Introduction

Vortex-Induced Vibration (VIV) is a ubiquitous phenomenon caused
by shedding vortices behind bluff bodies. VIV induced by ocean cur-
rents and waves, if not considered, will generate extensive fatigue
damage in riser systems (Wang et al., 2020). And therefore, a signifi-
cant research effort has been devoted to the understanding of riser VIV
mechanism (Xu et al., 2013) and the prediction of its occurrence (Tri-
antafyllou et al., 1999; Passano et al., 2014). One of the key factors
in determining VIV is the structural shape, and, as a matter of fact,
sometimes even a slight change of the shape will significantly affect
the vortex formation pattern, and hence its coupled structural dynamic
response (Zhu et al., 2018; Zhu and Liu, 2021).

For risers in the deep water (larger than 1000 m), staggered buoy-
ancy modules will often be installed to help to provide additional lift
force and therefore avoiding the excessive tension load in the riser due
to its own weight (Lie et al., 1998; Zheng and Wang, 2021). Meanwhile,
buoyancy modules have also been widely used for risers to maintain a
lazy wave format (Rao et al., 2013). However, compared to the bare
uniform riser section, the structural shape of the riser with staggered
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buoyancy modules will be altered as the buoyancy module diameter
usually is 2.5–5 times larger than the riser diameter. Inevitably, the
vortex formation may vastly change behind the structure; hence dif-
ferent VIV responses for the riser with buoyancy modules (Fan and
Triantafyllou, 2017; Ji et al., 2019; Tian et al., 2021). Questions,
therefore, have been raised (Lie et al., 1998; Rao et al., 2013) on
whether the dynamic response will be dominated by the riser induced
or buoyancy modules induced motion, or how the different coverage
ratios between the buoyancy modules and riser will affect the dynamic
response, etc.

In the previous research (Vandiver et al., 1998; Li et al., 2011;
Fang et al., 2014; Wu et al., 2017), several experiments have been
conducted on the flexible cylinder with buoyancy modules of aspect
ratio from 4 to 6, and the finding allows the modeling of the riser with
such buoyancy modules simply as cylinders with smaller and larger
diameters staggered together (Triantafyllou et al., 1999). However, this
principle does not apply to the new form of buoyancy modules with an
aspect ratio of 1 (Fan and Triantafyllou, 2017), as the hydrodynamics,
the vortex shedding, etc., will be considerably altered for the cylinder
with small aspect ratios (Jhingran et al., 2012).
141-1187/© 2021 Elsevier Ltd. All rights reserved.
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Fig. 1. Physical rigid models occupied in the experiments. Upper: CRR model; Lower:
BMR model.

Therefore, in the current study, to understand the hydrodynamic
performance of the riser with buoyancy modules of a small aspect
ratio, experiments have been conducted systematically on both rigid
and flexible cylinders with staggered modules (module aspect ratio is
1.0, and module to bare cylinder diameter and length ratio are fixed
at Dr = 2.5 and Lr = 1.0). Cross-flow (CF) and inline (IL) combined
forced vibration experiments have been performed on the rigid model
to determine its hydrodynamic coefficients (Fan et al., 2019) and con-
struct a comprehensive hydrodynamic database (Lin et al., 2020; Rudy
et al., 2021) for flexible cylinder VIV predictions (Wang et al., 2021b;
Lin et al., 2021; Wang et al., 2021a). In addition, using the underwater
optical tracking system (Fan et al., 2016, 2019b), two flexible models of
different coverage ratios have been tested to investigate its self-induced
vibration.

The rest of the paper is organized as follows: In Section 2, a detailed
description of the experimental setup and model construction is pro-
vided for both the rigid cylinder forced vibration and flexible cylinder
free vibration experiments; We then in Section 3 present the result
of the hydrodynamic coefficient acquired through the rigid cylinder
experiment and their relationship with the different prescribed motion
parameter; Section 4 discusses the several phenomena observed in the
flexible cylinder free vibrations, including the bi-frequency and bi-
modal vibration pattern, sectional CF and IL phase effect and buoyancy
module VIV suppression ability, with an emphasis on the connection
between the rigid and flexible cylinder experiment; At last, we conclude
our major findings in Section 5.

2. Experiment description

2.1. Rigid model forced vibration experiments

The forced vibration experiments of the rigid model with stag-
gered modules have been conducted at MIT Tow Tank (Le Garrec
et al., 2016) to update the hydrodynamic database applied in the semi-
empirical programs. The experiment aimed to help the industry to have
a more precise prediction for VIV on the riser with a small aspect
ratio buoyancy module. Meanwhile, it gave a comprehensive insight
into the vortex force of the oscillating cylinder with staggered mod-
ules of a small aspect ratio compared with the self-induced vibration
experiments.

