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a b s t r a c t

We investigate bag and floater motions of a scaled fabric membrane cage model. Model
tests with an assumed model scale of 1:27 were performed at SINTEF Ocean’s towing
tank, where the cage model consisted of an enclosing fabric (or a bag), an elastic
floater, a mooring system, and an internal water mass. The model was moored in a
towing tank and subjected to regular waves with different periods and steepnesses. The
first harmonic component of the floater and bag motions time series were analyzed,
and image analysis was performed for the latter. Several interesting responses of the
fabric membrane cage are discussed: cage set-down, wavelike bag motion, and floater
motions. The magnitude of the cage set-down is dependent on the incident wave
period and steepness; the magnitude increases in response to a longer and steeper
wave. The bag also exhibits a wavelike motion that propagates from the floater to the
bottom part of the cage and has apparent implications for the dynamics of the bag
bottom and the snap loads on the fabric material. Simplified numerical simulations
were performed using WAMIT, which assumed a rigid cage model. A floater motions
comparison between model tests and WAMIT results shows the importance of taking
the bag and floater flexible modes into account when performing hydrodynamic analysis
of a fabric membrane cage.
© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

The concept of a bio-secure aquaculture structure has in recent years gained traction in the Norwegian aquaculture
ndustry. Net-based cages currently produce most of the farmed salmon in Norway. However, net cages have problems
ith salmon lice, escapes, and the spread of pollutants, which highlights a need for more sustainable technologies for

ndustrial development. Floating closed containment systems (or closed cages) are one of many viable solutions. Closed
ages isolate the water volume inside the cage with impermeable materials. Sensors and a water exchange system allow
armers better control over the water quality inside the cage, resulting in less environmental impact and protection against
almon lice, as water intake can be pumped from a water depth with smaller populations of sea lice. At the same time, the
edimentable particles and dead salmon can be collected from the cages’ outlets and pumped to the surface (Nilsen et al.,
017). Multiple pumps are used to artificially circulate water inside the cage, where the velocity is regulated to optimize
almon growth rates and welfare (Nilsen et al., 2019). However, in spite of all the benefits associated with closed cages,
here is limited experience operating such cages, especially at exposed locations with significant waves.
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Regarding the hydrodynamic characteristics of closed and net cages, there are distinct differences that are worth
entioning here. Firstly, closed cages’ internal water mass must be accounted for in dynamic conditions, yielding a
igher effective mass than that of net cages by a thousandfold. Therefore, closed cages represent large volume structures
rom a hydrodynamic perspective and behave differently in waves than the net cages do. In addition, slowly-varying and
ean wave forces are important for a large volume structure, and their effects must be taken into account in mooring
ystem design. Secondly, the presence of free-surface inside a closed cage introduces sloshing (Ibrahim, 2006; Faltinsen
nd Timokha, 2009), a resonance phenomenon of standing wave modes in confined/semi-confined liquid with a free
urface. Sloshing is excited by the body’s motions, which in return has a significant influence on the motions themselves
nd on mean wave forces (Newman, 2005). Lastly, the artificial water circulation inside the cage will alter sloshing and
ts hydrodynamic pressure contribution and consequently modify the cage behavior in the wave. A slowly rotating liquid
ith uniform angular velocity and forced horizontal oscillation was found to modify the sloshing regimes of a non-rotating

iquid by splitting the natural frequencies (Tsarau et al., 2021).
Several concepts of closed cages have been tested in Norway, where they typically differ in sizes (e.g., 2500–21000 m3)

and geometrical shapes (e.g., ellipsoidal, rectangular, and cylindrical). A closed cage typically comprises a floater, a mooring
system, and an impermeable cage. Based on the load-carrying characteristics, closed cages can be categorized into:

1. Rigid cages (e.g., concrete and steel).
2. Elastic cages (e.g., glass-reinforced plastic (GRP)). Limited material stiffness used to restrain compression, tension

forces, and bending moments.
3. Fabric membrane cages (e.g., Polyvinyl chloride (PVC) tarpaulin). Fabric provides negligible bending and compres-

sive stiffness.

The categorization suggests different structural modeling for the hydrodynamic analysis, and consequently, the seakeeping
behavior differs from one category to another. Only a few published studies on the interaction between floating closed
cages and waves or currents are available. Numerical and experimental study of rigid cage responses and mooring forces
in regular waves was presented in Kristiansen et al. (2018b); it was found that sloshing had a significant influence on both
cage responses and mean wave force. Tan et al. (2019) numerically investigated the coupled motion of a rigid circular
cylinder cage in regular waves, paying special attention to nonlinear swirling of the internal fluid. Significant swirling
was found in the vicinity of the lowest antisymmetric sloshing frequency. Comparison between quasi-static and fully
coupled hydroelastic analyses on the stress of a two-dimensional elastic cage was studied numerically in Strand and
Faltinsen (2020). Within their studied wave frequency range and examined stiffnesses, the study revealed that the quasi-
static assumption in structural stress calculation was conservative with respect to the fully coupled hydroelastic analysis,
excepting those frequencies very close to the lowest symmetric sloshing frequency. Studies involving fabric membrane
cages have focused on investigation of drag forces (Strand et al., 2013, 2014; Lader et al., 2015; Strand et al., 2016) and on
wave responses (Lader et al., 2017; Strand and Faltinsen, 2019). The influence of cage filling and membrane behavior on
the drag force and wave responses were emphasized in these studies. In addition, it was reported in Solaas et al. (1993)
and Lader et al. (2017) that the fabric showed an interesting wavelike membrane motion that propagates from the floater
to the bottom part of the cage. Such motion, which can potentially create large snap loads within the fabric, was also
observed in the present model tests.

