
Ocean Engineering 245 (2022) 110397

A
0

Contents lists available at ScienceDirect

Ocean Engineering

journal homepage: www.elsevier.com/locate/oceaneng

Comparative investigation: Closed versus semi-closed vertical
cylinder-shaped fish cage in waves
Yugao Shen a,b,∗, Reza Firoozkoohi a,d, Marilena Greco a,b,c, Odd M. Faltinsen a,b

a Department of Marine Technology, Norwegian University of Science and Technology (NTNU), Trondheim, NO-7491, Norway
b Centre for Autonomous Marine Operations and Systems, NTNU AMOS, Trondheim, NO-7491, Norway
c CNR-INM, Institute of Marine Engineering, Rome, Italy
d Sintef Ocean, Trondheim, Norway

A R T I C L E I N F O

Keywords:
Closed and semi-closed cages
Regular and irregular waves
Global response
Interior waves
Mean drift forces
Survival conditions

A B S T R A C T

A comparative analysis between a closed cage (CC) and a semi-closed/open-bottom cage (OC) in regular,
white-noise and irregular waves is presented. Both cages consist of a vertical circular free surface-piercing
cylinder with an external toroidal floater. A main target is to examine experimentally and theoretically the
similarities and differences of the hydrodynamic behavior between the two cages. Transfer functions obtained
from regular and white-noise waves test show that the two cages have similar performance in surge motion,
ovalizing deformations, interior wave elevation and mean drift loads in shorter waves (wavelength to cage
diameter ratio 𝜆∕𝐷 < 1). This is not the case for heave, with OC experiencing much larger heave. A clear
sinkage (minus average heave) is also observed for OC, which is almost proportional to the square of the
incident wave amplitude. The linear potential flow solver WAMIT can provide a reasonable prediction of
surge and pitch motions, and mean drift loads for OC in shorter waves (𝜆∕𝐷 < 1.5), but is unsatisfactory in
longer waves and, in general, for heave motion.

From the analysis of irregular wave tests, there is a small difference in the standard deviations of the surge
motion (wave-frequency component) and interior waves for the semi-closed and closed cages. The slow-drift
component is dominant in surge for both cages, with OC having a smaller value due to larger viscous damping
associated with flow separation at the bottom. Theoretical evaluations of standard deviations based on transfer
functions from a white-noise test and from WAMIT are performed, assuming that the linear superposition
principle applies. Reasonable agreement against results from experiments in irregular waves is achieved except
for response variables with strong nonlinear effects.

Survival conditions for both cages are determined through systematic evaluations. The platform freeboard
is identified as the most critical parameter. The minimum freeboard for the closed and semi-closed cage should
be at least 1.05 and 1.3 m, respectively, to operate at moderate exposure sea states. The standard deviation
of vertical acceleration due to rigid body motions and interior waves could reach 0.72 m/s2 for both cages at
high exposure sea states, which might be of concern for fish inside.
1. Introduction

Salmon lice becomes an important challenge for the Norwegian
aquaculture industry nowadays. Stricter regulations have been imposed
by the Norwegian government to limit the spread of salmon lice larvae
from farmed to wild salmon. The treatment of sea lice could constitute
more than 10% of production costs (Iversen et al., 2015) and the high
cost of delousing treatments has led to the development of preventive
sea cage designs, such as skirt sea cages (Grøntvedt and Kristoffersen,
2015), semi-closed and closed floating containment cages (Nilsen et al.,
2017). Based on the fact that the salmon lice larvae are with a higher
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density in the upper layer of the water column (Geitung et al., 2019;
Huse and Holm, 1993; Jones and Beamish, 2011; Oppedal et al., 2017)
and that salmon develops higher infestation when staying near the sea
surface than at larger submergence (Hevrøy et al., 2003), it is expected
that putting a tarpaulin around the upper few meters of a traditional
cage (a skirt) will reduce lice infestation rates on the farmed salmon.
Skirt sea cages (e.g. see Fig. 1(a)) have been widely used in the industry
and proved to be an effective approach to reduce the sea lice (Grøntvedt
and Kristoffersen, 2015; Lien et al., 2016). The main drawback is that
the shielding skirt is typically made of tarpaulin, thus it can have large
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Fig. 1. Sketches of a traditional net cage with flexible sea skirt (a) and a novel semi-closed cage with netting attached to the bottom (b) (FiiZK, 2021; Aquatraz, 2021).
deformations in strong currents, resulting in potentially less obstruction
for the current and lice (Lien et al., 2014). Closed cage concepts were
introduced to have a full control of the interior water quality (Nilsen
et al., 2017; Strand et al., 2016). The physical contact between the
infective sea lice larvae and the salmon host could be prevented by
pumping and filtering water from sufficiently large depth into enclosed
cages. An alternative semi-closed fish cage concept was developed,
equipped with deep steel side wall, also referred to as steel skirt, with
a traditional net cage attached to the bottom (see Fig. 1(b)) to prevent
fish escape. A water circulation system is needed to pull in oxygen-rich
water from submergence free from sea lice and algae, and to force it to
move in the cage. This cage concept could be seen as a hybrid between
a closed cage and a skirt cage.

For all the mentioned novel cage concepts, few existing studies
are available. To guarantee structural safety and fish welfare, a bet-
ter understanding of the behavior of the different cage concepts is
necessary. For a traditional net cage with skirt, the skirt is highly
flexible. The estimation of its response in waves and current could
be quite challenging and is beyond the scope of the present study.
For the closed cage, we carried out an experimental and theoretical
study on wave-induced response of a closed floating fish cage (Shen
et al., 2021). It consists of a vertical circular cylinder with an external
toroidal floater. The influence of sloshing of the water inside the cage
on the global response of the cage, the interior wave elevation and the
mean drift loads, was examined. The analysis highlighted that the cage
did not behave as fully rigid. Actually, ovalizing radial deformations
were found to be rather important in affecting the features of the
waves inside the cage. The behavior of semi-closed cage in waves was
examined only in few available studies and represents the focus of the
present paper. Important aspects to be examined relate to operational
behavior and survivability of the system. For the survivability, (1) the
mooring-line integrity and (2) the fish welfare represent two relevant
criteria. The horizontal motions represent an example of critical re-
sponse variable for (1), while the vertical acceleration of the interior
water is an example of critical response variable for (2). In this context,
a driving question of our research is: will the semi-closed cage has
similar hydrodynamic behavior in waves as a closed cage with the same
dimensions? To answer this question, we investigated the dynamic
response of a semi-closed/open bottom cage in waves through model
tests and numerical calculations. To facilitate the comparison, the
chosen open-bottom model resembles the overall geometry and stiffness
of the closed cage model in Shen et al. (2021). One should note that,
an operating semi-closed cage will have a netting attached to the cage
bottom (as shown in Fig. 1(b)). The bottom net was not considered in
the present experiments to reduce complexity. On the other hand, it
is expected to have a small contribution to the global response of the
2

system and its effect can be simplified as an additional small damping
effect. Detailed assessment of the bottom cage influence is not discussed
here and is left as a future work.

To find relevant studies for the semi-closed cage system, a thor-
ough literature review has been performed. For the exterior floating
collar, many investigations have been conducted, for instance by Li and
Faltinsen (2012) to investigate the wave-induced vertical response of
an elastic circular collar in waves and by Park et al. (2020) to improve
the estimation of drag coefficients of floating collars. There is not much
available literature directly connected with semi-closed cages but the
water flow through the bottom of such cages has some similarities
with e.g. the water flow through moonpools. Many investigations have
been performed on the dynamic response of a ship with a moonpool,
for instance those by Molin (2001), Kristiansen and Faltinsen (2008),
Newman (2018), Ravinthrakumar et al. (2020), Xu et al. (2020) and
could be enlightening for the present study. Nevertheless, we should
note that there exist some important differences between a ship with a
moonpool and a semi-closed cage. First of all, a semi-closed cage has a
relatively thin wall thickness, which means that the ratio between the
characteristic dimension of the inner open part of the cage (i.e. interior
diameter) and that of the whole cage (i.e. outer diameter) is close to 1,
while for a ship the ratio in beam direction is typically less than 1/2.
The relative large ratio between the inner diameter and outer diameter
of a cage can significantly reduce the metacentric height in roll/pitch
and thus change the seakeeping behavior of the system, compared
with a traditional ship. In addition, piston mode resonance inside the
moonpool is of primary concern for a ship. Piston resonance refers
to the lowest resonant mode of the water motion in a semi-entrained
volume of fluid with a free surface (see e.g. Kristiansen and Faltinsen
(2008)). An important feature is that the space-averaged vertical water
velocity is non-zero. For a semi-closed cage, apart from possible piston
resonance, wave-induced sloshing could also become an issue, similarly
as for a closed cage. Hydro-elasticity may also matter due to the fact
that the cage is with a thin side wall, compared with a ship.

The present paper is structured as follows. In Section 2, a brief
description of the experimental set up for the semi-closed cage is given.
Relevant information for the closed cage in Shen et al. (2021) is also
provided for clarification purpose. Experimental results for the semi-
closed cage in regular waves and white-noise waves are then given and
analyzed in Section 3. The focus is on the transfer functions of rigid
body motions, radial elastic deformations, internal sloshing and mean
wave drift forces in the range of wave periods associated with local
wind generated waves. Numerical results from the linear potential flow
solver WAMIT, assuming a rigid body, are also provided to assess the
possibility of employing linear potential flow theory to describe the
system. The motivation to do this is that in engineering practice this
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Table 1
Norwegian aquaculture site classification for waves and current (StandardNorge, 2009).
𝐻𝑠: significant wave height; 𝑇𝑝: peak period; 𝑈∞: current velocity. It is assumed
irregular waves for each wave class. If regular wave is considered, the standard says
that the corresponding wave height 𝐻 can be assumed to be 1.9 times the significant
wave height.

