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ABSTRACT: Subsea buoyancy gravity energy storage systems (SBGESS) could take advantage of large
water depth to store energy in the form of potential energy. In the proposed system, drum hoists mounted on
a semisubmerged support structure simultaneously lift concrete cylinders with hundreds of tonnes and lower
floaters with equivalent buoyancy force, which can be released with high round trip efficiencies by inverting
the motor operation. The present study addresses the potential effect of the vortex-induced vibration (VIV)
produced by current velocities on the behaviour of the energy storage modules. In order to analyse the system
response, a state-of-the-art VIV model was integrated with a spherical pendulum and tuned with experimental
results from the literature. The numerical model allows estimating amplitudes and frequencies of oscillation
for a single module in both in-line and cross-flow directions. Results are used to assess the risk between mod-
ules of collisions on a previously designed SBGESS.

1 INTRODUCTION

Offshore wind energy plays a relevant role in decar-
bonising the global energy matrix due to this great
potential to scale up by 2050 (European Commission
2020). Notably, new technical developments and
industrialisation of floating wind turbines will allow
the construction of wind energy farms in regions
with larger water depths and high-energy potential.
Floating Offshore wind could also be used to support
the electrification of offshore oil platforms that usu-
ally burn up to 5% of their oil and gas production to
power their internal processes (Wood Mackenzie
2019). For both grid-connected and autonomous
applications, energy storage solutions are required to
overcome the intermittent nature of wind resources.

1.1 Deep water energy storage system

Wang et al. (2019) presented a review of offshore
energy storage technologies. The present work will
focus on using potential gravitational energy for appli-
cations in the time range of hours to days. Currently,
this approach represents 94% of the total energy stor-
age capacity worldwide in the form of Pumped Hydro
Storage (PHS). However, only a few concepts are
being considered for deep water utilisation.

A promising offshore counterpart of PHS is the
gravitational storage system (GES), which utilises
submerged weights to store potential energy. Unlike
onshore developments with some operating proto-
types, limited scientific publications were found on
offshore GES. The advantages of this concept are
the reported theoretical round-trip efficiencies of up
to 85%, the modularity and the relatively low cost
per MWh (Saragossi 2018, Wang et al. 2019).

Subsea buoyancy energy storage (ByES) utilises
the buoyancy forces to store potential energy, operat-
ing similarly to the GES but in the opposite direc-
tion. Modelled blocks of floating materials like
Styrofoam (Alami 2020) or gas-filled vessels (Bassett
et al. 2017) have been proposed to be used as float-
ers. The theoretical maximum round-trip efficiency
for the ByES is reported at 83% (Wang et al. 2019).

Novgorodcev Jr. et al. (2022) proposed an alterna-
tive energy storage system that combines buoyancy
and gravitational energy storage devices installed in
a single semi-submerged support structure, represented
in Figure 1. In this schematic, the orange dotted lines
represent the power cables, the solid grey the traction
cables, and the dashed black the mooring lines. The
semi-sub structure is shown in red, and the floaters
and weights in blue. This system is called Subsea
Buoyancy Gravity Energy Storage System (SBGESS).
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The floaters and weights are connected to drum
hoists mounted side by side. The hoists will simultan-
eously retrieve and lift the floaters and weights during
the charging process, compensating the resultant ver-
tical forces acting on the support structure. Similarly,
the discharge process can occur when the hoist motor
is inverted. The resulting neutral vertical force simpli-
fies the system’s design requirements by eliminating
the need for an active ballasting control to maintain
structural stability during operation, which is the case
in other offshore GES concepts. Being a semi-
submerged platform, the costs to keep a stable pos-
ition during extreme weather conditions are expected
to be lower than free surface floating solutions. The
SBGESS is suitable for water depths of at least
1000 m, as the energy storage capacity is proportional
to the cables’ length.

The sea currents at the operation depth are slower
than those closer to the surface; nevertheless, they can
produce VIV over the weights and floaters, inducing
a pendulum motion that could cause collisions between
the energy storage components. In the present study,
a state-of-the-art VIV model was adapted and inte-
grated with a spherical pendulum as well as validated
with available experimental results from the literature.
This model was used to estimate the amplitude and
frequency of oscillation in both in-line and cross-flow
directions as a function of the cable’s length and the
velocity of sea currents for the energy storage modules
presented by Novgorodcev Jr. et al. (2022).