There is only a modest amount of literature on ocean structures in gravity waves in which the membrane is the
main constituent of the constructions. These include fluid-filled membrane breakwater (Ohyama et al., 1989), flexible
membrane wave barrier (Thompson et al., 1992), and floating fluid-filled membrane barge (Hawthorne, 1961). Prior
to hydrodynamic analysis of such structures, their unknown static configurations must be found iteratively from the
equilibrium of self-weight, static fluid pressure, and tensile loads acting on the structures (e.g., Hawthorne (1961), Løland
and Aarsnes (1994), Zhao and Triantafyllou (1994), Phadke and Cheung (1999) and Strand (2018)). The hydrodynamic
problem can then be formulated using potential flow theory (for instance) for the fluid domains, for which the kinematic
and dynamic conditions on the membrane must be satisfied. Depending on its static configuration, the dynamic condition
on the membrane can be formulated using tensioned string model (Kim et al., 1996; Kim and Kee, 1996; Kee and Kim,
1997; Cho and Kim, 1998; Lo, 2000; Lee and Lo, 2002), lumped mass–spring model (Ohyama et al., 1989; Tanaka et al.,
1990, 1992), planar cable model (Zhao, 1995; Zhao and Aarsnes, 1998; Strand and Faltinsen, 2019), and membrane theory
of thin cylindrical shells model (Phadke and Cheung, 1999). Both velocity potentials and membrane motion need to be
solved simultaneously. Most of the literature above assumed two-dimensional linear problems on their fluid flow and
membrane dynamic formulations, which are only valid for small incident wave and membrane motion amplitudes. In
addition, dynamic tension along the membrane is required to be smaller than the pretension, and this may only be valid
on a certain range of static configuration and wave conditions (Zhao, 1995; Strand and Faltinsen, 2019).

When a small membrane deformation assumption does not hold, a geometrically nonlinear model of the membrane
is required (Broderick and Leonard, 1992). Broderick and Leonard (1992, 1995) presented a nonlinear boundary element
model (BEM) coupled with a nonlinear finite element model (FEM) of the membrane in time-domain; they investigated
the interaction of highly deformable fluid-filled submerged cylindrical membranes and gravity waves with their published
experimental results (Broderick and Jenkins, 1993). Discrepancies between their experimental and numerical results can
be explained by the constant internal pressure assumption of their numerical model, and they emphasized the importance
of including a BEM model of the internal fluid. Phadke and Cheung (2003), to further study the experimental results of
2
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Table 1
Summary of structural properties that were used in model tests. Full-scale values are given for reference.
Description Symbols Model scale Full scale (1:27)

Cage total mass in air Mbag < 3 kg < 59.05 tonnes
(excl. internal water mass)

Fabric cage properties

Cage diameter Dbag 1.5 m 40.5 m
Cage draught hbag 0.75 m 20.25 m
Cage freeboard fbag 8 cm 2.16 m
Elastic moduli Eavg 443 MPa –

Floater properties

Pipe diameter 2c 16 mm 0.432 m
Floater diameter Dfl = Dbag + 4c 1.532 m 41.364 m
Floater bending stiffness EIfl 4.1 10−2 N m2 5.9 105 N m2

Mooring lines properties

Coil spring stiffness ks 90 N/m 65.61 kN/m
Spring yield limit fy,s 120 N 2361.96 kN/m
Mooring line pretension T0,m 40 N 787.32 kN/m

fluid-filled membrane breakwater in Ohyama et al. (1989), considered a coupled nonlinear FEM and linear BEM for the
fluids flows. Their numerical results showed the importance of the membrane’s geometric nonlinearity even for relatively
small wave steepness and membrane response amplitude. Nonlinear membrane response characteristics, such as higher
harmonic components, steady hoop tension, strain stiffening, and hysteresis, were apparent from their results, which were
more prominent for increasing wave steepness and decreasing constant internal pressure.

This study presents physical model test results of a half-spherical fabric membrane cage in regular waves. All of the
tudies on fluid-filled membrane structures that were cited above showed significant interactions between membrane
eformations with external and internal fluid flows. Similarly, significant coupling effects between floater, membrane,
nd internal fluid responses influenced the fabric membrane cage seakeeping behavior in waves. Possible significant
nteraction of the membrane and floater motions are addressed. Cage set-down under incident wave forces was observed
n the model tests, and the analysis results are presented. In addition, challenges encountered in model tests are expressed
nd discussed.
The paper is organized as follows: the model tests are discussed in Section 2. Section 3 presents all the results and

indings from model tests followed by their discussions. Lastly, the conclusions are given in Section 4.

. Model tests

.1. Experimental setup

A schematic drawing of the experimental setup is given in Fig. 1. Physical model tests of a fabric membrane cage were
onducted at SINTEF Ocean’s towing tank in Trondheim, Norway. The tests were intended to experimentally investigate
he behavior of closed cages in waves and were a part of a larger project called SJØFLO (Kristiansen et al., 2018a). The
owing tank dimension was 85 m long, 10.5 m wide, and 10 m deep. The regular waves were generated by a double
lap-type wavemaker installed at one of the tank ends and were damped by a parabolic beach installed at the other end.
he tests were conducted by assuming Froude scaling with model scale of 1:27.