Wave 𝐻𝑠(m) 𝑇𝑝(s) Exposure Current 𝑈∞(m/s) Exposure

A 0.0–0.5 0.0–2.0 Small a 0.0–0.3 Small
B 0.5–1.0 1.6–3.2 Moderate b 0.3–0.5 Moderate
C 1.0–2.0 2.5–5.1 Heavy c 0.5–1.0 Heavy
D 2.0–3.0 4.0–6.7 High d 1.0–1.5 High
E >3.0 5.3–18.0 Extreme e >1.5 Extreme

Table 2
Scaling factors.

Parameter Scaling factor Value Unit

Length 𝜆 27 m
Velocity 𝜆1∕2 5.19 m/s
Acceleration 𝜆0 1 m/s2
Angle 𝜆0 1 deg
Force 1.025𝜆3 2.107 × 104 N
Moment 1.025𝜆4 5.447 × 105 Nm
Mass 1.025𝜆3 2.107 × 104 kg
Time 𝜆1∕2 5.19 s

type of tools is normally used at design phase; it is, therefore, important
to assess their capability and accuracy to predict the response of such
novel fish-farm concepts. Comparisons of transfer functions between
the semi-closed and closed cages are also presented. To represent
more realistic sea conditions, model tests for both cages in irregular
waves were also performed and corresponding results are discussed in
Section 4. The standard deviations of relevant response variables were
estimated and used as basis for determining the survival conditions for
the two cages in Section 5. To do this, systematic calculations were
carried out examining sea states from small exposure to high exposure
conditions, according to the Norwegian aquaculture site classification,
see Table 1.

2. Experimental setup

Model tests were performed in the Ocean Basin Laboratory at the
Marine Technology Center in Trondheim. The basin has an overall
length of 80 m and width of 50 m. The depth can vary between 0–10 m
by means of an adjustable bottom and was set to 5 m.

A detailed description of the experimental set-up has been given
in Shen et al. (2021) in connection with the experiments in waves of
the closed-cage model. In this part, we focus on the experimental set-
up of the semi-closed cage model. A brief description of the closed-cage
model is also provided for illustrating the similarities and differences
between the two cage models.

The physical open cage model used in the experiments consisted of a
vertical bottomless cylindrical cage, as shown in Fig. 2(a). A model test
scale ratio of 𝜆 =1:27 was in mind and Froude scaling with geometric
imilarity was assumed. Correct representation of gravitational and
nertial forces were thereby ensured through using the scaling factors
resented in Table 2, where the factor 1.025 reflects the ratio between
ensity of salt and fresh water. Two Cartesian right-handed coordinate
ystems were implemented in the model tests, one global system 𝑂𝑥𝑦𝑧
elated to the basin and one local system fixed to the model. The origin
f the former is in the plane of undisturbed free surface with vertical
-axis positive upwards through the center of the cage in calm water
nd positive 𝑥 towards the wavemaker, see Fig. 4.

.1. Cage model description

Photo of the semi-closed cage model from the front camera is
3

resented in Fig. 2(a). A sketch of the model and detailed dimensions
are illustrated in Fig. 3(a). The open bottom model was manufactured
to resemble the overall geometry and stiffness of the original closed
cage model (shown in Fig. 2(b) and Fig. 3(b)) studied in Shen et al.
(2021). Similar floating collar and vertical aluminum plates were in-
stalled. To compensate for the reduced displaced mass of the internal
volume, the model was equipped with a band of buoyancy elements
manufactured from Divynicell blocks, which were mounted around the
bottom. Detailed descriptions are given below.

The semi-closed model consisted of a vertical circular cylinder with
draft ℎ =0.75 m and outer diameter 𝐷 = 2𝑅 = 1.5 m. The side wall
of the cylindrical cage was made of polycarbonate resin (Lexan) with
thickness 𝑡𝑐= 5 mm. The resulting internal diameter is 𝐷𝑡 = 2𝑅𝑡 =
1.49 m. A semi-submerged torus shaped floating collar was attached to
the outside part of the cylindrical cage. The floating collar was made
of plastic electrical tube with cross-sectional diameter 𝑑𝑓 = 0.05 m.
Three groups of vertical aluminum plates (both inside and outside the
tank) were used to connect the polycarbonate plate. They are evenly
distributed with a separation angle of 120 degree. The position of one
of the plates relative to the incident wave is 𝜃 = 95.54o, indicating
a slight asymmetry of the model with respect to the 𝑥 − 𝑧 plane (see
Fig. 4). A band of buoyancy elements was installed around the bottom
to provide additional buoyancy. The band was made of Divynicell with
a thickness of 0.02 m and a height of 0.25 m, as illustrated in Fig. 3(a).
The freeboard of the model was ℎ𝑢=0.35 m to prevent spilling of water
in case of large wave-induced pitch/roll motions. The main particulars
of the semi-closed and closed cage models are given in Table 3. The
center of buoyancy and metacentric height for the closed cage given
here are different from those shown in Shen et al. (2021). The reason
is that the values given in Shen et al. (2021) are defined for combined
cage wall and internal fluid, while here are just for the cage solid wall,
to be consistent with the open-cage definitions. For the semi-closed
cage model, the cylindrical part (including bottom buoyancy elements)
contributes to about 90% of the total buoyancy of the cage while the
floating collar contributes to about 90% of the restoring stiffness for
heave and about 100% for pitch when at rest and half submerged. A
consequence is that the heave and pitch response can be quite sensitive
to the change of the weight and can be quite nonlinear due to the fact
that the floating collar possesses highly curved cross-sectional profile
near the mean waterline.

2.2. Instrumentation

The same instruments used for the closed cage were employed,
as shown in Fig. 2. An optical positioning system (Qualisys Oqus)
was applied to track the position of markers mounted on the model.
Eight markers (Pos1-8 in Fig. 4) were installed along the perimeter
of the cage model at freeboard level, i.e., ℎ𝑢=0.35 m, such that also
flexible radial deformations of the cage could be detected. A set of three
markers was also installed for 6 degree-of-freedom rigid-body motions
tracking (see the white box installed at the freeboard of the cage in
Fig. 2(a)). Wave induced accelerations of the model were measured by
three accelerometers (placed at the angular positions 𝜃 = 345.5o, 225.2o
and 105.2o) mounted on the cage side wall at a height of 0.1 m above
the mean free surface. Pairs of internal (RW1-8) and external (RW9-
16) conventional wave probes were installed and distributed radially
at eight positions along the side wall with a radial distance 0.05𝑅 from
the cage wall. The local wave elevation was measured in the body-
fixed reference frame, so it is influenced, in principle, by both rigid
body motions and possible interior sloshing. Detailed arrangement of
the markers, accelerometers and wave probes is illustrated in Fig. 4.

2.3. Mooring system description

Both cage models were moored with four mooring lines in the
horizontal plane, evenly distributed with 90o between each, see Fig. 4.
Each of the four mooring lines was attached far away directly to
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Fig. 2. Front-camera photo of the physical model for the open-bottom cage (a) and closed cage (b), respectively.
Fig. 3. Sketch and dimensions of the physical model for the open-bottom cage (a) and closed cage (b), respectively.
Table 3
Parameters of the cage models. Both model-scale and full-scale values are provided.
Parameter Symbol Open cage Closed cage Unit

Model scale Full scale Model scale Full scale

Diameter 𝐷 1.5 40.5 1.5 40.5 m
Draft ℎ 0.75 20.25 0.75 20.25 m
Freeboard ℎ𝑢 0.35 9.45 0.35 9.45 m
Mass 𝑀 49.2 9.924 × 105 69.0 1.392 × 106 kg
Center of gravity (COG) 𝑧𝑔 −0.199 −5.373 −0.360 −9.72 m
Center of buoyancy (COB) 𝑧𝑏 −0.451 −12.177 −0.553 −14.931 m
Moment of inertia 𝑥-axis 𝐼𝑥𝑥 19.5 2.868 × 108 25.86 3.8 × 108 kg m2

Moment of inertia 𝑦-axis 𝐼𝑦𝑦 19.5 2.868 × 108 25.86 3.8 × 108 kg m2

Moment of inertia 𝑧-axis 𝐼𝑧𝑧 28.0 4.12 × 108 31.98 4.7 × 108 kg m2

Metacentric height GM 1.367 36.909 3.0 81 m
horizontal free-hanging coil springs. The ends of the front two mooring
lines (L1 and L4 in Fig. 4) were placed 1 m above the calm water surface
while the aft two lines (L2 and L3 in Fig. 4) were placed to 0.6 m to
avoid contact with water and disturbance of waves during the tests. The
stiffness of each coil spring was 60 N/m, yielding an equivalent stiffness
𝑘𝑠 = 169.7 N/m (132.4 kN/m full-scale) in 𝑥 and in 𝑦 directions for
the system. Tension in each mooring line was measured by an uni-axial
load-cell that connected the mooring line to the cage. Since the mooring
lines considered are quite long, approximately 33 m each, the small
height difference in the far away ends will cause a negligible staticpitch.
The used set-up ensured practically linear mooring-line stiffness effects,
as confirmed by the surge free-decay tests, and a small influence of the
mooring-lines on the vertical platform motions.
4

2.4. Test conditions

Both cage models were tested in regular waves and truncated white-
noise waves. The term truncated white noise is used to describe a
band limited white noise spectrum, i.e. a square spectrum with nearly
equal energy for all frequencies within the upper and lower bounds,
and with zero energy outside the bounds. Hereafter the truncated
white-noise tests will be indicated as white-noise tests. All tests were
performed twice to check the repeatability of the measurements. Good
repeatability was observed. This fact and the consistence among regular
and white-noise wave tests when linear effects are dominant (see
Section 3) support a satisfactory reliability of the experimental results.
The regular wave tests were performed at a fixed wave steepness 𝐻∕𝜆
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Fig. 4. Sketch of the instrumentation setup from top view. Blue circles: interior and
exterior wave probes. Sky-blue circles: optical positioning markers. Yellow circles:
accelerometers. Red circles: force transducers. Definition of Cartesian Earth-fixed
coordinate system 𝑂𝑥𝑦𝑧 is also given with origin in mean free surface and positive
𝑧 upwards.

Table 4
Test matrix for open-bottom cage (OC) showing prototype (full-scale) significant wave
height 𝐻𝑠 and peak wave period 𝑇𝑝 and spectral peakedness 𝛾. For the white-noise
tests, the lower and upper incident-period region were 3 s and 20 s.