2 VORTEX-INDUCED VIBRATION

VIV is a phenomenon that affects the integrity of
multiple engineering structures, from tall buildings
and chimneys to small thermocouple pits, passing
through submerged oil risers and power cables.
Kaneko et al. (2014) presented the history of VIV
research and provided a guide to classify and model
this phenomenon according to the type of structure
and characteristics of the flow. Especial attention
was given to modelling the lock-in in the cross-flow

direction with semi-empirical models like the Van
der Pol wake oscillator and extension of the Morison
model. Those models rely on the concept of a wake
oscillator that consists of using a non-linear oscilla-
tor coupled to the dynamics of a cylinder instead of
modelling the entire flow field. Experimental results
are used to tune the model parameters. Such phe-
nomenological models give a good estimation of the
peak vibration amplitudes but lack accuracy in esti-
mating the critical velocity where lock-in occurs.

Most models do not predict the in-line vibration
due to its smaller amplitude compared to those in the
cross-flow direction. However, the in-line vibration
may introduce further fatigue damage and change
the cross-flow response by changing the wake pat-
tern (Qu & Metrikine 2020). To address these
effects, some authors have proposed models with an
additional uncoupled non-linear oscillator to
describe the oscillating drag force. The results of
these models show better agreement with experimen-
tal results but cannot predict the super-upper branch
that appears when the mass ratio (m�) is reduced
below a value of six. This phenomenon, described
by Jauvtis & Williamson (2004), consists of
a periodic wake with three vortices being formed in
each half-cycle (also known as 2T mode), with
energy transfer from the in-line to the cross-flow dir-
ection by the third vortex, producing amplitudes of
around three diameters peak-to-peak.

More recently, Qu & Metrikine (2020) developed
a model with only one oscillator coupled to both
cross-flow and in-line VIV to better represents the
physics as the drag and lift forces have the same
origin, even being independent of each other. This
model proved better in the prediction of the conven-
tional and the super-upper branch lock-in of an elas-
tically supported rigid cylinder in a cross-flow.

Despite the recent developments, no model in lit-
erature was developed to predict the two components
of the VIV for a submerged spherical pendulum. This
work aims to adapt the model developed by Qu &
Metrikine, 2020 with the spherical pendulum motion.
Then the model is tuned with the experimental results
from Jauvtis & Williamson (2004), using the same
mass ratio as the weight of the SBGESS designed by
Novgorodcev Jr. et al. (2022). Finally, the tuned
model is applied to predict the in-line and cross-flow
amplitude and frequency of the weights and floaters
of the SBGESS and assess the risk of collision
between the proposed energy storage components.

3 MODEL DESCRIPTION

A single gravity element of the SBGESS is modelled
as a spherical pendulum fully submerged in water
according to the coordinate system proposed by
O’Connor & Habibi (2013) and illustrated in
Figure 2. The pendulum movement is affected by
a constant flow velocity (V) in the X direction, while
the gravity is aligned with the Z axis.

Figure 1. Schematic of the Subsea Buoyancy Gravity
Energy Storage System (SBGESS), artistic impression.
(Novgorodcev Jr. et al. 2022).
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In this work, the following assumptions are made:
(i) The cable length (L) is constant, it has no flexibility,
and it is massless (rigid bar); (ii) the effects of VIV on
the cable are neglected; (iii) the pendulums are con-
nected to a fixed position support platform; (iv) the
pendulum bob is a perfect cylindrical block considered
as a point mass m; (iv) the fluid flow is considered per-
pendicular to the cylinder, while the cylinder remains
aligned with z direction, and the cable is connected at
the centre of mass of the cylinder, as represented in
Figure 2; (v) the added mass coefficient (Ca), water
density (�) and viscosity (μ) are constant; (iv) the verti-
cal relative velocity component (Uz) is neglected, so
the resulting forces act only in the xy plane;

Following the approach of Qu & Metrikine
(2020), the vortex forces that act on the cylinder are
decomposed in drag (FVD) and lift (FVL) components
which are projected on the cross-flow (FVY ) and in-
line (FVX ) directions as presented in Figure 3. These
forces are then projected on the � and � directions,
as represented in Figure 6. This figure also depicts
the viscous damping forces (Fd� and Fd�) that act in
the opposite direction to the resulting velocity.