.1.1. The model
The model consisted of an enclosing fabric (or a bag), an elastic floater, a mooring system, and an internal water mass.

he structural properties of the model are summarized in Table 1. The bag was filled with freshwater until the floater
as approximately half-submerged, so the water volume was only visually maintained. The bag was slightly overfilled
t the beginning of the model tests; the filling level was approximately 100.1% of the theoretical half-sphere volume.
he filling level was estimated by equating the displaced water volume of a half-submerged floater with the overfilling
olume and by assuming a negligible bag mass. Therefore, the difference between the water level inside and outside of the
ag was approximately 5 mm. A generic geometrical bag shape was considered, and a half-sphere shape was chosen. We
ecided to neglect internal structures (e.g., pumps, pipes, outlets, and nets) to minimize the modeling complexity. With
he assumed scale factor, the full-scale dimension of the model would be comparable to some existing fabric membrane
ages. However, the chosen parameters within the present study were not intended to represent any particular existing
abric membrane cages.

A waterproof parachute fabric (0-P) similar to that used by Kristiansen et al. (2018c) was chosen as the bag material.
he fabric was an anisotropic material; the directional averaged Young’s modulus value Eavg is given in Table 1. Eight
abric sheets were sewn together with wool threads to form a half-spherical bag. For a correct model scaling of the fabric
3
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Fig. 1. Schematic drawing (not to scale) of the experimental setup. Photos from the model tests are in the upper portion. The middle is a bird’s
eye view, and the lower is a side view. A right-handed coordinate system is located at the center of the floater at the mean water level (MWL).

membrane cage in gravity waves, a similar Froude number and non-dimensionalized parameter E d / ρ g L2 are required
for both model and full scale (Faltinsen and Shen, 2018; Strand and Faltinsen, 2019). E, d, ρ, g , and L are Young’s modulus,
membrane thickness, water density, gravitational acceleration, and characteristic cage length, respectively. Due to similar
ρ and g values on both scales, one can only adjust the E d value to determine the fabric material in the model scale.
However, such fabric material does not exist for typical model scales, and this may result in an ‘‘elasticity-error’’ effect
on the response of the model (Strand and Faltinsen, 2019). Therefore, we instead chose a widely-available waterproof
material with negligible bending and compressive stiffnesses.

The bag rim was attached to the floater using 32 connectors installed along the circumference. One of these connectors
is portrayed in Fig. 1 (picture on the upper-left, below the Oqus ball). The floater, modeled by two flexible electrical
conduits made of PVC, was inspired by the typical floatation system of net cages. The typical full-scale values of double-
space HDPE pipe with an outer diameter of 0.5 m are E Ix = 2.31 106 N m2 and E Iz = 1.97 107 N m2 (Lader et al., 2017).
The E I value was considered representative for typical full scale, as one can find a factor of 20 of E I values between
x x

4
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Table 2
Overview of the regular wave cases used in the model tests. Left: The model scale values of the used wave parameters. Right: wave classifications
according to NS9415 (2009). Classifications in the left table are calculated based on geometrical similarity with the assumed model scale of 1:27.
T (s) λ (m) λ / Dbag Wave height H (cm) NS9415:2009 Wave classifications (H = 1.9 Hs)

ε = 1/60 ε = 1/45 ε = 1/30

0.69 0.74 0.49 1.24 1.65 2.47 Small H < 1.0 m
0.74 0.87 0.58 1.44 1.92 2.89 Moderate 1.0 m < H < 1.9 m
0.75 0.89 0.59 1.48 1.97 2.96 Medium 1.9 m < H < 3.8 m
0.84 1.11 0.74 1.85 2.47 3.70 High 3.8 m < H < 5.7 m
0.85 1.14 0.76 1.90 2.53 3.80 Extreme 5.7 m < H
0.97 1.48 0.99 2.47 3.29 4.94
0.99 1.54 1.03 2.57 3.42 5.13
1.03 1.67 1.11 2.78 3.71 5.56
1.09 1.85 1.24 3.09 4.12 6.18
1.27 2.52 1.68 4.20 5.60
1.30 2.64 1.76 4.40 5.87
1.38 2.96 1.98 4.94 6.59
1.45 3.29 2.19 5.48 7.31
1.49 3.47 2.32 5.79 7.72
1.54 3.70 2.47 6.17
1.69 4.45 2.97 7.41 9.88
1.69 4.46 2.97 7.43
1.82 5.19 3.46 8.64
1.95 5.92 3.95 9.87
2.02 6.35 4.23 10.59
2.09 6.79 4.53 11.32
2.32 8.37 5.58 13.95
2.48 9.64 6.43 16.06

the stiffest and the most flexible commercial HDPE floater. A much lower full-scale value of E Iz in the floater model was
ot considered to be critical since the mooring lines maintained the horizontal shape.
The cage was steadied, in both in-line and transverse directions, by crowfoot mooring lines. High-stiffness multi-

ilament lines were used for both mooring and bridle lines material, while the mooring line stiffness was modeled by
coil spring. Pretension was applied equally to all the mooring lines to avoid slack during the tests. The mooring lines
ere elevated as depicted in Fig. 1 to avoid contact with the waves during the tests. Hence, the distance between the
age center and the pulleys and wave probes was approximately 0.5 Dbag + 4c + {0.30 / tan α} = 4.21 m.