2.1.1. Two sets of experiments with different rigid models
First, to understand the VIV hydrodynamic contribution from bare

riser or buoyancy modules, two different sets of experiments: the
central riser referred experiments (CRR), and the buoyancy module
referred experiments (BMR) were conducted. In the CRR set, the experi-
ment parameters, such as the dimensionless amplitudes and the reduced
velocity, were chosen based on the diameter of the central riser (𝑑). In
contrast, in the BMR set, the parameters were based on the diameter of
the buoyancy modules (𝐷).

To guarantee adequate stabilized vibrating cycles due to the lim-
itation of the towing length, two physical models of different scales
as Fig. 1 were fabricated for the CRR and BMR sets of experiments
separately. The model with larger diameters was used in the CRR set,
while the smaller model was used in the BMR set. Detailed geometric
parameters of the two models are shown in Table 1.
2

Table 1
The geometric parameters and definition of experimental parameters.

Parameters CRR set BMR set

Diameter of Buoyancy module (𝐷) 63.5 mm 31.8 mm
Diameter of central riser (𝑑) 25.4 mm 12.7 mm
Length of Buoyancy module (𝐿) 63.5 mm 31.8 mm
Length of central riser (𝑙) 63.5 mm 31.8 mm

Dimensionless amplitude of CF vibration 𝐴𝑦𝐷: 0, 0.15, 0.3, 0.5, 0.75, 1
Dimensionless amplitude of IL vibration 𝐴𝑥𝐷: 0, 0.05, 0.1, 0.15, 0.2, 0.25, 0.3

Reduced velocity 𝑈𝑟 𝑈𝑟: 6, 8, 10

Phase angle 𝜃 [0, 7𝜋/4], step as 𝜋/4

2.1.2. Experimental parameters
In the forced vibration experiment, designated motions were de-

fined as 𝑦 = 𝐴𝑦𝑐𝑜𝑠(2𝜋𝑓𝑦𝑡) in CF direction while 𝑥 = 𝐴𝑥𝑐𝑜𝑠(2𝜋𝑓𝑥𝑡 + 𝜃)
in IL direction, and the vibration frequency 𝑓𝑥 was set to be twice
as 𝑓𝑦. And in the two experiment sets, the dimensionless parameters
𝐴𝑦𝐷, 𝐴𝑥𝐷 and 𝑈𝑟 were defined in Eqs. (1) and (2). Special attention
is needed that 𝐴𝑥𝐷 and 𝐴𝑦𝐷 have been non-dimensionalized by two
different characteristic diameters of 𝐷 in the BMR test and 𝑑 in the
CRR test.

For BMR set,

𝐴𝑦𝐷 =
𝐴𝑦

𝐷
𝐴𝑥𝐷 =

𝐴𝑥
𝐷

𝑈𝑟 =
𝑈
𝑓𝐷

(1)

For CRR set,

𝐴𝑦𝐷 =
𝐴𝑦

𝑑
𝐴𝑥𝐷 =

𝐴𝑥
𝑑

𝑈𝑟 =
𝑈
𝑓𝑑

(2)

The forced vibration experiments contained stationary cases (am-
plitudes are 0 in both directions), one-dimensional vibrating cases
(amplitude is 0 in either CF or IL directions), and CF-IL coupled cases.
And the dimensionless amplitudes in CF direction 𝐴𝑦𝐷 were chosen
as 0, 0.15, 0.3, 0.5, 0.75 and 1, and in IL direction, the dimensionless
amplitudes of 0, 0.05, 0.1, 0.15, 0.2, 0.25 and 0.3 were chosen for 𝐴𝑥𝐷.
Based on previous research on the riser VIVs (Zheng et al., 2014), in
both sets of experiments, the phase angle 𝜃 between CF and IL direction
was chosen from 0 to 7𝜋/4 with an incremental of 𝜋/4, and the reduced
velocities 𝑈𝑟 were chosen as 6, 8 and 10, i.e., and namely the reduced
frequencies 𝐹𝑟 as 0.167, 0.125, 0.100 correspondingly.

2.1.3. Experimental apparatus
The forced vibration experiments on rigid risers were conducted

in the small towing tank at MIT with an effective towing length of
1.20 m and a width of 0.90 m. The water depth applied in these sets of
experiments was set as 0.63 m. It is shown in Fig. 2 the configuration
of how the CRR model was assembled in the tank.

The ATI 6-Axis Gamma Force Transducer was installed on the top of
the model, connecting to the towing carriage. The hydro force and the
forced motion trajectory were measured and recorded simultaneously.

2.1.4. Hydrodynamic coefficients
Corresponding hydrodynamic coefficients were calculated from the

measured force and prescribed motion, and they are clearly defined
in this section. (The notations of these coefficients follow the same
convention as in the Dahl‚s work (Dahl, 2008).)