Name Spectrum 𝑇𝑝(s) 𝐻𝑠(m) 𝛾

WH-1 White noise – 1.0 –
WH-2 White noise – 2.0 –
IRR-1 JONSWAP 5 1.5 2.87
IRR-2 JONSWAP 6 2.0 2.39

= 1/60, with 𝐻 as the wave height and 𝜆 as the wave length. In total
23 wave periods were considered varying from 0.6 s to 1.55 s. The
corresponding wavelength-to-diameter ratio 𝜆∕𝐷 changes from 0.38 to
2.5. Some additional tests were performed at higher wave steepness
𝐻∕𝜆 = 1/45. The duration of each regular-wave test was about 2.3 min.
Two series of white-noise tests were performed to obtain continuous
transfer functions within a given frequency region. The examined lower
and upper period region were 0.577 s (3 s full-scale) and 3.85 s (20 s
full-scale) and two significant wave heights were considered with 𝐻𝑠
= 0.037 m (1 m full-scale) and 0.074 m (2 m full-scale), respectively.

Two irregular wave tests were also performed for both the closed
and semi-closed cages to represent more realistic sea states. The irreg-
ular waves were generated according to the definition of JONSWAP
wave spectrum. The test matrix of the white-noise waves and irregular
waves is shown in Table 4. The duration of each white-noise and
irregular-wave test was 34.6 min (3 h full-scale).

2.5. Signal processing

Detailed explanations concerning the approach to extract rigid body
motions and radial elastic deformations from the measured translatory
displacements of eight markers installed at the freeboard of the cage,
and the procedure to identify the sloshing modes from the interior eight
wave probes (RW1-8), as well as the strategies to obtain steady-state
5

responses in regular waves and transfer functions from the white-
noise/irregular-wave tests, are documented in Shen et al. (2021), so
they are omitted here.

2.6. Decay tests

Free decay tests for the semi-closed cage were carried out in surge,
heave and pitch in calm water to estimate the uncoupled natural
periods and resonant damping ratios of these motions in ambient calm
water. Here uncoupled denotes that coupling between surge, heave and
pitch is neglected. As an example, time history of the surge motion
during a free decay is shown in Fig. 5(a). The obtained natural period
in surge is 𝑇n,1,o = 19.56 s (101.6 s full-scale). The surge motion 𝜂1
of a cage during a free decay test is assumed to be described by the
following one degree of freedom (DOF) equation
[

𝑀 + 𝐴11 (0)
]

�̈�1 + 𝐵𝑙𝑖𝑛
11 �̇�1 + 𝐵𝐷 �̇�1 ||�̇�1|| + 𝑘𝑠𝜂1 = 0 (1)

where �̈�1 = 𝑑2𝜂1∕𝑑𝑡2 and �̇�1 = 𝑑𝜂1∕𝑑𝑡 are the acceleration and
velocity in surge, 𝑀 is the mass of the cage and 𝐴11(0) is the zero
frequency added mass in surge, as an approximation of the added mass
at the surge natural period. 𝑘𝑠 is the equivalent stiffness of the cage
in surge. 𝐵𝑙𝑖𝑛

11 is linear damping while 𝐵𝐷 is associated with eddy-
making quadratic damping. The latter can be further expressed as 𝐵𝐷 =
0.5𝜌ℎ𝐷𝐶𝐷, with 𝜌 the water density, ℎ the draft of the cage and 𝐶𝐷
the drag coefficient of the cage. Assuming a constant 𝐶𝐷 and following
the procedure by Faltinsen (1993), a linear damping coefficient 𝑝1 =
𝐵𝑙𝑖𝑛
11 ∕[𝑀 + 𝐴11(0)] and a quadratic damping coefficient 𝑝2 = 𝐵𝐷∕[𝑀 +

𝐴11(0)] can readily be obtained, see Fig. 5(b). The corresponding drag
coefficient is 𝐶𝐷 = 14.1. From the results, the quadratic damping is
dominant, which is intuitively reasonable, as flow can easily separate
with important vortex shedding at the open bottom with sharp corner.

The natural periods for heave and pitch derived from the free-decay
tests are 𝑇n,3,o = 1.13 s (5.87 s full-scale) and 𝑇n,5,o = 1.98 s (10.3 s full-
scale), respectively. The associated damping coefficients 𝑝1 and 𝑝2 are
difficult to estimate due to scattered oscillation amplitudes.

Free decay tests in surge and pitch for the closed cage were also
performed (Shen et al., 2021). The corresponding natural periods are
𝑇n,1,c = 22.4 s (116.4 s full-scale) and 𝑇n,5,c = 2.76 s (14.36 s full-scale),
respectively. There are no experimental data concerning heave free-
decay response. The heave natural period 𝑇n,3,c is instead obtained from
a white-noise test, corresponding to the peak period of the evaluated
heave transfer function, with 𝑇n,3,c = 2.12 s (11 s full-scale). A constant
drag coefficient 𝐶𝐷 for surge motion is assumed and found to be well
fitted with the experimental data. The drag coefficient from the free-
decay test in surge for the closed cage is 𝐶𝐷 = 0.8. The value is much
smaller than that for the semi-closed cage.

2.7. Sloshing modes

It is not straightforward to obtain the sloshing natural periods for
a semi-closed cage analytically. Therefore, we make the assumption
that they share similar values as those of a closed cage with similar
dimensions and use them to analyze and interpret the experimental
results. The reason is that the sloshing phenomenon inside a semi-
closed cage is expected to resemble that in a closed cage for the
examined wave conditions. Detailed results for the closed cage have
been shown in Shen et al. (2021) and only the surface wave pattern
of sloshing modes and corresponding natural periods 𝑇𝑚𝑛 are repeated
here for illustration, as shown in Fig. 6. The sloshing natural period
𝑇𝑚𝑛 is defined in Faltinsen and Timokha (2009), where 𝑚 is related to
the mode shape cos𝑚𝜃 (or sin𝑚𝜃) and 𝑛 numbers the infinite number
of natural periods for each cos𝑚𝜃 (or sin𝑚𝜃).
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b

Fig. 5. (a) Red solid line: time history of surge motion from free decay test of the semi-closed cage in ambient calm water. Black dashed line: predicted surge based on Eq. (1).
𝑇𝑚 is the mean natural period. (b) Illustration of how to obtain linear damping coefficient 𝑝1 and quadratic damping coefficient 𝑝2. 𝑋𝑛 is the amplitude of the 𝑛th oscillation,
ased on the maxima and minima shown in the left plot.
Fig. 6. Surface wave pattern of sloshing modes (cos𝑚𝜃, 𝑚 = 0, 1, 2, 3, 𝑛 = 1, 2) and corresponding natural periods 𝑇𝑚𝑛 in a vertical circular tank with radius 𝑅𝑡 = 0.745 m and
water depth ℎ𝑡 = 0.73 m.
3. Experimental results and discussions: regular waves and white-
noise waves

In this section, we will firstly show and discuss selected results
from the model tests for the semi-closed cage in regular waves and
white-noise waves. The focus is on transfer functions of the measured
variables in the range of wave periods associated with local wind
generated waves. Predictions from the linear potential flow solver
WAMIT (Lee, 1995) are also provided, assuming a rigid structure.
Comparisons between the closed and semi-closed cage for the different
variables is given in the end of this section. The experimental accuracy
in generating prescribed (regular and white-noise) waves has been
assessed in Shen et al. (2021), so is omitted here.
6

3.1. Transfer function of rigid cage motions: semi-closed cage

As mentioned in Section 2.2, the motions of the semi-closed cage
were measured with two methods, either using the eight markers
along the cage side wall or obtained directly from the three-markers
system. The former can provide both rigid motions and radial elastic
deformations of the cage, while the latter can provide 6 DOF rigid
body motions directly and is only applicable for rigid bodies. Fig. 7
shows the time histories of the surge, heave and pitch motions obtained
from the two methods for the case with wave period 𝑇 = 1.02 s, wave
height 𝐻= 0.027 m and wave steepness 𝐻∕𝜆 = 1/60, corresponding to
wavelength to cage diameter ratio 𝜆∕𝐷 = 1.08. The two measurements
provide consistent results for heave and pitch motion. For surge, similar
results are provided at the initial stage, but after about 50 periods,
larger difference is observed when the waves associated with ovalizing
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Fig. 7. Time histories of the surge, heave and pitch motions of the semi-closed cage. Solid black line: from the three-markers system. Dashed red line: from the distributed eight
arkers at the freeboard. 𝑇 = 1.02 s, 𝐻 = 0.027 m and 𝜆∕𝐷 = 1.08. 𝑅 = 𝐷∕2 is the outer radius of the semi-closed cage.
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tructural deformation modes inside the cage become high in time.
more detailed comparison of the rigid body motions from the two
easurements for different wave periods was performed (not provided
ere), showing that the two approaches provide consistent results for
ll cases, except for the surge motion at wave periods close to the
loshing natural period 𝑇21 where the cage experiences large ovalization
eformations. The rigid body motions from the eight markers will be
sed for further analysis.

It should be noted that there is a mean negative heave (positive
inkage) for the case shown in Fig. 7(b), which was not observed for
he closed cage, as documented in Shen et al. (2021). Because of the
sed mooring-line set-up, the influence of mooring lines on this mean
inkage (due to possible nonlinear stiffness effects) is expected to be
egligible. To have a better understanding of this effect, the mean
eave motion is shown in Fig. 8 as a function of 𝜆∕𝐷. Results from two
epetition tests are included. The results are consistent, indicating that
he sinkage is not caused by leakage of the floating collar and is repeat-
ble. In the figure, the values are made non-dimensional in two ways,
.e. by the cross-sectional radius of the floater collar 𝑟𝑓 (see Fig. 8(a))
nd by the square of the incident wave amplitude 𝜁2𝑎 (see Fig. 8(b)).
xcluding the results in short incident waves, Fig. 8(b) shows that the
ean sinkage is almost proportional to the square of the incident wave

mplitude, which denotes that it is related with nonlinear behavior (at
east second-order wave-body interaction effects) of the cage. The large
eviations in shorter waves are due to small incident wave amplitude. A
ossible reason for the sinkage is the water overtopping on the floating
ollar, as observed from the recorded videos. Here, this phenomenon
ndicates that external water reaches the top of the floater. Because
7

he freeboard of the experimental cage is much higher than that of
he floater, the water cannot enter the cage when overtopping occurs.
ig. 8(a) shows that the mean sinkage increases with increasing wave
eriod and wave steepness, with a maximum sinkage up to 0.7𝑟𝑓 .