.1.2. The instrumentation
Sensors, cameras, and other components of the setup are illustrated by the given symbols in Fig. 1. The sensors

onsisted of strain gauges in the four mooring lines, three capacitance wave probes, three 2 g accelerometers, and a
otion-tracking optical system Qualisys Oqus. In addition, four 50 fps cameras were used to record videos from the tests.
ll the sensors and cameras acquired the data synchronously, and all data were logged with the same reference clock.
he sensors’ signals were acquired at a sampling frequency of 200 Hz.
The Oqus system was used to track displacement of several points along the floater in time. Eight Oqus balls were

istributed along the inner floater circumference, which in equilibrium can be described by mi,0 = [ri,0, θi,0, zi,0], where
i = 1, 2, .., 8. Theoretically, the radial position of each ball was ri,0 = 0.75 m in correspondence with the bag radius. The
circumferential and vertical positions of the balls were θi,0 = [180◦ , 222◦ , 278◦ , 306◦ , 0◦ , 29◦ , 70◦ , 112◦ ] and zi,0 =

[0.109, 0.106, 0.104, 0.095, 0.111, 0.123, 0.103, 0.111] meters, respectively. The instantaneous position of the balls mi(t)
= [xi(t), yi(t), zi(t)] were tracked from camera images by means of triangularization. The measured position on each ball
can be related to the rigid and elastic perturbation modes of the circular floater by means of a Fourier series, which can
be expressed as:

xi(θ, t) = η1(t) + xi,0(θ, t) + ν(θ, t) cos θ

yi(θ, t) = η2(t) + yi,0(θ, t) + ν(θ, t) sin θ

zi(θ, t) =

∞∑
n=0

an(t) cos nθ
(1)

where
xi,0(θ, t) = ri,0(θ, 0) cos θ (initial x-position)
yi,0(θ, t) = ri,0(θ, 0) sin θ (initial y-position)

ν(θ, t) =

∞∑
bn(t) cos nθ (radial deflection)

(2)
n=2

5
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Fig. 2. Measured wave heights during incident wave documentation tests (without the cage model).

Surge η1(t) and sway η2(t) motions of the floater were calculated by averaging the positions of all eight Oqus balls
along x and y axis, respectively. The first two vertical modes, a0(t) and a1(t), represent heave η3(t) and pitch η5(t) motions,
espectively. The floater flexible modes are given by an(t) (in the vertical plane) and bn(t) (in the horizontal plane), where
≥ 2. It is important to note that the radial mode, b0(t), is removed from the Fourier series since it is not physical for

he floater to expand radially.

.1.3. Test conditions
Table 2 presents the test-matrix from the model tests. The performed tests are highlighted in grayscale and their wave

eights in the model scale are given. The tests that could not be performed, mostly because of problems with waves
vertopping due to the small freeboard, are blacked out. One of the tests with T = 1.54 s and ε = 1/45 had a problem
ith the video data and it could not be further analyzed. The wave steepness ε is calculated from the ratio between wave
eight and wavelength, i.e., ε = H/λ. The nondimensional wavelength (λ/Dbag ) values are given and are used throughout
he analysis, where the wavelength λ is calculated with linear wave dispersion relation. The full-scale value of each wave
eight would correlate to a classified wave level according to NS9415 (2009), and the level ranges from small to extreme.
ote that the wave period T is not considered in classifying the waves, and the wave classification should thus only be
aken as a crude indication of the severity of the considered regular waves.

Incident wave elevation ζa was documented before the model tests when the model was not present at the towing
ank. The theoretical and measured steady-state wave heights are presented in Fig. 2. Three wave-probes measured the
ave elevations in the vicinity of the model position (see Fig. 1), and these measurements were used to represent the
ndisturbed wave train for the analysis. The generated wave periods were found to be in good agreement with the desired
eriods as the averages from all probes lie around 99%–100% of their theoretical values. The measured wave heights
6
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Fig. 3. Summary of the image processing. The bottom figures show the conversion of an original image to a binary image. Additional information
regarding how Oqus positions were incorporated is also provided. The definition of bag motion is given in the bottom-right part of the figure.

deviated from their desired values, mainly for the short wave. The obtained steady-state heights of those cases showed
differences between ±4%–75% of their theoretical values. However, this error was less significant for longer waves. The
error (i.e., the difference between measured and theoretical wave height) was calculated for each wave probe. The wave
probe with the smallest error, WP-13, was chosen for further analysis.