The mean drag force coefficient is defined in Eq. (3),

𝐶𝑑 = 𝐹 𝐼𝐿

1
2𝜌𝑈

2𝑆
, (3)

where 𝐹 𝐼𝐿 is the mean of the measured force in IL direction. 𝑆 is
the projected area of the model on the plane orthogonal to the flow
direction. 𝜌 is the flow density and 𝑈 is the towing velocity. The lift
force coefficient in phase of velocity 𝐶𝑙𝑣 is defined in Eq. (4).

𝐶𝑙𝑣 =
𝐹𝐶𝐹
0 𝑠𝑖𝑛𝜙𝑙
1 2

, (4)

2𝜌𝑈 𝑆
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Fig. 2. Rigid model (CRR) experiments setup in the tank. Right bottom subfigure shows the direction of the flow and positive directions of the force.
where 𝜙𝑙 is the phase angle between CF motion and Lift force, and 𝐹𝐶𝐹
0

is the amplitude of the measured force in CF direction. The fluctuating
drag force coefficient in phase of velocity 𝐶𝑑𝑣 is defined in Eq. (5).

𝐶𝑑𝑣 =
𝐹 𝐼𝐿
0 𝑠𝑖𝑛𝜙𝑑
1
2𝜌𝑈

2𝑆
, (5)

where 𝜙𝑑 is the phase angle between IL motion and fluctuating drag
force, 𝐹 𝐼𝐿

0 is the amplitude of the measured fluctuating force in IL
direction. The added mass coefficient of CF motion 𝐶𝑚𝑦 and IL motion
𝐶𝑚𝑥 are defined in Eqs. (6) and (7).

𝐶𝑚𝑦 =
−𝐹𝐶𝐹

0 𝑐𝑜𝑠𝜙𝑙

𝜌𝛥𝐴𝑦𝜔𝑦
2

, (6)

𝐶𝑚𝑥 =
−𝐹 𝐼𝐿

0 𝑐𝑜𝑠𝜙𝑑

𝜌𝛥𝐴𝑥𝜔𝑥
2

, (7)

where 𝛥 is the modal fluid displacement. It should be noted that when
there is vortex shedding, due to the variation of the relative motion
between the shedding vortex and cylinder motion, the effective added
mass coefficient may be altered considerably compared the potential
added mass coefficient.
3

2.2. Flexible model self induced vibration experiments

2.2.1. Flexible model description
Using the same configuration as the rigid model, the flexible model

selects two coverage ratios of 100% and 50% (the length of the riser
section with buoyancy modules to the total riser length). The core
flexible riser model was molded via urethane rubber with an embed-
ded fishing line, providing additional axial strength while keeping a
low bending stiffness. Compared to the applied tension, the bending
stiffness of the urethane rubber model was considered a negligible
contribution to the model’s natural frequency and modal shape. Hence,
the model displayed a string-like vibration behavior. The attached
buoyancy modules were made by rigid low-density polyethylene cylin-
der and then stuck on the riser model in a staggered configuration,
which results in the mass per unit length (𝜇) of 0.175 kg/m in the
riser section and 0.860 kg/m in the buoyancy module section. The
first modal natural frequency (𝑓𝑛1) of the model with full coverage in
the still water is found to be 0.647 Hz, and the higher modal natural
frequency is the integer of 𝑓𝑛1, as the model is string dominated.
However, it should be noted, when the towing velocity increase, the
tension applied to the model also increases, which will lead to an
increase of the natural frequency. The detailed model properties are
listed in Table 2.
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Table 2
Detailed geometric parameters and physical properties of flexible riser and buoyancy
modules attached.

Total length 2050 mm
Coverage ratio 50%, 100%

Geometric parameters Riser Buoyancy module

Outer diameter 12.7 mm 31.8 mm
Section length 31.8 mm 31.8 mm

𝜇 0.175 kg/m 0.860 kg/m
𝑓𝑛1 2050 mm

Fig. 3. Experimental setup of flexible riser model in the MIT Tow Tank.

2.2.2. Experimental apparatus and measurement technique
The flexible model experiment was performed at the MIT tow tank,

and the total setup is shown in Fig. 3. Two foil-shape holders were
fixed on the supporting beam with the model installed on the bottom
of the holder, allowing tension adjustment and measurement with an
underwater load cell. The total water depth is set to be 1.2 m, and the
immerse depth of the flexible cylinder model is chosen to be 0.6 m. Four
cameras were installed over 80d downstream of the model to measure
CF vibration, while six cameras were installed 50d above the model to
measure IL vibration. At the same time, four 1500-lumen underwater
lights were installed to provide enough camera background lighting.
Corresponding image processing and motion tracking code have been
developed to capture and follow the trajectory of either white or black
markers (Fan et al., 2016). The following Fig. 4 demonstrates a sketch
of the general camera setup in the experiment, and Fig. 5 displays
a sample frame of the raw and processed images for one of the ten
cameras. Notice that we set the middle of the flexible model as the
origin.