Since the restoring stiffness for pitch motion is mainly provided by the
floating collar, it is expected that the behavior of the oscillatory pitch
motion may be altered due to the large change of mean draft, especially
in longer waves.

Fig. 9 shows the transfer functions for surge, heave and pitch in a
frequency range of primary importance for local wind generated waves.
Experimental data from regular waves and the two white-noise tests
are given. Results from the linear potential-flow solver WAMIT are
also provided, assuming the floating collar is half-submerged when in
calm water. Motion amplitudes for surge and pitch from regular waves,
in general, agree reasonably with those from the white-noise tests in
shorter waves (𝜆∕𝐷 <1.5), but there is an increasing difference in
longer waves. This may be caused by the change of mean draft and the
resulting nonlinear effects. Different wave steepness (for regular waves)
and different significant wave height (for white noise waves) give
different transfer functions for heave even in shorter waves, indicating
the importance of nonlinear effects for the heave motion.

Important sloshing natural periods 𝑇21 = 0.996𝑠 and 𝑇12 = 0.753𝑠 in
model scale for the closed cage are denoted with vertical dashed lines
in the figure. Surface wave pattern of the corresponding three sloshing
modes were exemplified in Fig. 6. The sloshing induced wave would
not feel the cage bottom if the corresponding draft-to-wavelength ratio
ℎ∕𝜆 > 1∕2 or 𝜆∕𝐷 < 1 for the present case where ℎ∕𝐷 = 1/2. This means
that the natural sloshing periods 𝑇 and 𝑇 should be similar for the
21 12
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Fig. 8. Non-dimensional mean heave versus wavelength-to-cage diameter ratio 𝜆∕𝐷. (a): made non-dimensional by cross-sectional radius of the floating collar 𝑟𝑓 . (b): made
on-dimensional by the incident wave amplitude squared, i.e. 𝜁2𝑎 . Two wave steepnesses 𝜆∕𝐷 = 1/60 and 1/45 are examined. Results from two repetition tests are included.
Fig. 9. Experimental and numerical transfer functions of surge, heave and pitch versus wavelength-to-cage diameter ratio 𝜆∕𝐷. 𝜁𝑎 is the incident wave amplitude. Black solid lines:
AMIT calculations when the cage is at rest. Black dotted lines: WAMIT calculations with mean heave sinkage = 0.5𝑟𝑓 . Black dash-dotted lines: WAMIT predictions with added

amping = 5% of critical damping. 𝑇𝑖𝑗 = natural sloshing periods for a closed cage (see Fig. 6).
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wo cages. For the closed cage in Shen et al. (2021), nearly zero surge

appens at 𝜆∕𝐷 = 1.794 (corresponding to 𝑇 = 𝑇11). If surge motion is

ncoupled with the other rigid body motions, zero surge motion will
8

o

appen theoretically at 𝑇11 due to infinite surge-added mass associated

ith potential flow sloshing (Faltinsen and Timokha, 2009). For the

pen cage, nearly zero surge happens at 𝜆∕𝐷 = 1.55.
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Fig. 10. Comparison of the non-dimensional vertical acceleration from accelerometers and from rigid body motions. Left: at accelerometer Acc1. Right: at accelerometer Acc3.
Fig. 11. Transfer function of the radial deformation of the ovalizing modes cos(2𝜃) and sin(2𝜃) of the open-bottom cage measured at the freeboard level versus wavelength-to-cage
diameter ratio 𝜆∕𝐷. The data are based on experiments in either regular or truncated white-noise waves. 𝑇21 and 𝑇22 = natural sloshing periods for ovalizing modes.
There is overall a good agreement between WAMIT and the experi-
mental surge and pitch transfer functions in shorter waves (𝜆∕𝐷 <1.5).
The large difference in longer waves is caused by the nonlinear ef-
fects in the wave-body interactions in these conditions. For the heave
motion, linear potential flow theory is not adequate. Numerical calcu-
lations with an increase of the draft by 0.5𝑟𝑓 have been also performed,
providing slightly better predictions of surge and pitch. The reason
to choose an increase of draft by 0.5𝑟𝑓 is that the maximum sinkage
of the cage is about 0.5𝑟𝑓 in waves with 𝜆 < 2𝐷. Therefore, this
choice can help us to assess the influence of cage sinkage on the
body motions and its role on the discrepancies between numerical and
experimental results. Significant improvement of the WAMIT prediction
for heave motion is achieved near the resonance zone by adding a linear
damping that equals 5% of the critical damping, suggesting importance
of viscous damping connected with flow separation. Nevertheless, the
influence is small on the surge and pitch motion as the examined wave
periods are still far from the corresponding natural periods.

Accelerations obtained from accelerometers could serve as a check
for the measurements of the rigid body motions obtained from the eight
markers. The transfer function of vertical acceleration 𝐻𝑎,𝑧 at a given
point (𝑥, 𝑦, 𝑧) on the cage wall can be estimated based on the transfer
functions of rigid body motions, following

𝐻 (𝜔) = −𝜔2
[

𝐻 (𝜔) + 𝑦𝐻 (𝜔) − 𝑥𝐻 (𝜔)
]

(2)
9

𝑎,𝑧 𝜂3 𝜂4 𝜂5
where 𝐻𝜂3 , 𝐻𝜂4 , and 𝐻𝜂5 are complex transfer functions of heave, roll
and pitch motion, respectively. 𝜔 is the (circular) frequency of the inci-
dent waves. The comparison of non-dimensional vertical accelerations
from two accelerometers (Acc1 and Acc3 defined in Fig. 4) and from
Eq. (2) is documented in Fig. 10, confirming a good agreement.

3.2. Transfer function of radial elastic deformations: semi-closed cage

Both rigid body motions and elastic deformations can be extracted
from the measurements of the eight markers installed at the freeboard
of the cage (Shen et al., 2021). Fig. 11 presents the transfer functions
of the ovalizing modes cos 2𝜃 and sin 2𝜃 in the radial direction of the
semi-closed cage at 𝑧 = 0.35 m from both the regular wave tests and
the white-noise tests. The ovalizing mode sin 2𝜃 is caused partly by
structural asymmetry. The peak deformation occurs at 𝜆∕𝐷 = 1.078 (𝑇
= 1.018 s) for both modes, close to the corresponding sloshing natural
period 𝑇21=0.996 s, as a consequence of coupling between structural
ovalizing modes and corresponding sloshing modes. A numerical anal-
ysis of the ovalizing modes for the closed cage was attempted in Shen
et al. (2021) by combining a structural software with WAMIT. The
resonant frequencies in model tests were captured relatively well by
the numerical model. Similar approach can be applied for the present
semi-closed cage and is left as future work.
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Fig. 12. Transfer function of the interior-wave modes cos𝑚𝜃 (left) and sin𝑚𝜃 (right) for the open-bottom cage measured at 𝑟 = 0.95𝑅. Top: 𝑚 = 0. Middle: 𝑚 = 1. Bottom: 𝑚 = 2.
esults from WAMIT for cos𝑚𝜃(𝑚 = 0, 1) modes are also provided for comparison. 𝑇𝑚𝑛= natural sloshing period associated with cos𝑚𝜃 (or sin𝑚𝜃) free-surface mode dependence.
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.3. Transfer function of interior waves: semi-closed cage

Free-surface elevation inside the container was measured by the
ight interior wave probes RW1-8, see Fig. 4. The probes were fixed
o the cage, so the measured values are related to the tank-fixed coor-
inate system. To better relate the interior wave elevation with sloshing
odes, the Fourier components cos𝑚𝜃 and sin𝑚𝜃 of the internal waves

re calculated at 𝑟 = 0.95𝑅, based on the method explained in Shen
t al. (2021), by using measurements of eight interior wave probes.
ransfer functions of the first three cos𝑚𝜃,𝑚 = 0, 1, 2 modes and the first
10

p

wo sin𝑚𝜃,𝑚 = 1, 2 modes are presented in Fig. 12. Relevant sloshing
atural periods for different modes are indicated by the vertical dashed
ines. There is only cos𝑚𝜃 (𝑚 = 0, 1) component according to linear
igid-body theory. Numerical predictions based on linear potential-
low solver WAMIT are also provided, considering only rigid-body
otions. WAMIT provides poor prediction of cos𝑚𝜃 (𝑚 = 0) component
ue to poor prediction of heave motion. Reasonable agreement with
he experimental results is achieved for cos 𝜃 mode in shorter waves
𝜆∕𝐷 < 1.2), but not for longer waves due to poor prediction of
itch motion (see Fig. 9(c)). The modes cos 2𝜃 and sin 2𝜃 are associated



Ocean Engineering 245 (2022) 110397Y. Shen et al.
Fig. 13. Non-dimensional mean wave drift force 𝐹1 in 𝑥-direction versus 𝜆∕𝐷. Solid
symbols: from tension measurement. Open symbols: from mean surge motion. Solid
line: from WAMIT. Two wave steepnesses 𝐻∕𝜆 = 1∕60 and 1∕45 are included.

with structural ovalizing deformations, so they cannot be captured by
WAMIT.