2.1.4. Free surge decay tests
Surge damping ratio ξ1 (approximately 10%) and natural period TN,1 (approximately 23.5 s) in model scale were

stimated from free decay tests. The tests for other rigid body modes (i.e., heave and pitch) were not performed due
o practical challenges related to perturbing the model in those modes. Tension on mooring lines, floater acceleration,
nd position were measured. Damping level and natural period were calculated using logarithmic decrement.
It is relevant to make some comments about surge response here. Due to the low damping rate and high surge natural

eriod, steady-state surge response was not achieved in all of the experiment test conditions. This is because the transient
art of the surge response did not fully disappear in each test. Based on a simple estimation using one degree-of-freedom
orced motion equation, the decay time of the transient response in surge can be estimated by calculating the time
t which the decay term in the homogeneous solution goes to zero (i.e., e−ξ1ωN,1t → 0, where ωN,1 is 2π/TN,1). The
omogeneous term was found to be negligible after approximately t ≈ 200 s. The duration of each test was 180 s, including
he time the wave needed to reach the model. Therefore, a longer test duration is required to negate the transient surge.
he transient surge will act as a quasi-static current to the model, and it will influence the load and deformation on the
ag.

.2. Quantitative image analysis

Fig. 3 summarizes the method used to quantify bag motion. Recorded videos from the side-underwater camera
i.e., CAM-UW1 in Fig. 1) were used for the analysis. Since the camera could not perceive the object’s depth, only the
eformation in the x-z plane was treated (i.e., bag contour). The bag contour was defined as a line that separates the
ag and surrounding water. The evolution of bag contour in time was analyzed in OpenCV (Bradski, 2000). The image
rocessing technique was similar to Kristiansen et al. (2018c), where the goal was to extract coordinate information
in pixels) of the bag contour. This required binary images; hence, the original images were converted by employing
ask, grayscale, blur, threshold, dilate, and erode. We also fed the information about floater position from Oqus balls
Q-1 and OQ-5 into the image analysis. This additional step was performed due to the difficulty in accurately capturing
hose two points by pure image manipulation, as the waves and the light conditions change over time. If some of the
nput parameters were unsuitable for manipulating the images as intended, unwanted details within the frame could be
dentified as part of the bag contour. An example is given in step 6 of Fig. 3, where the reflection on the water surface
as identified as a part of the bag contour.
Further, quantitative information of bag contour position in an image was converted to a physical unit of length using
ransformation factor γ . The factor γ was found by relating the known bag diameter Dbag (in meters) and the pixel size of

7
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bag diameter Dimg , i.e. γ = Dbag / Dimg . On the other hand, 1 / γ was utilized when we incorporated the measurements
from OQ-1 and OQ-5 into the image analysis. Therefore, Dimg can be found using:

Dimg =| x1(0) − x5(0)| / γ (3)

We assumed small camera distortion and that γ can be applied for all directions of the image coordinate system. We are
fully aware of the importance of calibrating the camera before performing any image analysis, especially when one wants
to extract information about the physical length from the images. However, the videos were initially not intended for this
image analysis, and the camera CAM-UW1 was not calibrated. This represents a source of error in our data and analysis.

The transformed bag contour was further analyzed to obtain bag motion. The figure to the bottom-right of Fig. 3
illustrates the bag motion definition adapted for this study. The motion was imagined relative to an undeformed bag
performing surge η̃1, heave η̃3, and pitch η̃5, respectively. The undeformed bag designation was defined by the bag
static shape (i.e., bag shape in calm water conditions). A curvilinear axis s along the undeformed bag was taken as
the reference line for bag motion measurement, where s = 0 and lbag are points at the top-left and top-right of the
undeformed bag, respectively. Measurements from Oqus balls OQ-1 (i.e., [xs(s = 0, t), zs(s = 0, t)]) and OQ-5
(i.e., [xs(s = lbag , t), zs(s = lbag , t)]) were utilized to obtain linear rigid body modes of the undeformed bag using:

η̃1(t) = [xs(s = 0, t) + xs(s = lbag , t)] / 2
η̃3(t) = [zs(s = 0, t) + zs(s = lbag , t)] / 2

η̃5(t) = [zs(s = 0, t) − zs(s = lbag , t)] / Dbag

[xs(s, t), zs(s, t)] = [η̃1 + zη̃5]
−→
i + [η̃3 − x η̃5]

−→
k

(4)

Hence, for a particular point along s, bag motion ηd(s, t) was found by calculating the normal distance between points
on the undeformed and deformed bag surface (i.e., [xb(s, t), zb(s, t)]). Here we define positive bag motion as a motion
directed into internal water volume. Some interpolation process was involved in determining xb(s, t) and zb(s, t) since
the points found by image analysis may not be normal to the points [xs(s, t), zs(s, t)].

2.3. Signal processing

The measured time series from the sensors and bag motion were further analyzed. The steady-state time series of
each test was determined based on the end of transient start-up and wave reflection from the parabolic beach. Wavefront
propagation speed was calculated using group velocity of linear wave theory for deep water. The steady-state time series
was then tapered at both ends using the Bingham window (Newland, 2011, p. 146), this was done to reduce end-effects
and sharpen the spectrum during spectral analysis. The first harmonic component of the time series was extracted by
multiplying the series’ spectrum by a Gaussian mask in the frequency domain, retaining energy components within the
frequency range of 0.9

T ≤ f ≤
1.1
T . Transient surge response, which is discussed in Section 2.1.4, was then filtered out,

and it was assumed that there would be no energy transfer between the wave frequency motions and the transient surge
motion (i.e., both periods are well-separated). Finally, a Response Amplitude Operator (RAO) was calculated by taking the
square root of the energy ratio between the first harmonic component of the response mode and the undisturbed incident
wave elevation (i.e., RAO = ηi / ζa =

√
Eresponse / Ewave).