3. Forced vibration of the rigid model

The hydrodynamic coefficients defined in 2.1.4 have been first
briefly reported by Le Garrec et al. (2016). In this section, some notable
trends are concluded, and some interesting phenomena are pointed out
for further discussion. Attention is paid to the discrepancies between
two sets of experiments (CRR and BMR).

3.1. The mean drag force coefficient 𝐶𝑑

Fig. 6a gives the entire database of 𝐶𝑑 from CRR set of experiments.
In each sub-figure in Fig. 6a, it shows how the mean drag force coeffi-
cients 𝐶𝑑 changes with 𝐴𝑦𝐷 (𝑥-axis) and 𝐴𝑥𝐷 (𝑦-axis) at one reduced
velocity and phase angle. Such trends are found similar to those in the
Bare rigid cylinder forced vibration experiments. In general, from the
contour map, we conclude that 𝐶𝑑 tends to increase with the decrease
of 𝑈𝑟 and the amplitude increase in both CF and IL direction. And the
values in the current experiment range from 1.2 to 2.5.
4

The distribution of 𝐶𝑑 in the BMR set of experiments has a similar
trend and is averagely larger than in the CRR set. The values in the
current experiment range from 1.2 to 3. In Fig. 7, case of 𝐴𝑦𝐷 and
𝐴𝑥𝐷 is picked to be 0.75 and 0.1 as a representative for both CRR
(green) and BMR (red) sets. Fig. 7 shows that the mean drag coefficient
in the BMR set may hold a different trend but is usually larger than that
in the CRR set. Since the amplitudes in the BMR set are based on the
diameter of buoyancy modules, i.e., the amplitudes are originally larger
than those in CRR set, this might contribute to the divergence of the
𝐶𝑑 ’s values in two models.

Fig. 8(a) and (b) show how the 𝐶𝑑 changes against the reduced
velocity 𝑈𝑟. It is demonstrated that 𝐶𝑑 decreases with the increase of
the reduced velocity. And from Fig. 8, it can also be seen that BMR’s
model would, in general, obtain a larger mean drag coefficient than
CRR’s model when comparing Fig. 8(a) and (b).

3.2. The lift force coefficient in phase of velocity 𝐶𝑙𝑣

The lift force coefficient in the phase of velocity 𝐶𝑙𝑣 calls for special
attention as it directly reveals the possible occurrence of VIV in CF
direction (Fan et al., 2019a).

Fig. 9 reveals the trend how 𝐶𝑙𝑣 changes against the reduced ve-
locity for fixed dimensionless amplitude of 𝐴𝑥𝐷 = 0.1, 𝐴𝑦𝐷 = 0.75. In
both CRR and BMR sets of experiments, 𝐶𝑙𝑣 increases with the increase
of 𝑈𝑟, but the slopes vary among the cases of motions at different phase
angle 𝜃. Moreover, according to Fig. 9, positive 𝐶𝑙𝑣 values appear when
𝑈𝑟 is 10 in both sets of experiments, and the occurrence of the positive
regions can be more clearly observed in Fig. 10.

In Fig. 10, bold black line separates the positive and negative
𝐶𝑙𝑣 region. From Fig. 10, It can be found that positive area of 𝐶𝑙𝑣
values appear in both sets of experiments, which suggests potential VIV
excitation from both bare riser and buoyancy module. Emphasis should
be made that the chosen reduced velocity refers to different diameters
in CRR and BMR experiments, which means there is no overlapping of
the experimental parameters between two sets of the experiments. For
instance, as for BRR sets, the designated reduced velocities refers to
the module diameter, and if they are calculated based on the central
riser diameter, the corresponding reduced velocities become 2.4, 3.2,
and 4, i.e., when VIV in CF direction may not happen for the bare
cylinder (Dahl, 2008), and vise versa for CRR sets.

Furthermore, it is also revealed that in BMR set, the positive area of
𝐶𝑙𝑣 is in general qualitatively larger than that in the CRR set, suggesting
module-induced motion may overwhelm riser-induced motion when
combined. In addition, we see that in both BMR and CRR sets, 𝐶𝑙𝑣
has a strong dependence on the phase angle that large positive region
is found for 𝜃 from 0 to 𝜋, corresponding to the counter-clockwise
trajectory of CF and IL motion. This strong phase angle 𝜃 dependence
can also be spotted in the bare cylinder experiment (Dahl, 2008).