3.1 Kinematic equations

The equations of motion are derived using the
Lagrangian Mechanics approach based on the poten-
tial and kinetic energy of the system. The first step is
to derive the kinematic equations to describe the
pendulum position, as presented below:

X ¼ L sinð�Þ; ð1Þ

Y ¼ L cosð�Þ sinð�Þ; ð2Þ

Z ¼ L cosð�Þ cosð�Þ; ð3Þ

with the following resulting velocities:

_X ¼ L cosð�Þ _�; ð4Þ

_Y ¼ �L sinð�Þ sinð�Þ _�þ L cosð�Þ cosð�Þ _�; ð5Þ

_Z ¼ �L sinð�Þ cosð�Þ _�� L cosð�Þ sinð�Þ _�: ð6Þ

3.2 Equations of motion for the spherical pendulum

The kinetic energy of the spherical pendulum is
given by:

T ¼ 1
2mð _Z

2 þ _X
2 þ _Y

2Þ
¼ mL2

2 ð _�2 þ cos ð�Þ2 _�2Þ:
ð7Þ

The potential energy is:

P ¼ mgðL� ZÞ ¼ mgLð1� cosð�Þ cosð�ÞÞ: ð8Þ

So the Lagrangian l is:

l ¼ T � P
¼ mL L _�

2

2 þ cos ð�Þ2 _�2 � gð1� cosð�Þ cosð�ÞÞ
� �

:

ð9Þ

Figure 2. Coupled cross-flow and in-line VIV of
a cylindrical pendulum bob subjected to uniform flow.

Figure 4. Decomposition of the cross-flow and in-line vortex
forces in the tangential and radial directions and the represen-
tation of the damping force components in � and � directions.

Figure 3. Decomposition of the vortex force in drag, lift,
cross-flow and in-line directions (adapted from Ogink &
Metrikine (2010)).
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Considering an isotropic damping coefficient b, the
Rayleigh dissipation function could be expressed as:

R¼ 1
2 bð _X

2 þ _Y
2 þ _Z

2Þ
¼ bL2

2
_�
2 þ cos ð�Þ2 _�2

� �
:

ð10Þ

As the pendulum has two degrees of freedom (�
and �), the resulting equations of motion are:

d
dt

@l

@ _�

� �
� @l

@�
þ @R

@ _�
¼ ��; ð11Þ

d
dt

@l

@ _�

� �
� @l

@�
þ @R

@ _�
¼ ��; ð12Þ

where �� and �� are torques caused by external forces
in � and � directions. Substituting Equations 9, 10:

mL2 €�þ mL2 cosð�Þ sinð�Þ _�2

þmgL sinð�Þ cosð�Þ þ bL2 _� ¼ ��;
ð13Þ

mL2 cos ð�Þ2 €�� 2mL2 cosð�Þ sinð�Þ _� _�
þmgL cosð�Þ sinð�Þ þ bL2 cos ð�Þ2 _� ¼ ��;

ð14Þ

the external torques on the right side can be further
decomposed into torque caused by vortex forces
(�V� and �V�) and by ideal inviscid forces associated
with the potential added mass of the fluid (�A�

and �A�):

�� ¼ �V� þ �A� ¼ L FVX cosð�Þ � maL€�
� �

; ð15Þ

��¼ �V� þ �A�

¼ L cosð�ÞðFVY cosð�Þ � maL cosð�Þ €�Þ; ð16Þ

in which the force terms are described as follows:

FVX ¼ 1

2
�DhV2CVX ; ð17Þ

FVY ¼ 1

2
�DhV2CVY ; ð18Þ

and ma is the added mass defined as:

ma ¼ Cap�D2h
4

; ð19Þ

where Ca is the added mass coefficient, and CVX and
CVY are in-line and cross-flow vortex force coeffi-
cients, respectively. Replacing the torque terms,

rearranging the equation and dividing both sides by
their moment of inertia I� ¼ ðmþ maÞL2 and
I� ¼ ðmþ maÞL2 cos ð�Þ2, respectively, the equations
of motion become:

€�þ 2�ωn
_�þ sinð�Þ

�
ω2

n cosð�:Þ ð20Þ

þ m�
m�þCa

� �
cosð�Þ _�2

	
¼ �V�

I�
; ð20Þ

€�þ 2�ωn
_�þ 1

cosð�Þ

�
ω2

n sinð�Þ

� m�
m�þCa

2 sinð�Þ _� _�
� �	

¼ �V�

I�
; ð21Þ

where the natural frequency and the damping ratio
of a submerged pendulum are considered
ωn ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mg=ððmþ maÞLÞ

p
and � ¼ b=ð2ωnðmþ maÞÞ,

where m� is the mass ratio defined as m� ¼ mCa
ma

.

3.3 Wake oscillator coupled to both cross-flow and
in-line degrees of freedom of the structure

For the expected sizes of the gravity energy storage
unit and the typical current velocities on possible
application sites, the reduced velocity, defined as
Vn ¼ 2pV

ωnD
, could be higher than 2.5. For these veloci-

ties, the in-line vortexes are shed alternately.
According to Qu & Metrikine (2020), the coupling
between the in-line motion and the wake variable
may be in the form that ensures parametric excitation
of the lift force by the in-line vibration. Therefore,
the authors derived an extended version of the Van
der Pol oscillator equation to include a parametric
excitation term presented below:

€qþ εωs q2 � 1
� �

_qþ ω2
s q�

�

D
€Xq ¼ A

D
€Y ; ð22Þ

where q is the wake variable, ε and A are tuning
parameters, €X and €Y could be derived from
Equations 4 and 5, and ωs is the Strouhal fre-
quency defined as ωs ¼ 2pStV=D, in which St
denotes the Strouhal number. The wake variable
correlates the lifting force (CVL) with the refer-
ence lift force measured on a fixed cylinder
(CL0), CVL ¼ 1=2qCL0. Equation 22 can then be
written as:

€qþ εωsðq2 � 1Þ _qþ ω2
s q� �L

D ½� _�
2
sinð�Þ

þ€� cosð�Þ�q ¼ �AL
D ½cosð�Þ sinð�Þð _�2 þ _�

2Þ
þ2 sinð�Þ cosð�Þ _� _�þ sinð�Þ sinð�Þ€�

� cosð�Þ cosð�Þ €��:

ð23Þ
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3.4 Dimensionless form of the governing equations

Considering the definition of the added mass (Equa-
tion 19), mass ratio and rewriting V according to the
definition of the Strouhal frequency, the right side of
the equations of motion (Equations 20, 21) could be
written as:

�V�

I�
¼ Dω2

s cosð�ÞCVX

2Lp3St2ðm� þ CaÞ ; ð24Þ

�V�

I�
¼ Dω2

s cosð�ÞCVY

2L cosð�Þp3St2ðm� þ CaÞ : ð25Þ

Replacing these terms and using the following quan-
tities in order to have the equations in dimensionless
form:

� ¼ ωst;On ¼ ωn=ωs; l ¼ L=D; ð26Þ

the governing equations become:

�00 þ 2�On�
0 þ sinð�Þ O2

n cos�þ m�

m� þ Ca

� �
cosð�Þ�'2

� 	

¼ cosð�ÞCVX

2lp3St2 m � þCað Þ
ð27Þ

�00 þ 2�On�
0 þ 1

cosð�Þ O2
n sinð�Þ

�
� m�

m�þCa

� �
2 sinð�Þ�0�0

i

¼ cosð�ÞCVY

2l cosð�Þp3St2ðm�þCaÞ;
ð28Þ

q00 þ ε q2 � 1
� �

q0 þ q� �l½� sinð�Þ�02
þ cosð�Þ�00�q ¼ �Al½cosð�Þ sinð�Þð�02 þ �02Þ

þ2 sinð�Þ cosð�Þ�0�0 þ sinð�Þ sinð�Þ�00
� cosð�Þ cosð�Þ�00�;