3. Results and discussions

3.1. Static bag shapes in calm water

Bag shapes in calm water (i.e., before the wave forces act on the model) obtained from the image analysis are presented
in Fig. 4. The shapes are represented by the mean value and the standard deviation of points along the bag contour. They
are differentiated based on their test round, where for each test round, waves with constant steepness and increasing
wave periods were run consecutively. This was committed to show that the bag static shape might change through the
testing period.

Cage diameter in the x-z plane was found by calculating horizontal distance as measured by OQ-1 and OQ-5, where the
mean diameter from all tests was 1.64 m (i.e., 9% larger than Dbag ). In addition, measurements from the eight Oqus balls
indicate that the floater assumed a somewhat oval shape. Therefore, as reference shapes for the discussion, two semicircles
with diameter Dbag and 1.09 Dbag = 1.64 m are also presented. The static bag shapes are found somewhere between the
two semicircles, except at the upper and lower parts. Their shapes are not semicircles; they are more like half-ovals. The
static shape deviation from a semicircle might be due to three reasons: image capturing problem, manufacturing error,
and a low bag filling level. Firstly, due to the finite distance between the bag model and the underwater camera, our video
recording might capture a smaller bag contour that is closer to the camera (i.e., the x-z plane of the bag at y < 0 in Fig. 1).
Secondly, due to the nature of fabric, which adjusts its shape under static and dynamic loads, it was difficult to achieve
high precision in the manufacturing process. Hence, sewing a perfect half-sphere shape out of eight fabric sheets was
difficult to achieve. Thirdly, bag shape in equilibrium is strongly dependent on several parameters, for instance: filling
8
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Fig. 4. Static bag shapes (i.e., in calm water conditions) in different test rounds. The shapes are represented by the mean value and the standard
deviation of points along the bag contour. They are differentiated based on their test round, where for each test round, waves with constant steepness
and increasing wave periods were run consecutively.

level and the resulting fabric pretension, fabric elasticity, and load history (Løland and Aarsnes, 1994; Strand et al., 2014).
Assuming that the fabric elasticity was unchanged over the testing period, we believe that the bag filling level had the
most significant influence on defining the static bag shapes.

It is also interesting to compare the mean value of the test ε = 1/45 with the other test rounds, where it shows a
arger draught and some contraction on the aft-side. In addition, the standard deviation, especially around the lower part,
s more significant. These results may indicate that the bag was not sufficiently filled during the test round ε = 1/45, which
ay be due to a lower filling level than 100.1%. Change of filling level during the tests could be due to waterproofness
f the bag, wave overtopping, and spilling. The bag was sewn with thread, which made it not entirely watertight, and a
mall amount of water might go in and out of the bag through the sewn parts. With sufficiently steep wave height, the
aves might overtop the cage freeboard. On the other hand, the water might spill out of the bag under sufficiently large
loshing amplitude. However, we only monitored the water volumes visually by observing the floater submergence, and
e have no quantitative data on the water level changes inside the bag. Lader et al. (2017) discussed the consequence
f having 70% filling level inside the bag, and they concluded that the floater responses were somewhat decoupled from
ag motion and better followed the incident waves than the fully filled one. Hence, this may represent one error source
or the test results of ε = 1/45.

The presented results emphasize a need to monitor and maintain the bag’s internal water volume during the model
ests, when the internal water volume has a significant effect on the cages’ responses. It is desirable to have a similar
ag condition throughout the tests so that errors that arise from differences in bag shapes and internal water volume can
e avoided. A possible procedure could be to have a cage model with a higher overfilling level than that in the present
odel, which requires a floater with a larger cross-section diameter. The intended cage draught due to overfilling could
e more accurately quantified (e.g., with Oqus balls) and kept constant throughout the tests.
9
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Fig. 5. Time series of floater motion in heave for λ/Dbag = 2.97 and ε = 1/60 is given in the upper portion. The bottom portion gives cage set-down
analysis results as a function of wave steepnesses ε and nondimensional wavelength λ/Dbag .

3.2. Cage set-down

It was visually observed and measured that the cage model oscillated vertically with a non-zero mean value under wave
forces, i.e., the cage was set-down and occupied a different mean vertical position than that in calm water conditions.
The set-down magnitude was observed to increase under longer and steeper waves. An example of the heave time series
from the test with λ/Dbag = 2.97 and ε = 1/60 is given in the top part of Fig. 5. We calculated the cage set-down by two
means: Oqus sensors and image analysis (this calculation is explained in Fig. 3, but without use of the Oqus sensor). Thus,
both measurements were independent of each other. We quantified the set-down by calculating the heave mean value
η̄3 and heave amplitude η3a =

√
2ση3 of the steady-state heave time series, where ση3 is the standard deviation of heave

esponse.
The bottom part of Fig. 5 shows increasingly negative mean heave values with increasing incident wavelength and

ave steepness. On the other hand, the figure also shows an increase in heave amplitudes. The combination of both
ffects has two consequences: decreased internal water volume integrity and a decrease in cage pretension. The former
ndicates a water exchange between the internal volume of the cage and the surrounding water, which was one of the
easons for some of the halted tests indicated in Table 2. We wanted to maintain the cage model’s internal water mass as
10
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Fig. 6. From top to bottom: captured frames from the recorded videos, time series of measured wave elevation, and time series of motion modes of
he floater. The labels on the captured frames indicate where they occurred in the other two portions of the figure. WP14 was used for visualization
urposes because it was located near the transverse-center line of the bag (see Fig. 1). The abscissa t/T is a dimensionless time normalized by the
ave period. The selected window was chosen to coincide with steady measurement of the incident waves by WP14, and t/T begins at zero only

or illustration purposes. See Video 1 for the full video.