3.3. The fluctuating drag force coefficient in phase of velocity 𝐶𝑑𝑣

Similar to the lift coefficient in the phase of velocity 𝐶𝑙𝑣, the
fluctuating drag coefficient in the phase of velocity 𝐶𝑑𝑣 is used to
predict the possible occurrence of VIV in IL direction (Ulveseter et al.,
2017). Two contour figures shown in Fig. 11 are selected to represent
the general distribution trend. First of all, the values of 𝐶𝑑𝑣 decrease
sharply along with the increasing 𝐴𝑥𝐷. Meanwhile, positive values are
observed in mainly BMR sets for small 𝐴𝑥𝐷 and large 𝐴𝑦𝐷 combination.
However, no positive value is found for the CRR set in Fig. 11 (there
are only scattered several positive points in the entire CRR experiment,
and is not shown in the selected sub-figure). The result suggests that
the buoyancy modules are more inclined to contribute to the vibration
in IL direction than the central riser section. It will keep a small
module induced amplitude motion, as when 𝐴𝑥𝐷 is large, energy will
be dissipated from structure to fluid, indicated by the negative 𝐶 .
𝑑𝑣
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Fig. 4. Camera arrangement in IL (a) and CF (b) direction.
Fig. 5. Sample case of tracked motions: a. Sample in CF direction; b. Processed image (the red bounding box shows the ability to capture the motion of the white markers.).
3.4. The added mass coefficient 𝐶𝑚𝑦 and 𝐶𝑚𝑥

When VIV happens, the true natural frequency of the system may be
extensively altered due to the variation of the added mass coefficient.
As Eq. (8), it shows the CF and IL true natural frequency of a self
induced rigid model when taking added mass coefficient into consid-
eration, in which 𝑚∗ is the mass ratio of the system (structural mass
divided by the displacement fluid mass) and 𝜔𝑛 is the natural frequency
of the system in air. It reveals that the added mass would have a
significant effect, especially for the low mass ratio structure (Javadi
and Kinai, 2014).

𝜔𝑛,𝐶𝐹∕𝐼𝐿 = 𝜔𝑛

√

𝑚∗

𝑚∗ + 𝐶𝑚𝑦∕𝑚𝑥
(8)

Fig. 12 again selects the case of 𝐴𝑥𝐷 = 0.15, 𝐴𝑦𝐷 = 0.75 to represent
the trend of 𝐶𝑚𝑦 against reduced velocity. In the CRR set, 𝐶𝑚𝑦 lightly
fluctuates with the change of the reduced velocity. In contrast, the BMR
set obviously decreases with the increasing reduced velocity and even
reaches negative values. Fig. 13 represents the trend of 𝐶𝑚𝑥 against
reduced velocity. 𝐶𝑚𝑥 shows a very similar trend as 𝐶𝑚𝑦 that in CRR
set, 𝐶𝑚𝑥 does not change much over the reduced velocity, while in BMR
set, 𝐶𝑚𝑥 decrease with the increase of the reduced velocity and reaches
a negative value at 𝑈𝑟 = 10 for certain phase angle.

Furthermore, it is found that both 𝐶𝑚𝑦 and 𝐶𝑚𝑥 have a strong
correlation with the phase angle 𝜃, which is shown in Fig. 14 for 𝐶𝑚𝑦
and Fig. 15 for 𝐶𝑚𝑥. From Fig. 14, it is found that although there is
a difference between the CRR and the BMR sets for various reduced
velocities, the value of 𝐶𝑚𝑦 reaches the lowest for both CRR and BMR
sets around phase angle of 𝜋, when CF and IL trajectory switches from
counter-clockwise to clockwise. However, from Fig. 15, value of 𝐶𝑚𝑥
reaches its highest for CRR and BMR when 𝜃 is around 𝜋. In addition,
we can also see that compared to the large variation of the 𝐶𝑚𝑥 over
𝜃 in BMR experiments, 𝐶𝑚𝑥 for CRR sets fluctuates lightly between 1.6
and 2.1.
5

4. Self-induced vibration of the flexible model

4.1. Model frequency response

In Fig. 16, it shows the power spectral density (PSD) analysis of
the CF(blue) and IL(red) motion at 7 points along the flexible model
of 100% coverage ratio for 𝑈 = 0.20 m∕s. In CF direction, it is found
that there are two distinctive components: lower frequency with larger
amplitude of 0.768 Hz and higher frequency with smaller amplitude of
2.81 Hz. Attention should be paid that these two frequencies do not
have an integer relationship, and therefore the higher frequency is not
simply a high harmonic term of the lower frequency. Such coexistence
of the low and high-frequency components in the CF direction (non-
integer relationship) can be found for all the current experiments.
This can be explained that two frequencies in CF direction come
from different sources that buoyancy module with larger diameter
contributes to the lower frequency, larger amplitude vibration while
central riser induced the higher frequency, smaller amplitude vibration.
This is supported by the rigid forced vibration experiment in which
positive 𝐶𝑙𝑣 regions can be found for both BMR and CRR sets. Hence,
potentially, both riser and module-induced vibration may occur. Fur-
thermore, in Fig. 16, it is also revealed that in the current experiment,
IL displays a mono-frequency vibration with second harmonics of the
CF low-frequency component, namely the module induced vibration.
And, second harmonic term of the high frequency, riser CF vibration,
is not found. This phenomenon again is supported by the rigid forced
vibration experiment, in which a large positive 𝐶𝑑𝑣 region can be only
spotted in the BMR set.