3.3.1. Mean wave drift forces: semi-closed cage
Mean wave drift loads are important for performing mooring lines

analysis. In Shen et al. (2021), we proposed two ways to estimate
the mean wave-drift force in surge: (1) from tension measurement of
the mooring lines; (2) by multiplying the mean surge motion with the
equivalent linear stiffness 𝑘𝑠 of the system. Both results are shown in
Fig. 13. Possible reasons for the difference between the two approaches
were explained in Shen et al. (2021). Predictions based on linear
potential-flow solver WAMIT are also provided in the figure. The option
to remove irregular-frequency effects was used during the calculations.
The asymptotic value of 𝐹1∕𝜌𝑔𝜁2𝑎𝐷 is 1/3 for 𝜆∕𝐷 → 0, according to
second-order potential flow theory (see Faltinsen (1993)). This is in
good agreement with WAMIT. The larger difference in longer waves
(𝜆∕𝐷 > 1.5) is related with WAMIT’s poor prediction of rigid body
motions, as shown in Fig. 9. Also, the small thickness of the open-
bottom cage side wall makes it difficult to perform accurate WAMIT
calculations and refined mesh near the free surface is needed to give
reliable predictions.

3.4. Transfer functions: semi-closed cage versus closed cage

In this section, detailed comparisons of transfer functions between
the semi-closed and closed cage are performed. The examined variables
are rigid body motions, radial elastic deformations, interior waves and
mean wave drift loads.

3.4.1. Rigid body motions
Transfer functions of rigid body motions from the white-noise test

WH-1 are shown in Fig. 14. A wide region of wave lengths is examined.
From Fig. 14(a), the two cages have similar surge behavior in shorter
waves (𝜆∕𝐷 < 1). The reason for the similarity is that the incident
waves would nearly not feel the cage bottom if the draft-to-wavelength
ratio ℎ∕𝜆 > 1∕2 or 𝜆∕𝐷 < 1 for the present case where ℎ∕𝐷 = 1∕2. Both
cages have a local peak close to the corresponding pitch natural period,
due to the coupling between surge and pitch. From Fig. 14(c), similar
behavior is observed for pitch in shorter waves (𝜆∕𝐷 < 1), with the
semi-closed cage exposed to larger pitch motion. A possible reason is
that the semi-closed cage has smaller metacentric height, i.e. it is less
11

stable. The maximum pitch for the semi-closed cage occurs at wave
period slightly larger than the pitch natural period 𝑇n,5,o from the free-
decay test, while it happens at the exact natural pitch period 𝑇n,5,c for
the closed cage. A possible reason is that the natural pitch period for
the semi-closed cage is altered due to the in and out of water motion
of the floating collar. This will happen only in very severe sea state
for the closed cage (Shen et al., 2021). From Fig. 14(b), the closed
cage experiences very small heave motion in shorter waves (𝜆∕𝐷 < 2)
and a clear resonance is observed at its natural period 𝑇n,3,c. The semi-
closed cage displays a very peculiar behavior. No clear resonance is
observed. A local trough occurs at 𝜆∕𝐷 = 4.26, which is associated
with moonpool piston resonance. According to Molin et al. (2018), the
natural frequency of piston resonance 𝜔00 for a circular moonpool in
finite water depth can be estimated as

𝜔2
00 =

𝑔

ℎ + 4
∑∞

𝑛=1
𝐽2
1 (𝜆𝑛𝑅𝑡)

𝜆3𝑛𝑅2 tanh(𝜆𝑛𝑐)𝐽2
1 (𝜆𝑛𝑅)

(3)

where 𝐽𝑚 is the Bessel function of the first kind of order 𝑚, 𝜆𝑛 is the 𝑛th
root of 𝐽0(𝜆𝑛𝑅) = 0, ℎ is the cage draft and 𝑐 is the clearance between
the cage bottom and the ocean basin floor. 𝑅 and 𝑅𝑡 are the outer and
inner radius of the moonpool. The influence of the bottom buoyancy
element in our cage is expected to be small and is neglected in this
estimation. The piston resonance occurs at wavelength-to-diameter
ratio 𝜆∕𝐷 = 4.13 according to Eq. (3) . The value is quite close to the
experimentally obtained value 𝜆∕𝐷 = 4.26.

3.4.2. Radial elastic deformations
Fig. 15 presents a comparison of the ovalizing deformations between

the closed and semi-closed cage. The transfer functions are obtained
from the white-noise test WH-1. There is a small difference between
the two cages for the cos 2𝜃 mode, even at the resonant period. This
demonstrates that the open bottom has a small influence on this mode.
The large difference for the sin 2𝜃 mode for the two concepts is probably
due to that the semi-closed cage has less asymmetry with respect to
the 𝑥-axis compared with the closed one. The asymmetry of the closed
cage mainly comes from the steel stiffened tubes installed at the bottom
(documented in Shen et al. (2021)), which are not present for the open
bottom cage.

3.4.3. Interior waves
A comparison between the different interior wave modes of the

closed and semi-closed cage is shown in Fig. 16 for a wide range of
wave periods. Relevant results are from the white-noise test WH-1. The
two cages display similar trend for cos𝑚𝜃 and sin𝑚𝜃 (𝑚 = 1) modes
in shorter waves (𝜆∕𝐷 < 1). The sin𝑚𝜃 (𝑚 = 2) modes for the closed
cage are larger than those for the semi-closed cage, due to stronger
structural asymmetry with respect to the 𝑥 − 𝑧 plane, as the former
was equipped with asymmetric steel stiffened tubes at the bottom. For
modes 𝑚 = 2, the obtained wave modes are correlated with those for the
structural ovalizing deformations (compared with Fig. 15). A clear peak
is observed for the mode cos𝑚𝜃 (𝑚 = 0) at 𝜆∕𝐷 = 4.77 due to combined
effect of heave motion and piston resonance. For mode cos𝑚𝜃 (𝑚 = 1),
which is related with the surge and pitch motions, the local peaks
occur at similar locations as those for the pitch motion (compared with
Fig. 14).

3.4.4. Mean wave drift loads
Fig. 17 shows the comparison of the mean drift forces in surge from

the regular-wave tests for the semi-closed and closed cages. The mean
surge forces were estimated by multiplying the mean surge motion with
equivalent linear stiffness of the system. The general trend and the force
values are similar for the two cages. This demonstrates that whether
the cage has bottom or not has small influence on the mean wave drift

loads for the examined wave periods.



Ocean Engineering 245 (2022) 110397Y. Shen et al.
Fig. 14. Transfer functions of surge, heave and pitch versus wavelength-to-cage diameter ratio 𝜆∕𝐷 for the closed cage and the semi-closed cage. Experimental results are from
the white-noise wave WH-1 with 𝐻𝑠 = 1/27 m. Red dashed line: closed cage. Blue solid line: semi-closed/open-bottom cage. 𝑇𝑛,3,𝑜 and 𝑇𝑛,5,𝑜 are, respectively, the natural periods
in heave and pitch from free decay tests for the semi-closed cage. 𝑇𝑛,3,𝑐 and 𝑇𝑛,5,𝑐 are the corresponding natural periods for the closed cage.
Fig. 15. Comparison of the radial deformations of ovalizing modes between the closed cage and open-bottom cage in a wider range of wave periods. Closed cage: red dashed
line. Open-bottom cage: blue solid line. The data are from experiments in white-noise waves.
4. Experimental results and discussion: irregular waves

To better understand the behavior of the semi-closed and closed
cages in realistic sea conditions, model tests for both cages in irregular
seas were also performed and they are discussed in this section. The
experimental accuracy in the generation of prescribed irregular waves
12
is assessed at first. Then, examples of the time histories of the different
variables, measured in the tests with random-time realizations of the
examined sea states, and the corresponding power spectral distributions
are provided. Statistical analysis is also performed. In the end, empirical
approaches to estimate the standard deviation of different variables
based on available transfer functions are proposed. All the results given
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Fig. 16. Same as in Fig. 12, but with the comparison between the closed cage (red dashed line) and open-bottom cage (blue solid line).
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ereafter are in full-scale, so to provide a practical idea of the obtained
alues.

.1. Incident wave

Two tests with incident waves generated according to the JONSWAP
pectrum were performed, see Table 4. As an example, the time history
f the incident irregular wave IRR-2 is provided in Fig. 18(a). The
13

rescribed significant wave height is 𝐻𝑠 = 2 m, the peak wave period is f
𝑇𝑝 = 6𝑠 and the spectral peakedness is 𝛾 = 2.39, corresponding to high
xposure sea state in Table 1. Fig. 18(b) presents a comparison of the
ave spectrum derived from irregular waves generated experimentally
nd the prescribed JONSWAP wave spectrum. This confirms a rea-
onable agreement and documents a wave-frequency energy between
bout 0.1 and 0.4 Hz, corresponding to wave periods between 2.5 and
0 s, for these irregular waves. The actual measured incident-wave
arameters are used in the actual analysis of the data. However, for
onvenience the prescribed incident-wave parameters are used in the

igures captions and in the main text.
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Fig. 17. Comparison of the mean surge force from the model tests for the closed and
pen-bottom cage. The examined wave steepness is 𝐻∕𝜆 = 1∕60.

4.2. Examples of time histories

Fig. 19 shows examples of time histories of surge, heave, pitch and
interior wave elevation (wave probe RW4, defined in Fig. 4) for the
case IRR-2 with 𝐻𝑠 =2 m and 𝑇𝑝 = 6 s. Results for the closed and semi-
closed cage are included for comparison. For surge, the slowly varying
component is dominant for both cages. For heave, the semi-closed cage
has much smaller minimum values than the closed cage, but has similar
peak values. A clear sinkage of the semi-closed cage is observed due to
possible overtopping at the floater and in and out of water motion of
the floater, similarly as in regular waves. For pitch, the semi-closed cage
has larger standard deviation, but has similar minimum and maximum
values as the closed cage. For wave probe RW4, both the phases and
amplitudes of the measured wave elevations are similar for the two
cages.