ð29Þ
where:

CVX ¼ ½CVL2plStðsinð�Þ sinð�Þ�0
� cosð�Þ cosð�Þ�0Þ þ CDMð1

�2plSt cosð�Þ�0Þ�½ð1� 2plSt cosð�Þ�0Þ2
þð2plStÞ2ðsinð�Þ sinð�Þ�0 � cosð�Þ cosð�Þ�0Þ2�1=2
þ αC2

VLð1� 2plSt cosð�Þ�0Þ 1� 2plSt cosð�Þ�0j j;
ð30Þ

CVY ¼ CVL 1� 2plSt cosð�Þ�0ð Þ½
þCDM2plStðsinð�Þ sinð�Þ�0

� cosð�Þ cosð�Þ�0Þ� ð1� 2plSt cosð�Þ�0Þ2
h

þð2plStÞ2ðsinð�Þ sinð�Þ�0 � cosð�Þ cosð�Þ�0Þ2
i1=2

;

ð31Þ

and CDM ¼ CD0 � 1=2αC2
L0, where CL0 and CD0

are the lift force and mean drag coefficients meas-
ured on a fixed cylinder. Prime (') represents deriva-
tive respect to the dimensionless time � .

3.5 Small angle assumption

Small oscillation angles (� and �5 0.1) are expected
for this kind of system, so a small angle approach
can be adopted. Following this approach, the terms
with order higher than two are neglected, and the
governing equations become:

�00 þ 2�On�
0 þ O2

n� ¼
CVX

2lp3St2ðm� þ CaÞ ; ð32Þ

�00 þ 2�On�
0 þ O2

n� ¼ CVY

2lp3St2ðm� þ CaÞ ; ð33Þ

q00 þ ε q2 � 1
� �

q0 þ q� �l�00q ¼ Al�00; ð34Þ

where:

CVX ¼ ½CVL2plSt�0 þ CDMð1� 2plSt�0Þ�ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffið1� 4plSt�0Þp þ αC2
VLð1� 2plSt�0Þ 1� 2plSt�0j j;

ð35Þ

CVY ¼ ½CVLð1� 2plSt�0Þ � CDM2plSt�0�ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffið1� 4plSt�0Þp
:

ð36Þ

4 MODELTUNING

The governing equations (Equations 32, 33, 34) have
been implemented and numerically solved on
a standard ODE solver to reproduce the experimental
results of Jauvtis & Williamson (2004) for m� ¼ 2:6
which is similar to the mass ratio of the weights of
the SBGESS if they were made of standard concrete.
For this experiment, the cylinder has the same nat-
ural frequency in the cross-flow and in-line direc-
tions (fN ¼ 0.4) as is expected for the SBGESS
components. The dimensionless parameters of the
experimental set-up are Ca ¼ 1, � ¼ 0:0036 and
Re ¼ 2000� 11000. For the simulations, the oscilla-
tion drag force coefficient of a stationary cylinder
(αC2

L0=2) is assumed to be 0.1 (with CL0 ¼ 0:3 and
α ¼ 2:2), CD0 ¼ 1:2 and St ¼ 1:2.

A sensitivity analysis of the three model tuning
parameters (A, ε and �) was made, and two sets of
parameters were selected to reproduce lower and
upper response branches separately. For both cases,
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� ¼ 5, and for the lower branch case (called case L)
A ¼ 22 and ε ¼ 0:7. For the upper case (called
case U) A ¼ 10 and ε ¼ 0:09.

Figures 5 and 6 present the dimensionless in-line
and cross-flow amplitude responses (A� ¼ A=D).
The experiments measured by Jauvtis & Williamson
(2004) are depicted as circles, the numerical results
from Qu & Metrikine (2020) areas dash-dot lines
and the results of the present work as solid lines.
The numerical model captured the two in-line ampli-
tude picks at Vn � 2:5 for both branches, but
the second peak amplitude (where vortexes are shred
alternately) was captured only for the lower branch.
The maximum Ax prediction is half of the experi-
mental measurements, even smaller than the one pre-
dicted by Qu & Metrikine (2020). This under-
prediction could be related to the influence of the
cable’s length that appears on the right side of the
governing equations (Equations 32-36) and on the
coupling term of the wake variable (��l�00q) of
Equation 34.