Picking out the peak frequencies from the PSD, reduced frequency
𝐹𝑟 is plotted against flow velocity with reference diameter carefully
selected to have reduced frequency fall in the reasonable VIV range
from 0.1–0.2 (Here we use small diameter in 𝐹 𝑑

𝑟 = 𝑓𝑑∕𝑈 for high-
frequency component and use large diameter in 𝐹 𝑑

𝑟 = 𝑓𝐷∕𝑈 for low
frequency component), shown in Fig. 17. From the reduced frequency
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Fig. 6. Contour of all 𝐶𝑑 values from both sets of experiments. The 𝑥-axis (𝐴𝑦𝐷) ranges from 0 to 1, and the 𝑦-axis (𝐴𝑥𝐷) ranges from 0 to 0.3.

Fig. 7. Trend of 𝐶𝑑 along with 𝜃 (𝐴𝑥𝐷 = 0.1, 𝐴𝑦𝐷 = 0.75).



Applied Ocean Research 120 (2022) 103014A. Li et al.
Fig. 8. Trend of 𝐶𝑑 along with 𝑈𝑟 (𝐴𝑥𝐷 = 0.1, 𝐴𝑦𝐷 = 0.75).
Fig. 9. Trend of 𝐶𝑙𝑣 along with 𝑈𝑟 (𝐴𝑥𝐷 = 0.15, 𝐴𝑦𝐷 = 0.75).
plot, a conclusion can be drawn that the buoyancy modules induce the
low-frequency vibration. At the same time, the riser section contributes
to the high-frequency vibration.

As for the 𝐹 𝑑
𝑟 of the riser motion remains a value between 0.16 and

0.19, which is close to the bare flexible cylinder undergoing VIV in the
uniform flow. However, reduced frequency is surprisingly low for the
buoyancy module induced motion, with an average value around 0.12
and a minimum value of only 0.1 at U = 0.3 m/s. The physical reason
behind that remains unclear and calls for a more detailed examination
through future research, including flow visualization. But this may
be because the finite length of the buoyancy module (aspect ratio is
1.0) will change the vortex shedding pattern a lot. More importantly,
it delivers us an important message that when we construct the VIV
hydrodynamic coefficient database by forced rigid cylinder vibration
experiment, we need to extend one of the experiment parameter, the
upper bound of the reduced velocity 𝑈𝑟 (inverse of the 𝐹𝑟 described
here in Fig. 17) from normally 8 (Zheng et al., 2014) to an even larger
number of at least 12 (Dahl et al., 2006, 2010).

4.2. Separation of the multiple frequency vibration

Applied band-pass filter, the two frequency vibration components
in CF direction are separated and plotted together in Fig. 18. From
Fig. 18(a–c) it displays the total displacement, low frequency displace-
ment and high frequency displacement from time 10 s–15 s, and at
the same time, it also plots in Fig. 18(d) the displacement overtime
at location of L/d = 20 (denoted by white dash line in Fig. 18(a)), as
well as, in Fig. 18(e), the time-frequency analysis on 18(d). The result
shows that the two frequencies, instead of occupying different periods,
coexist at the same time over the whole vibration. Like the lesson
we learned from the low reduced frequency of the module-induced
vibration, the result guides us to rethink the forced vibration for the
7

rigid model. Instead of using a single frequency sinusoidal motion
trajectory, multiple frequencies and amplitudes trajectory should be
applied. Meanwhile, the coexisting low and high-frequency components
will induce low and high modes that coexist at the same time as well, as
shown in Fig. 18(b–c). 1∕10th highest peak of the total, low frequency
and high frequency CF amplitude response are plotted in Fig. 19 for
𝑈 = 0.20 m∕s and 𝑈 = 0.50 m∕s cases. In the current experiment
when 𝑈 = 0.20 m∕s, the low frequency component leads to 1st
modal vibration, while the high frequency excites 4th modal vibration,
and for 𝑈 = 0.50 m∕s, 2nd and 7th mode are excited separately in
CF direction. And at the same time, in the current experiment, the
low-frequency component vibrates at a much larger amplitude than
the high-frequency vibration. The low-frequency vibration (buoyancy
module induced vibration) achieves the amplitude of 2–2.6 times of
the riser diameter (around one buoyancy module diameter), while the
high-frequency components (riser induced vibration) stays about 0.2–
0.3 riser diameter, which is smaller, compared to the one diameter
amplitude response of flexible cylinder VIV of the uniform cylinder in
the uniform flow. And this result suggests that with the slow yet large-
amplitude buoyancy module induced motion, the high-frequency riser
induced motion keeps a small amplitude and, hence, can potentially
increase fatigue life.