Fig. 20 presents the corresponding power spectra of the time histo-
ries given in Fig. 19. The slowly varying component for surge motion
(with natural period greater than 100 s) is dominant for both cages,
and is not included in the figure, by limiting the 𝑥-axis within 3–
20 s, so to highlight the other contributions. For pitch, there is an
important contribution outside the incident wave frequency range, in
particular at periods larger than the incident-wave periods, for both
cages. This is caused by nonlinear interaction between the incident
wave and the cage, more specifically due to the nonlinear difference-
frequency excitation. For the closed cage the peak of this low-frequency
component occurs at wave period close to the corresponding pitch
natural period 𝑇𝑛,5,𝑐 , while for the semi-closed cage the peak happens at
about 2𝑇𝑛,3,𝑜 instead of near the pitch natural period 𝑇𝑛,5,0. One should
note that 𝑇𝑛,5,𝑜 is the value of the pitch natural period estimated from
the free-decay tests. So, a possible reason is that the water-entry and
water-exit phases of the floating collar would change the natural period
of pitch. A similar phenomenon was observed in Shen et al. (2021) for
the closed cage. For wave probe RW4, the wave elevation inside the
closed cage (see Fig. 20(a)) basically coincides with the corresponding
pitch induced vertical motion at wave periods close to the natural pitch
period. The reason is that there is a negligible incident-wave energy
at such wave periods, so the main contribution of the interior wave
comes from the pitch induced vertical motion. For the open-bottom
cage (see Fig. 20(b)) the wave probe measurement for wave periods
close to 2𝑇𝑛,3,𝑜 is less than 50% of the corresponding pitch induced
displacement. The difference is due to an additional contribution to
the interior wave coming from the interior piston-mode flow, which
14

counteracts the pitch induced displacement.
4.3. Statistical analysis

A statistical analysis is given in this section for the different mea-
sured variables.

4.3.1. Rigid body motions
Fig. 21 presents the comparison of the mean 𝜂𝑖, standard deviation

𝜎𝜂𝑖 , maximum 𝜂𝑖,𝑚𝑎𝑥 and minimum 𝜂𝑖,𝑚𝑖𝑛 values of the rigid body mo-
tions, with 𝑖 = 1, 3, 5 corresponding to surge, heave and pitch motion,
respectively. One should note that 𝑅𝜂5 instead of 𝜂5 is used in the
analysis to have consistent unit for all motions and that the mean value
has been subtracted from the plotted maximum and minimum values.

From Fig. 21(a), the two cages have comparable mean surge mo-
tion 𝜂1, which is intuitively reasonable as the corresponding transfer
functions of mean wave-drift loads in surge are similar (see Fig. 13).
The closed cage possesses slightly larger standard deviation 𝜎𝜂1 due
to smaller viscous damping. From Fig. 21(d), the ratios 𝜂1,𝑚𝑎𝑥∕𝜎𝜂1 and
|𝜂1,𝑚𝑖𝑛|∕𝜎𝜂1 vary between 3–4.

From Fig. 21(b), the closed cage has small heave motion, so this
motion is not of interest. For the open cage, a clear mean sinkage is
observed due to continuous water overtopping on the floating collar,
similarly as in regular waves. From Fig. 21(e), there is an asymmetry
of the motion with much smaller 𝜂3,𝑚𝑎𝑥 than |𝜂3,𝑚𝑖𝑛|. The ratio |𝜂3,𝑚𝑖𝑛|∕𝜎3
approaches 6 due to nonlinear behavior of the system.

From Fig. 21(c), the open cage in general experiences larger pitch
motion than the closed one. There is also a small mean positive pitch.
The ratio |𝜂5,𝑚𝑖𝑛|∕𝜎𝜂5 could get close to 8 (see Fig. 21(f)) for the closed
cage in irregular wave IRR-2. The reason is that the standard deviation
for the closed cage is smaller than for the open one, but the values of
|𝜂5,𝑚𝑖𝑛| for the two cages are similar, as shown in Fig. 19.

4.3.2. Interior wave elevation
Similar as in Fig. 21, we examine the mean, standard deviation,

maximum and minimum values of the interior wave elevation from the
three interior wave probes (defined in Fig. 4) in Fig. 22. There is a mean
positive value for the different wave probes for the semi-closed cage.
This is connected with the sinkage of the cage documented in Fig. 8.
Both the standard deviations and maximum values from the different
wave probes are comparable for the two cages. The ratio between the
maximum value and the standard deviation is close to 4 for most of the
cases, which is a typical value for a stationary Gaussian process wave,
except for the wave probe RW4 in irregular wave IRR-2 for both cages,
for which the ratio is close to 6.

To better understand the reason for this exception, we examine
the closed-cage case. In Fig. 23(a), we show the time history of the
measured wave elevation at RW4 for the case IRR-2. Time history of the
incident wave is also included for illustration. The chosen time interval
includes the time instant when the largest interior wave elevation
occurs. Time histories of the different sloshing modes that contribute
to the total wave elevation are shown in Fig. 23(b). From the figure,
modes cos 𝜃 and cos 2𝜃 are the two dominant components. The former
is associated with the rigid body motions while the latter can only be
excited by the ovalizing deformations. The maximum value occurs at
𝑡 = 7972 s where the two dominant modes are in phase while they
are 90o out of phase in the following trough. Strong nonlinearities
are involved due to the large incident waves with the characteristic
wave period close to the coupled sloshing-surge-pitch natural period
and natural period of ovalizing deformations (see snapshots shown in
Fig. 24 from the front camera). The nonlinear features of the rigid-
body motions and interior waves induced by ovalizing deformations
contribute to the large maximum value-to-standard deviation ratio at

RW4.
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Fig. 18. (a): time history of incident wave 𝜁 from Jonswap spectrum with prescribed full-scale significant wave height 𝐻𝑠 =2 m and peak wave period 𝑇𝑝 = 6 s. (b): comparison
f wave spectral density from the experiment with the theoretical value.
Fig. 19. Full-scaled experimental time histories of surge (first row), heave (second row), pitch (third row) motions and wave elevation from wave probe RW4 (last row). The
prescribed incident-wave parameters are 𝑇𝑝= 6 s and 𝐻𝑠 = 2 m. Zoomed views are also given in the right. Red dashed line: open-bottom cage. Black solid line: closed cage.
4.4. Numerical predictions

There is no doubt that the above introduced experimental results are
interesting and enlightening, but they are just for limited sea states. To
provide practical guidance for the cage design and operation, empirical
estimations are needed. In this section, we try to propose empirical
approaches to evaluate the standard deviation of different measured
variables, which are used in Section 5 to determine the operational
15
conditions for the two cages. Following the commonly-used engineering
practice, the cages are assumed to behave like linear systems. In this
way, linear superposition principle is valid and the desired standard
deviations could be obtained based on obtained transfer functions
either from the white-noise tests or from WAMIT calculations. The
assumption may not be strictly true, especially for heave and pitch
motions for the semi-closed cage, but it is still valuable to check the
accuracy of the results based on such assumptions.
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Fig. 20. Estimated power spectra of the different measured variables shown in Fig. 19. The power spectrum for the incident wave 𝜁 is also included. Left: closed cage. Right:
open-bottom cage. 𝑇𝑛,3,𝑜 and 𝑇𝑛,5,𝑜 are, respectively, the natural periods in heave and pitch from free decay tests for the semi-closed cage. 𝑇𝑛,3,𝑐 and 𝑇𝑛,5,𝑐 are the corresponding
natural periods for the closed cage.
Fig. 21. (a)–(c): mean, standard derivation, maximum and minimum value of surge, heave and pitch motions in irregular waves. (d)–(f): ratios of the corresponding maximum
nd minimum value to the standard deviation. In each subplot, the left two cases are for the closed cage and the right two cases are for the open-bottom cage, separated by a
ertical dashed line. IRR-1: 𝑇𝑝 = 5 s, 𝐻𝑠 = 1.5 m and 𝛾 = 2.87. IRR-2: 𝑇𝑝 = 6 s, 𝐻𝑠 = 2.0 m and 𝛾 = 2.39.
4.4.1. Rigid body motions
The evaluation of standard deviation of the rigid body motions is

introduced in this section. For a linear system, the variance 𝜎2 of a
given variable can be easily estimated if its transfer function 𝐻(𝜔) and
he incident wave spectrum 𝑆(𝜔) are known (Faltinsen, 1993), i.e.

𝜎2 = ∫

∞

0
𝑆 (𝜔)|𝐻 (𝜔)|2𝑑𝜔 (4)

From Fig. 19, there are two components of surge motion, i.e. wave-
frequency component and slowly varying component. The standard
deviation for the former can be estimated by Eq. (4). Comparisons of
16
the standard deviations of surge (wave-frequency component), heave
and pitch from the irregular-wave tests (IRR-1 and IRR-2) with those
based on Eq. (4) are shown in Fig. 25. Transfer functions used in Eq. (4)
are from the white-noise test WH-1 and from WAMIT.

From Fig. 25(a), predictions based on the white-noise test and on
WAMIT agree reasonably well with the experimental data for surge
motion. For heave motion (see Fig. 25(b)), results based on the white-
noise test are quite close to the experimental values for both cages.
Results from WAMIT tend to overpredict the value for the open cage
due to the WAMIT poor prediction of the heave motion (see Fig. 9(b)).
From Fig. 25(c), the results based on transfer functions (i.e. using
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Fig. 22. Similar as in Fig. 21, but for the interior wave elevations. Left: wave probe RW1. Middle: wave probe RW2. Right: wave probe RW4.

Fig. 23. (a): time history of the wave elevation from the wave probe RW4 for the closed cage in irregular wave IRR-2. Time history of the incident wave is also included for
comparison. (b): time histories of different 𝑐𝑜𝑠𝑚𝜃 (𝑚 = 0 − 3) modes that contribute to the total wave elevation from RW4.

Fig. 24. Snapshots from the front camera above the water surface for the closed cage in irregular wave IRR-2. the local free-surface profiles outside and inside the cage are
outlined by red and blue lines, respectively. Violent water overtopping and splash around the floating collar were observed, as shown in the left plot.
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Fig. 25. Comparison of the standard deviations of surge wave-frequency component, heave and pitch between the experiments and predictions based on the white-noise test WH-1
nd on WAMIT.
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q. (4)) tend to underestimate the pitch motion for both cages. The
eason is that there is an important difference-frequency component of
itch motion (see Fig. 20(b)), which is beyond the applicability of linear
heory.