imilar as possible in all the tests; hence, the tests were stopped when there was indication of significant water exchange
ver the model’s rim. The analysis results in the bottom-right of Fig. 5 show that some of the heave motions exceeded the
odel’s freeboard. The second consequence, decreased bag pretension, is caused by an increase in external hydrostatic
ressure at the new mean position.
The cage set-down must be studied theoretically to identify the main contributing factors that caused this effect.

ossible candidates are mean heave force due to the exterior flow problem, and coupling with the bag flexible modes.
he latter is due to the membrane’s inability to take compressive force from hydrodynamic pressure at the bag bottom.
ence, throughout a load cycle, the bag contributes only by imposing downward forces on the floater. This might explain
he increasing trends of the set-down for longer and steeper incident waves. In order to perform a hydrodynamic analysis
f a fabric membrane cage, the cage static configuration is needed (see, e.g., Strand and Faltinsen (2019)). If the set-down
ffect is not accounted for in the analysis, which the effect may change the cage static configuration, the prediction of
oads on and responses of the cage might be less accurate.

.3. Wavelike bag motion

The observed wavelike bag motion (or bag wave) is presented in this section. The bag wave can be described as a
early periodic propagating fabric motion originating from the bag’s attachment to the floater. This motion travels down
o the bag bottom over a period that is approximately equal to the incident wave period. The bag motion in our analysis
d(s, t) is defined in Fig. 3. Observation from one of the tests is discussed in Section 3.3.1. The first harmonic analysis of
he bag wave is presented and discussed in Section 3.3.2.

.3.1. Observation
Video snap-shots and floater response measurements, taken from the test with λ / Dbag = 2.97 and steepness ε = 1/60,

re presented in Fig. 6. The associated video is given in the Supplementary materials (see Video 1). This particular case
as been chosen due to significant bag bottom motion, as shown in Section 3.3.2. However, the observed phenomenon
s similar to the other tested incident wave periods and steepnesses, except for a couple of shorter wave periods where
he bag motion did not propagate downward. For the purpose of illustration, the presented results cover three incident
ave periods. In addition, to describe the floater motion in the x-z plane, motions from OQ-1 and OQ-5 were calculated
hrough use of Eq. (4). In this plane, ovalization mode can be obtained using:

b̃ (t) = [x (s = l , t) − x (s = 0, t) − D ] / 2 (5)
2 s bag s bag
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Fig. 7. Illustration of the bag wave by the non-dimensionalized bag motion amplitude ηd/ζa . The time instances are as indicated in Fig. 6. Arrows
re used to clarify the time evolution of the bag wave.

The bag wave can be described by Zm → Cm → Z2m → Tm → Z(2m + 1) in Fig. 6, where m = 1, 2, and 3. The
bag wave was initiated when the model was at the wave crest (see time instance C1, for example), at which point the
bag deformed nearly symmetrically around the plane x = 0 and formed a contraction at the fore and aft sides of the
floater. Thereafter, the bag wave traveled down to the bag bottom as the cage followed down the wave trough (see,
e.g., Z2 and T1, respectively). The quantitative description of the bag wave is illustrated in Fig. 7, where, for clarity, only
the non-dimensionalized bag motion amplitude ηd/ζa along 0 < s/lbag < 0.2 is presented. It is apparent that the bag
ave was initiated on the bag part near the floater, and it propagated with varying bag motion amplitude. It can also be
bserved that a new bag wave was generated at the end of one period of oscillation.
One possible consequence of the bag wave is significant influence on the bag bottom dynamics. The test presented in

ig. 6 found that vertical acceleration measurement at the bag bottom was more significant than that at the floater, and
hese results are depicted in Fig. 8. The nature of the acceleration time series indicates the presence of snap loads, which
an be an issue for the strength and fatigue of the fabric material. We attempted to compare the acceleration measurement
t the bag bottom with our image analysis results, but we did not find significant correlations between them. Our image
nalysis may not have captured the actual motion of the center point of the bag bottom, as it was outside the camera
iew for a significant portion of the load cycles. Further, large-amplitude high frequency accelerations do not necessarily
ead to large amplitude motions.

It is also interesting to note how the bag deformation changes from one wave cycle to another wave cycle. Fig. 9
llustrates how the bag motion amplitude ηd varies at time instances Z1, Z3, Z5, and Z7. This might be due to quasi-
tatic ‘‘current’’ from transient surge motion (see Section 2.1.4). The transient surge motion induces external quasi-static
ressure, which may affect the bag deformation and tension. In addition, Fig. 9 shows a more significant difference on
he bottom part of the bag, which signifies a more complex dynamic at the bottom of the bag (i.e., significant energy
12
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Fig. 8. Comparison of the measured vertical acceleration az at the floater and at the bag bottom. The time window is similar to that of Fig. 6.