The simulations have a good agreement for the
cross-flow amplitude response for both lower and
upper branches, as shown in Figure 6. The model
captured the super-upper branch with the amplitude
reaching 1.5D, indicating that it could capture the
energy transfer from the in-line to the cross-flow
direction.

The normalised cross-flow response frequency
is presented in Figure 7, where it is possible to
see that the model has captured the initial in-line
vibration mode that occurs for Vn54, character-
ised by the two single vortices formed per cycle
(2S). The model also captured the jump in the
vortex phase where the super-upper branch with
two triplets of vortices (2T) and higher response
amplitude appears. The frequency lock-in remains
until Vn � 9 and 12:5 for the upper and lower
branches, respectively, when it increases linearly
with Vn. Similar behaviour for the lower branch
starts at Vn � 12:5. At Vn � 1:7, a peak of
OY ¼ On is caused by the resonance when the
third harmonic component in the fluid force
approaches the natural frequency of the cylinder

appears. This peak was also detected by Qu &
Metrikine (2020), who concluded that it is not
related to lock-in.

According to Jauvtis & Williamson (2004), the
lower branch characterised by two vortex pairs
formed per cycle (2P) starts to exist for Vn � 7:5,
and the upper branch ceases to exist for Vn � 8:5,
with the two modes coexisting in the interval. The
present model could not change the modes automat-
ically, but a prediction of the vibration response
could be made by knowing that the upper branch
should be considered until its amplitude suddenly
decreases and the cross-flow frequency gets higher
than the natural frequency of the cylinder. From this
point, the lower branch could predict the amplitude.

5 CASE STUDY

The tuned model has been applied to assess the ampli-
tude response of stand-alone weight and floater mod-
ules of an SBGESS in a real application scenario in
the Libra oil field, Brazil. For this application, it is con-
sidered that the cable that connects the modules to the
main SBGESS structure could be extended between 0
and 1000 m and that the maximum sea current velocity

Figure 5. Dimensionless in-line amplitude response as
a function of Vn, with m�=2.6, St=0.2 and CD0=1.2.

Figure 6. Dimensionless cross-flow amplitude response as
a function of Vn, with m�=2.6, St=0.2 and CD0=1.2.

Figure 7. Normalised cross-flow response frequency as
a function of Vn, with m�=2.6, St=0.2 and CD0=1.2.
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is 1:3m=s. The diameter of both systems is 5 meters,
and consequently, the maximum expected Reynolds
number is 10×106, which indicates that the flow is in
the supercritical region. The Strouhal number remains
constant in this region, but with measured values that
vary between 0.22 and 0.29 according to different pub-
lications (Schewe 1983), the present study adopts
a value of St ¼ 0:26. In this region, CD0 assumes the
value of 0.8. Table 1 presents a summary of the hydro-
dynamic parameters that were modified from the
experimental results for the case study; the remaining
parameters are similar to the ones adopted in the previ-
ous chapter.

The cross-flow amplitude response for the weight
module is shown in Figure 8. The maximum cross-
flow amplitudes response for the upper and lower
branches are increased to 1.61 and 0.99 and reached
at smaller values of Vn 5.8 and 7.6. This behaviour
was expected for higher Strouhal numbers, which
indicates that a higher vortex shedding frequency is
expected for the same cross-flow velocity and for
a lower mean drag coefficient which leads to smaller
energy dissipation and consequently to higher oscilla-
tion amplitudes. The maximum in-line amplitude has
an opposite behaviour, with values of 0.16 and 0.04
for the upper and lower branches, indicating that more
energy is being transferred to the cross-flow due to
the smaller drag coefficient that implies smaller forces
imposed by the fluid in the cross-flow direction.