As shown in Fig. 19, the slowly varying component of surge motion
s dominant for both cages. A brief explanation of the procedure to
stimate the standard deviation of this component using the mean
ave drift loads is given below. To reduce complexity, the mooring

ystem is simplified as a linear spring with an equivalent stiffness
𝑠, neglecting possible hydrodynamic interaction between the incident
ave and mooring lines. Moreover, the influence of the first-order

esponse is neglected when formulating the eddy-making damping. The
low-drift surge motion 𝜂1,𝑠 of a cage can then be described by
[

𝑀 + 𝐴11 (0)
]

�̈�1,𝑠 + 𝐵𝑊𝐷
11 �̇�1,𝑠 + 𝐵𝐷 �̇�1,𝑠 ||�̇�1,𝑠|| + 𝑘𝑠𝜂1,𝑠 = 𝐹𝑆𝑉

1 (5)

where �̈�1,𝑠 = 𝑑2𝜂1,𝑠∕𝑑𝑡2 and �̇�1,𝑠 = 𝑑𝜂1,𝑠∕𝑑𝑡 are the slow-drift acceleration
nd velocity in surge, 𝐴11(0) is the zero frequency added mass in surge,
𝑆𝑉
1 is the slow-drift excitation force in surge. 𝐵𝑊𝐷

11 is the mean wave-
rift damping coefficient and 𝐵𝐷 is the quadratic damping coefficient
onnected with the eddy-making damping. If then the nonlinear eddy-
aking damping is approximated with an equivalent linear damping
𝑒
11 = 4𝐵𝐷𝜎�̇�1,𝑠∕

√

2𝜋 ≈ 4𝐵𝐷𝜔𝑛,1𝜎𝜂1,𝑠∕
√

2𝜋 (see e.g. Faltinsen (1993)
for the assumptions associated with this approximation), with 𝜎𝜂1,𝑠
the standard deviation of the slowly varying component and 𝜔𝑛,1 the
corresponding natural frequency, Eq. (5) can be solved in the frequency
domain. The procedure does not account for the KC-dependence of 𝐵𝐷.

ccording to Faltinsen (1993), the variance of the slowly varying surge
otion 𝜂1,𝑠 can be written as

2
𝜂1,𝑠

= ∫

∞

0

𝑆𝐹 (𝜇) 𝑑𝜇
{

𝑘𝑠 −
[

𝑀 + 𝐴11 (0)
]

𝜇2
}2 + 𝐵2

11𝜇
2

(6)

Here 𝑆𝐹 is the spectral density for the slow-drift excitation force in
surge and 𝐵11 = 𝐵𝑊𝐷

11 +𝐵𝑒
11. According to Pinkster (1975), the spectral

ensity for the low-frequency part of the force, i.e. not including the
ean-drift force, can be expressed in terms of the wave spectrum as

𝐹 (𝜇) = 8∫

∞

0
𝑆 (𝜔)𝑆 (𝜔 + 𝜇)

[

𝐹1 (𝜔 + 𝜇∕2)
𝜁2𝑎

]2

𝑑𝜔 (7)

where 𝑆(𝜔) is the incident wave spectrum, 𝐹1∕𝜁2𝑎 is the second-order
ransfer function of the mean wave load in surge. 𝐵11 is also a function

of 𝜎𝜂1,𝑠 , so the unknown 𝜎𝜂1,𝑠 is on both the left- and right-hand side of
q. (6) and iteration is needed to obtain 𝜎𝜂1,𝑠 . Just a brief description
s provided here, detailed explanation can be found in Shen (2018).

The quadratic damping coefficient 𝐵𝐷 can be readily obtained
rom the free-decay tests, as explained in Section 2.6. The wave drift
amping for the horizontal motions of a structure is connected with
he structure’s ability to generate waves and is a potential flow effect
18
hat neglects the interaction with flow separation. The value can be esti-
ated using the quasi-steady approach proposed by Zhao and Faltinsen

1988) as 𝐵𝑊𝐷
11 ≃ 𝜕𝐹1

𝜕𝑈

|

|

|

|𝑈=0
, as the change of the mean-wave drift force

in surge caused by the slowly-varying surge speed 𝑈 . Within this quasi-
steady approach, such derivative can be estimated from mean-wave
drift loads in current. There are few tools available to estimate the
mean drift loads for a floating body with an interior moonpool/tank,
considering wave–current interaction. For simplicity, the forward-speed
dependent small wavelength formula for drift force by Faltinsen (1993)
is assumed be valid for all examined wavelengths

𝐹1 (𝜔,𝑈 ) =
(

1 + 2𝜔
𝑔

𝑈
)

𝐹1 (𝜔, 0) (8)

Then the wave drift damping can be estimated as

𝐵𝑊𝐷
11 = 2𝜔

𝑔
𝐹1 (𝜔, 0) (9)

he mean surge force in irregular waves can be estimated from its
econd-order transfer function and the incident-wave spectrum, as
ollows

1,𝑚𝑒𝑎𝑛 = ∫

∞

0
2

[

𝐹1 (𝜔)
𝜁2𝑎

]

𝑆 (𝜔)𝑑𝜔 (10)

We can then have the mean surge motion by �̄�1 = 𝐹1,𝑚𝑒𝑎𝑛∕𝑘𝑠, with 𝑘𝑠
the equivalent stiffness of the system in surge (given in Section 2.3).

Fig. 26 presents a comparison of mean value of surge motion (left)
and standard deviation of its slowly varying component (right). Both
the experimental results and numerical predictions are provided. The
mean drift loads 𝐹1 (𝜔) are from WAMIT. The overall agreement is rea-
sonable, especially for the closed cage. WAMIT provides slightly poor
prediction for the open cage. One reason is that the mean drift loads
were underpredicted by WAMIT in longer waves, as shown in Fig. 13.
Another possible reason is that a constant drag coefficient was assumed.
The actual value may be Keulegan–Carpenter (KC) number dependent
due to small KC number associated (KC< 1). The contribution of the
wave-drift damping is small compared with the linearized quadratic
damping.

4.4.2. Interior waves
The standard deviation of the wave elevation from the different

wave probes as obtained from the experiments and using Eq. (4) is
documented in Fig. 27. The results from Eq. (4) are based on the
transfer functions from the white-noise test WH-1 and from WAMIT.
From the figure, the numerical predictions based on WH-1 agree well
with the irregular-wave tests values for all the three wave probes and
for both cages. Results based on WAMIT tend to underpredict the wave
elevation for the closed cage. One reason is that the wave elevation
induced by ovalizing deformations is not considered in WAMIT. This is
especially important for the wave probe RW2 where the waves induced
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Fig. 26. Mean surge motion (left) and standard derivation of surge slowly varying component (right) from the experiments and from the predictions based on WAMIT. IRR-1: 𝑇𝑝

5 s, 𝐻𝑠 = 1.5 m and 𝛾 = 2.87. IRR-2: 𝑇𝑝 = 6 s, 𝐻𝑠 = 2.0 m and 𝛾 = 2.39.
Fig. 27. Same as in Fig. 25, but for the interior wave. Left: wave probe RW1. Middle: wave probe RW2. Right: wave probe RW4.
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by deformation dominate. For the semi-closed cage, the interior waves
were evaluated in the body-fixed reference frame. Poor predictions of
the rigid body motions, especially the heave motion, by WAMIT (see
Fig. 9) would lead to unreliable predictions of the interior waves.

5. Survival conditions

There are few available investigations for the examined novel cage
concepts. It would be valuable if we could provide guidance for cage
design and practical operations. In this section we will try to determine
the survival conditions for the two cages. Three criteria are chosen from
the perspective of structural integrity and fish welfare, i.e. maximum
mooring load, maximum interior wave height/minimum freeboard and
maximum vertical acceleration. The mooring lines should be strong
enough to withstand the environmental loads, so the maximum load
in the mooring line should not yield its breaking limit. To avoid water
spilling in high pitch/roll motion, the interior wave height should
not exceed the freeboard. Lastly, the vertical acceleration due to cage
motions and interior wave movement should be within a certain limit
to avoid strong uncomfort for fish inside.

The mooring system for traditional net-based fish farms is assumed
to be applicable also for novel closed/semi-closed cages. The equivalent
mooring line stiffness 𝑘𝑠 = 132.4 kN/m used in the model tests (given
in Section 2.3) is larger than that of a realistic mooring system for a
net-based cage given by Shen et al. (2019) for which 𝑘𝑠 = 40 kN/m. To
present a realistic set-up, the value from the latter is adopted, resulting
in an increase of the natural period in surge by 76% compared with
19

the value from the present model tests. A typical arrangement of the
mooring system for a net-based fish farm is shown in Fig. 28. The force
acting on the cage in surge direction is assumed to be absorbed by the
front two anchor lines, neglecting the influence of small pretension in
the lines and also the contribution of side mooring lines. Based on the
mooring-line arrangement from Shen et al. (2019), the vertical slope
of the front two anchor lines is 1∕3. Then the force in one of the front
anchor lines can roughly be estimated as

√

10𝑘𝑠𝜂1∕6, neglecting the
nfluence of end catenary chain.

Assuming that local peaks of both the wave-frequency component
nd slow-drift component of surge motion follows the Rayleigh distri-
ution, within a time duration 𝑡, the most probably largest value is
iven as

1,𝑚𝑎𝑥 = �̄�1 + 𝜎𝜂1,𝜔
√

2 log (𝑡∕𝑇𝑝) + 𝜎𝜂1,𝑠
√

2 log (𝑡∕𝑇𝑛,1) (11)

where �̄�1 is the mean surge motion, 𝜎𝜂1,𝑠 and 𝜎𝜂1,𝑤 are the standard
eviations of the wave-frequency component and slow-drift component
f the surge motion, respectively. 𝑇𝑝 and 𝑇𝑛,1 are the peak wave period
nd the natural period in surge, respectively. Detailed approaches to
stimate the different components have been introduced in Section 4.4.
𝜂1,𝑤 can be estimated according to Eq. (4) based on the transfer
unction from the white-noise test WH-1. 𝜎𝜂1,𝑠 can be obtained by
q. (6) with mean drift loads predicted by WAMIT. The contribution
f the mean surge motion �̄�1 is calculated according to Eq. (10).