4.3. Added mass variation in CF and IL direction: an comparison between
flexible model and rigid model experiment

This section gives special attention to the phenomenon found in
the flexible cylinder self-induced vibration and their connection to
the result of the hydrodynamic coefficient acquired from the forced
vibration of the rigid model.

In Fig. 20(a), it shows that IL has a 2nd harmonic frequency compo-

nent of 1.54 Hz, compared to the low-frequency component of 0.77 Hz
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Fig. 10. Contour of all 𝐶𝑙𝑣 values from both sets of experiments. The 𝑥-axis (𝐴𝑦𝐷) ranges from 0 to 1, and the 𝑦-axis (𝐴𝑥𝐷) ranges from 0 to 0.3.

Fig. 11. Distribution of 𝐶𝑑𝑣 with 𝐴𝑥𝐷 and 𝐴𝑦𝐷 (𝜃 = 𝜋∕2, 𝑈𝑟 = 10).
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Fig. 12. Trend of 𝐶𝑚𝑦 along with 𝑈𝑟 (𝐴𝑥𝐷 = 0.15, 𝐴𝑦𝐷 = 0.75).
Fig. 13. Trend of 𝐶𝑚𝑥 along with 𝑈𝑟 (𝐴𝑥𝐷 = 0.15, 𝐴𝑦𝐷 = 0.75).
Fig. 14. Trend of 𝐶𝑚𝑦 along with 𝜃 (𝐴𝑥𝐷 = 0.15, 𝐴𝑦𝐷 = 0.75).
m
e
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n CF direction (the measured nature frequency of the system in the
till water is 0.81 Hz.). And yet the 1/10th highest peak value of the
F and IL module induced displacement response in Fig. 20(b) reveals
hat, instead of 2nd modal vibration in IL direction as expected, since
he IL vibration frequency reaches almost 2nd modal frequency (based
n the tension dominated string model), both CF and IL still vibrate at
st mode. Such result indicts there must be an added mass variation
n CF and IL direction that helps to alter the natural frequency in CF
nd IL direction to cater to the externally driven force frequencies, as
tated in Eq. (8).

Analyzing CF and IL cross-sectional trajectory, we can see in Fig. 21,
clear counter clockwise figure-8 trajectory with phase angle 𝜃 around
∕4 (In Fig. 21, flow direction points from right to left.) over the entire

ength of the model. Together with phase, frequency and displacement
9

esponse in CF and IL direction, we will be able to locate the added
ass coefficient 𝐶𝑚𝑥 and 𝐶𝑚𝑦 from the rigid cylinder forced vibration
xperiments with the corresponding parameters. In Fig. 22, it shows
he 𝐶𝑚𝑥 (Fig. 22(a)) and 𝐶𝑚𝑦 (Fig. 22(b)) from BMR sets at 𝑈𝑟 = 8

and 𝜃 = 𝜋∕4, and the dashed rectangle region points out the added
mass coefficient 𝐶𝑚𝑦 and 𝐶𝑚𝑥 over the flexible at 𝑈 = 0.20 m∕s, based
n rigid forced vibration. It is seen that at 𝑈𝑟 = 8 and 𝜃 = 𝜋∕4 in
MR experiments, with large 𝐴𝑦𝐷 and small 𝐴𝑥𝐷 combination, 𝐶𝑚𝑦

keeps an average value of 0.85, while 𝐶𝑚𝑥 reaches averagely negative
value −0.6. And this will drive the natural frequency of the 1st mode
in CF and IL direction differently as 0.82 Hz and 1.46 Hz, (based on
the measured tension of 7.6N), and hence keep 1st modal vibration in

both CF and IL direction.
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Fig. 15. Trend of 𝐶𝑚𝑥 along with 𝜃 (𝐴𝑥𝐷 = 0.15, 𝐴𝑦𝐷 = 0.75).
Fig. 16. FFT Analysis of CF (blue) and IL (red) motion for 𝑈 = 0.20 m∕s.
Fig. 17. Reduced frequency vs. velocity for flexible cylinder with 100% coverage ratio. Small diameter (𝐹 𝑑
𝑟 = 𝑓𝑑∕𝑈) is used for high frequency components (blue) and large

diameter (𝐹𝐷
𝑟 = 𝑓𝐷∕𝑈) is used for low frequency components (red).
4.4. Buoyancy module VIV suppression effect on bare-section-induced vi-
brations

In the experiment of the self-induced vibration of the flexible cylin-
der with 50% coverage ratio, similar phenomena, such as bi-modal
and bi-frequency response, have been observed. However, an additional
10
phenomenon is identified: the buoyancy module can help reduce the
high-frequency VIV contributed to the bare riser section.