In the case of the floater, the expected increase in
the cross-flow amplitude response caused by the
smaller m� is counteracted with the reduction caused
by the higher St number and smaller CD0, resulting
in a smaller maximum value of 1.51 but with
a similar peak position with the validation case, as
can be seen in Figure 9. The shapes of the curves
present smoother growth until the maximum value,
without an abrupt drop after that point. The upper
branch also exhibits a new increase from Vn411:6,
reaching a maximum value at Vn ¼ 17:3, when it
starts to decrease very slowly. Qu & Metrikine
(2020) showed that the peak amplitude of the upper
branch increases with m� for a constant m� þ Cað Þ�;
however, not in a linear manner. Govardhan & Wil-
liamson (2000), on the other hand, showed in one
degree of freedom experiments that for m �50:54,
the frequency of the lower branch tends to infinity,
ceasing its existence, while the upper branch ampli-
tude keeps the peak amplitude with the increase of
Vn. This behaviour was not observed in the present

work, but it is important to mention that in this
experimental set-up, the cylinder could not move in
the in-line direction and that the addition of
the second degree of freedom could significantly
influence the overall behaviour. To the authors’
knowledge, experimental results for m�50:54 and
two degrees of freedom are not available in the lit-
erature, so additional studies are required to adjust
the model in this regime.

As the cross-flow amplitude showed bigger
values than the in-line, they will be used as the ref-
erence for assessing the risk of collision between
the energy storage components of the SBGESS. In
the preliminary design proposed by Novgorodcev
Jr. et al. (2022), the distance between the elements
is equivalent to one diameter. Thus, any amplitude
larger than 0.5 represents a real risk of collision.
Such limit is exceeded by the weight for
3:215VN56:56 and for the floaters for
4:95VN510:28. For the weights, collisions could
occur for three conditions: (i) current speeds
between 0.3 and 1 m/s and cable lengths higher
than 75 m; (ii) speeds between 1 and 1.3 m/s and
lengths from 50 to 100 m; (iii) higher speeds with
cable lengths smaller than 75 m. For the floaters, no
collisions are predicted for speeds higher than 0.6
but could occur for cable lengths higher than 300
and speeds as low as 0.1 m/s.

Table 1. Hydrodynamic coefficients.

m� St CD0

Experimental 2.6 0.2 1.2
Weight 2.6 0.26 0.8
Floater 0.05 0.26 0.8

Figure 8. Weight dimensionless cross-flow amplitude
response as a function of Vn, with m�=2.6, St=0.26 and
CD0=0.8.

Figure 9. Floater dimensionless cross-flow amplitude
response as a function of Vn, with m�=0.05, St=0.26 and
CD0=0.8.
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These restrictive operational windows show that
the design needs to be revised to increase the distance
between the modules or to add active or passive
vibration damping to the components. It is also essen-
tial to note that the methodology proposed in the pre-
sent work did not consider any interaction between
the energy storage modules, such as the synchronisa-
tion effect that could influence the minimal distance
required. The proximity effect was also not con-
sidered, which could require even a higher distance.

6 CONCLUSION

A state-of-the-art VIV model initially developed and
validated to predict the dynamic behaviour of an
elastically mounted cylinder in a cross-flow was
integrated with a spherical pendulum and tuned with
experimental results. The new model has good
agreement with the experimental data for cross-flow
amplitude and frequency, able to predict the super-
upper branch phenomena. The model under-
predicted the maximum in-line amplitude for the
higher branch, which could be partially attributed to
the influence of the cable length in the equations of
motion of the spherical pendulum.

The proposed model was then applied to assess the
amplitude response of stand-alone gravity and buoyancy
energy storage models of an SBGESS. The simulation
results indicate that some combinations of cable length
and current speed could lead to potential collisions
between the energy storage modules. The distance
between the modules could be increased, or vibration
dampers could be adopted to mitigate this risk.

The developed model could also be applied to
evaluate the dynamic behaviour of submerged, lifted
weights with m* higher than 0.54, which corresponds
to a wide range of industrial applications. New experi-
mental results for very low m* cylinders with two
degrees of freedom are required to further develop the
model for floater applications. Further works will
include the interaction of multiple modules installed on
movable platforms and consider the proximity effects.
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