The most probable largest value of the anchor load 𝐹max = 𝑘𝑠𝜂1,𝑚𝑎𝑥
is shown in Fig. 29 under different combinations of significant wave
height 𝐻𝑠 and peak period 𝑇𝑝. The considered time duration is 3 h. The
examined wave conditions cover the sea states from mild exposure to
heave exposure, according to the Norwegian standard shown in Table 1.
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Fig. 28. Sketch of the mooring line arrangement for a traditional net-based fish farm from a top view (Shen et al., 2019). It typically comprises anchor lines, bridle lines, frame
lines, supported by buoys and attached to a floating collar. The floating collar is to be replaced by a closed/semi-closed cage.
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The JONSWAP wave spectrum is considered with peakedness factor
𝛾 = 2.5. From the figure, 𝐹max increases with increasing significant
wave height, but it is not so influenced by the peak wave period. The
obtained 𝐹max for the closed cage is larger than that for the open cage,
due to smaller viscous damping involved. The maximum value for the
closed cage is 135.4 kN while for the semi-closed one is 84.5 kN, with
about 60% exceedance. The minimum breaking force for the considered
anchor polysteel ropes (polysteel, 3 strand, diameter 52 mm) is about
430 kN, which is much larger than the maximum force experienced
by the anchor lines. The breaking limit for the bridle lines (defined
in Fig. 28) is much smaller, i.e. approximately 235 kN (polysteel, 3
strand, diameter 40 mm). In order to obtain their extreme values,
a time-domain simulation considering realistic mooring lines should
be performed. To reduce complexity, we assume that the bridle lines
experience similar maximum load as the anchor lines, consistently with
what documented by Shen et al. (2018). Then the maximum bridle load
is about 57.5% of the corresponding breaking limit. This denotes that
the existing mooring system for traditional fish cages could be used for
the two novel cage concepts. One should note that here we just consider
one cage arrangement. In reality, there may exist multiple cages that
are arranged in arrays.

To prevent water spilling in large pitch/roll motion, the interior
wave elevation should not exceed the freeboard of the cage. The stan-
dard deviation of the interior wave elevation at a given position 𝜎𝜁int
could be predicted according to Eq. (4). Once the standard deviation is
obtained, the most probable maximum wave elevation 𝜁𝑖𝑛𝑡,𝑚𝑎𝑥 could be
given as

𝜁int,max = 𝜎𝜁int
√

2 log (𝑡∕𝑇𝑝) (12)

The above assumes that the local peaks of the interior wave follow
the Rayleigh distribution. For a three-hour time duration, the value
√

2 log (𝑡∕𝑇𝑝) is close to 4 for all the considered sea states. However,
the value in the model tests could reach 6 as given in Fig. 22(c) for the
wave probe RW4 due to the combined influence of rigid body motions
and ovalizing deformations. Here we will still use formula in Eq. (12),
but the obtained value may be nonconservative.

According to Fig. 22, the largest wave elevation occurs at the back
wave probe RW4 with 𝜃 = 202.9o for both cages. Here we will examine
three positions with 𝜃 = 0o, 90o and 180o at a radial position 𝑟 = 0.95𝑅.
From the calculations, the largest interior wave elevation occurs at
20

e

the backside, i.e. 𝜃 = 180o. The corresponding most probable largest
elevation 𝜁int,max is shown in Fig. 30. Unlike the anchor load, the interior
wave elevation increases with increasing peak wave period 𝑇𝑝. The
interior wave elevation for the semi-closed cage is in general slightly
larger than that for the closed cage. To prevent spilling, the minimum
height of the freeboard for the closed and semi-closed cage should be
at least 1.05 and 1.3 m, respectively, to operate at moderate, and 2.2 m
and 2.94 m, respectively, to operate at heavy exposure sea states.

Lastly, it is important to guarantee the welfare of fish inside without
having too violent disturbance. One important variable could be the
interior vertical acceleration. We will examine the standard deviation
of vertical acceleration inside a cage. The main reason for choosing
the standard deviation as an indicator is because it is commonly used
for determining the operational conditions for a ship (see Faltinsen
(2005)). For the closed cage, there are two contributions: rigid body
motions and interior wave motion. While for the open cage, the latter
is the sole contribution. Transfer function of vertical acceleration at a
given interior position due to rigid body motions is estimated following
Eq. (2). The part due to the interior wave is given by

𝐻𝑎,𝑧 (𝜔) = −𝜔2𝐻𝜁int (𝜔) (13)

where 𝐻𝜁int is the transfer function of interior wave at a given posi-
tion and could be obtained by interpolating the measurements of the
eight interior wave probes RW1-8. The total standard deviation could
be evaluated by following Eq. (4). Three positions were examined,
i.e. front, left and aft. The largest value occurs at the aft position
𝜃 = 180o for both cages. The standard deviations of the vertical
acceleration at the backside with 𝑟 = 0.95𝑅 and 𝑧 = 0 m are shown
in Fig. 31. The values are made non-dimensional by the gravitational
acceleration 𝑔. The maximum standard deviation for the examined

ave conditions are 0.073 g and 0.075 g for the closed and semi-closed
age, respectively. Since there is no available guidance concerning the
aximum vertical acceleration a fish like salmon can tolerate, we refer

o operability limiting criteria for ships. There exist different criteria,
or example the NORDFORSK 1987, see Faltinsen (2005). According to
his criterion, the root mean square of the vertical acceleration should
ot exceed 0.05 g for transiting passengers. If we assume a fish like
almon resembles a human (which may not be true), then both the
losed and semi-closed cage can only operate at small to moderate
xposure sites.
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Fig. 29. Numerical predictions of the most probable maximum force in anchor lines for the closed cage (left) and semi-closed cage (right). Different combinations of significant

ave height 𝐻𝑠 and peak wave period 𝑇𝑝 are examined.
Fig. 30. Same as in Fig. 29, but for the most probable maximum interior wave elevation.
Fig. 31. Same as in Fig. 29, but for the standard deviation of interior vertical acceleration at the back side of the cage with 𝜃 = 180o.
6. Conclusions

A comprehensive experimental and theoretical analysis of a novel
semi-closed fish-farm cage in regular waves, white-noise waves and
irregular waves has been documented, together with a detailed compar-
ison against a closed cage with the same dimensions. Both cages consist
21
of a vertical circular free surface-piercing cylinder with an external
toroidal floater. One of the purposes was to assess the similarities and
differences of the hydrodynamic behavior between the two cages. An
attempt to determine the operational conditions of the two cages was
also made.
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Based on the theoretical and experimental studies in regular waves
and white-noise waves:

• For surge motion, the semi-closed and closed cage have similar
behavior for wave periods associated with local wind-generated
waves. Similar trend was observed for the mean wave drift loads.
The reason for the similarity is that the incident waves would
nearly not feel the cage bottom for the considered waves.

• For heave motion, the closed cage experiences small response in
shorter waves (𝜆∕𝐷 < 2) and a clear resonance was observed at its
natural period. For the semi-closed cage, no clear resonance was
observed. A mean sinkage was detected, which is almost propor-
tional to the square of the incident wave amplitude, indicating
nonlinear behavior (at least second-order wave-body interaction
effects) of the cage. A local trough also occurs at wave period
associated with moonpool piston resonance.

• For pitch motion, the semi-closed cage, in general, experiences
larger motion than the closed cage. A possible reason is that
the former has smaller metacentric height, i.e. less stable. The
maximum pitch for the semi-closed cage occurs at wave period
slightly larger than the pitch natural period from the free-decay
test, while it happens at the exact natural pitch period for the
closed cage. A possible reason is that the natural pitch period
for the semi-closed cage is altered by water-entry and water-exit
phases of the floating collar.

• Both cages experience important radial ovalizing deformations,
i.e. cos 2𝜃 mode and sin 2𝜃 mode. There is a small difference
between the two cages for the cos 2𝜃 mode. For the sin 2𝜃 mode,
the closed cage subjected to larger deformation due to stronger
structural asymmetry with respect to the 𝑥-axis. Similar conclu-
sion applies for the interior wave modes cos 2𝜃 and sin 2𝜃, which
are associated with the ovalizing deformations.

• Linear potential-flow solver WAMIT, assuming a rigid body, could
provide reasonable predictions of surge and pitch motions for
the semi-closed cage in shorter waves (𝜆∕𝐷 < 1.5), but not in
longer waves due to increasing nonlinearities associated. Heave
motion for the semi-closed cage cannot be described by linear
theory. To account for the radial ovalizing deformations and
associated interior waves, we need to combine a structural solver
with WAMIT.

Based on the theoretical and experimental studies in irregular
aves:

• For surge motion, the semi-closed and closed cage have simi-
lar behavior: (1) comparable mean surge motion; (2) dominant
slowly varying motion. The standard deviation of surge motion
for the closed cage is larger due to smaller viscous damping
involved.

• For heave motion, similar phenomenon was observed as in regular
waves: (1) the closed cage experiences much smaller heave mo-
tion compared with the semi-closed cage; (2) a clear mean sinkage
is observed for the semi-closed cage.

• For pitch motion, similar phenomenon was observed as in regular
waves: the semi-closed cage experiences larger pitch motion than
the closed cage. For both cages, there is an important contribution
outside the incident wave frequency range, which can only be
excited by difference-frequency excitation.

• For interior wave elevation, both the standard deviation and
maximum values are comparable between the two cages.

• The empirical approaches proposed to estimate the standard de-
viations for the different variables, in general, work reasonable
well, except for variables associated with strong nonlinearity, for
instance, pitch motion for both cages.

The survival conditions for the two cages were investigated through
22

ystematic calculations. The mooring system for a traditional net-based
fish farm can be applied for the studied cages, but just for one-cage
arrangement. More in-depth study is needed for cases with multiple
cages arranged in an array. To prevent spilling, the minimum freeboard
for the closed and semi-closed cage should be at least 1.05 and 1.3 m,
respectively, to operate at moderate exposure sea states. The standard
deviation of vertical acceleration due to rigid body motions and inte-
rior waves could reach 0.073 g at high exposure sea states. Whether
this would exceed the tolerance limit of the fish inside needs further
investigation.
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