Taking the case of 𝑈 = 0.5 m∕s as an example, shown in Fig. 23(a),
the PSD result demonstrate the two co-existing frequency at 1.29 Hz
and 6.73 Hz. After applying band-filter to separate low and high-
frequency vibration components, the 1∕10th highest amplitude for total
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Fig. 18. CF time displacement of flexible model with 100% coverage ratio for U = 0.2 m/s (a: total displacement response; b: low frequency displacement response; c: High
frequency displacement response; d: the displacement over time at location of L/d = 20; e: time frequency analysis).
Fig. 19. Separated 1∕10th highest CF amplitude response (dash line: total response; blue line: low frequency module induced response; red line: high frequency riser induced
response).
(black dashed line), low frequency (red line: induced by buoyancy
module), and high frequency (blue line: induced by the bare riser
section) for CF response are plotted in Fig. 23. It can be seen that
in the negative half of the model span (where the bare riser section
is), the high-frequency vibration amplitude has reached 0.7d, larger
than those observed in the flexible cylinder with 100% coverage ratio
(Fig. 20). However, the high-frequency vibration amplitude is signifi-
cantly reduced in the section where the buoyancy module is. It can be
seen that the amplitude of the high frequency traveling wave decreases
continuously when it moves further into the buoyancy module covered
area (from 𝐿∕𝑑 = 0 to 𝐿∕𝑑 = 81). Such a finding provides a promising
riser design strategy that the buoyancy module with small aspect ratios
can not only be used for weight compensation but also be applied to
suppress the high-frequency VIVs contributed from the bare riser sec-
tion in the high-speed current, normally close the free surface (Marcollo
et al., 2016).
11
5. Conclusion

In the current research, we have experimentally studied the hydro-
dynamic performance of the riser with staggered buoyancy modules
of small aspect ratio (L/D = 1.0, D/d = 2.5, and L/l = 1.0). Forced
vibration experiments have been performed on two rigid models to
acquire the hydrodynamic coefficient when the model is being forced
into different trajectories. And flexible models with two different cov-
erage ratios have been tested under different velocities to study their
self-induced response.

The hydrodynamic coefficient database is constructed via rigid
cylinder forced vibration based on either central riser diameter (d)
or buoyancy module diameter (D). The result reveals that positive
regions for lift coefficient in the phase of velocity 𝐶𝑙𝑣 can be found
in both CRR and BMR experiments, indicting both riser and buoyancy
module induced vibration in CF direction may occur. However, the
positive value of 𝐶 can be only spotted in BMR sets, suggesting in
𝑑𝑣
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Fig. 20. Separated 1∕10th highest CF amplitude response of flexible model with 100% coverage ratio (dash line: total response; blue line: low frequency module induced response;
red line: high frequency riser induced response).
Fig. 21. CF and IL cross-sectional trajectory along the span at 𝐿∕𝑑 = −40 (a), 𝐿∕𝑑 = 5 (b) and 𝐿∕𝑑 = 50 (c) for the flexible cylinder with 100% coverage ratio at 𝑈 = 0.2 m∕s.
Fig. 22. Added mass coefficient 𝐶𝑚𝑥 (a) and 𝐶𝑚𝑦 (b) for 𝑈𝑟 = 8 and 𝜃 = 𝜋∕4.
the IL direction, module-induced vibration may dominate the response.
Furthermore, via experiment, we find that for force coefficient in the
phase of velocity, 𝐶𝑙𝑣 and 𝐶𝑑𝑣, as well as the added mass coefficient,
𝐶𝑚𝑦 and 𝐶𝑚𝑥, they all have a strong dependence on the phase angle 𝜃
between CF and IL motion. The positive region of 𝐶𝑙𝑣 is found mainly
for the counter-clockwise trajectory, and 𝐶𝑚𝑦 and 𝐶𝑚𝑥 reach local
minimum/maximum when motion switching from counter-clockwise
to clockwise.
12
The flexible model experiment displays a phenomenon of
bi-frequency and bi-modal vibration in the CF direction, confirming
results from the rigid model experiment that both riser and buoyancy
module may induce vibration by themselves. Moreover, we show a
connection between the flexible and rigid models. The added mass
coefficients acquired in the rigid model experiments help explain the CF
and IL vibration mode phenomenon in the flexible model experiment.
However, results of the coexistence of the bi-frequency and the low
reduced frequency 𝐹 found for the module induced motion leave us
𝑟
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n important lesson that higher reduced velocity, as well as the bi-
requency motion trajectories, are required for the rigid model forced
ibration for future research to better predict the hydrodynamics of
isers with staggered buoyancy modules of a small aspect ratio. Fur-
hermore, the flexible cylinder with a 50% coverage ratio reveals that
he buoyancy module with small aspect ratios can help suppress the
igh-frequency VIVs contributed from the bare riser section.
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