Fig. 9. Results of the non-dimensionalized bag motion amplitude ηd/ζa along the bag contour s/lbag at time instances Z1, Z3, Z5, and Z7. The time
nstances are as indicated in Fig. 6.
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Fig. 10. Figure on the left is a contour plot of ηd/ζ
(1)
a results from the tests with wave steepness ε = 1/60. The scale of ηd/ζ

(1)
a is given as a grayscale

ar indicated within the figure, where the range goes from low (white) to high (black). Comparison of ηd/ζ
(1)
a for λ/Dbag = 0.76, 1.12, 2.19, 2.9, and

.53, is given in the right portion of the figure.

rom other harmonic components). Another reason may be snap loads which introduce nonlinear responses, such that a
eriodic solution is not necessarily the only solution.

.3.2. First harmonic bag motion
The first harmonic component of non-dimensionalized bag motion amplitude ηd/ζa

(1) is analyzed in this section. The
results for tests with incident wave steepness ε = 1/60 are shown in Fig. 10. The abscissa and ordinate of the figure define
the point location s on the bag contour, and motion amplitude of that point at the tested wave period, respectively. In
general, the amplitude of bag motion differs at different locations along the bag and for different incident wave periods
and steepnesses.

Fig. 10 shows that, in most of the tested incident wave periods, ηd/ζa
(1) have localized peaks near s = 0 and lbag

(i.e., near the floater). Hydrodynamic pressures from incident waves and sloshing have the highest magnitude near the
free surface zone; hence, the part of the bag near that zone tends to deform more than the other parts. It can also be
observed that the peaks become somewhat wider with increasing incident wavelength. However, the results show that
with a sufficiently long wavelength the peaks of the aft-part are higher than those of the fore-part. People have reported
in tests with floater only that the aft part of the floater moves more in the horizontal plane than the fore part (Li, P.,
personal communication, 2020). In addition, near-cancellation of bag motion amplitude near the floater can be observed
around the first symmetric sloshing mode of the rigid half-sphere tank at T2,1 = 1.04 s (see, e.g., Mciver (1989)) or at
λ/Dbag = 1.12, which may indicate forces in approximately opposite phases (the incident wave and sloshing) acting on
both sides of the surface of the bag.

The right portion of Fig. 10 shows that the bag motions at s = lbag/2 (i.e., at bag bottom) tend to increase with a longer
incident wavelength. Prominent peaks of ηd/ζa

(1) can be observed for the test conditions λ/Dbag = 2.19 and 2.97, which
exemplifies the consequence of the observed bag wave. As discussed in Section 3.3.1, the bag wave amplifies the motion
of the bag bottom.
14
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Fig. 11. Effect of wave steepness on the bag normal motion ηd/ζa
(1) for test cases λ/Dbag = 0.76, 1.11, and 2.19. The different line styles represent

ases with different wave steepness, as indicated in the bottom part of the figure. Note that the sudden drop of ηd/ζa
(1) around s/lbag = 0.5 for the

est with ε = 1/45 is due to the error in image analysis explained in Section 2.2.

Lastly, the effect of wave steepness on the bag motion is illustrated in Fig. 11. The presented cases are the tests with
/Dbag = 0.76, 1.12, and 2.19 in Fig. 10. The bag motion amplitudes show a highly nonlinear characteristic: they are either
mplified by or comparable with increasing wave steepness, and their differences vary along the bag contour. Significant
mplification can be observed for the test with ε = 1/45 and λ/Dbag = 1.12, while the test with ε = 1/30 does not
how such behavior (see the middle part of Fig. 11). One plausible explanation is the lower bag pretension discussed in
ection 3.1. Hence, less bag stiffness for the test with ε = 1/45 resulted in significantly higher bag motion amplitudes.

.4. First harmonic floater motions

Comparison of the experimental and numerical results of floater RAOs in the surge, heave, and pitch modes are
resented and discussed in Section 3.4.2. The experimental RAOs are compared against numerical results from WAMIT
nd the numerical model is briefly discussed in Section 3.4.1. A rigid cage was utilized in the numerical model in order to
dentify and discuss the limitations of rigid body assumptions in the analysis of floater motions for the fabric membrane
age. Note that the RAOs from the experiment are based on the first harmonic component of steady-state responses as
15
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Fig. 12. Illustration of cage model discretization using low-order panel method in which only the mean wetted surfaces of the cage are discretized.
The meshes for the internal tank are represented by the blue part of the model, but because the fabric was assumed to be very thin, the distinction
between internal and external surface meshes is not apparent. The floater model was simplified as described in the paragraph above, yielding hfloater

6.28 mm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

iscussed in Section 2.3. The method used to obtain the rigid body modes and the floater’s vertical flexible modes from
he floater’s position measurements is explained in Section 2.1.2.

.4.1. Brief description of numerical modeling in WAMIT
WAMIT solves linear wave–structure interaction problems in the frequency domain. In this study, the moored cage

as assumed to float in a water domain with infinite depth. Model arrangement and wave propagation direction similar
o that in the experiment was implemented in the WAMIT model. However, the bag was modeled as a rigid wall with
eometrical dimensions and thickness similar to that of the model tests. Therefore, the floater and bag flexible modes
ere not modeled. The floater geometry was simplified to avoid numerical problems, but we retained water-plane area
nd displacement values similar to those of a half-submerged double tori floater. The low-order panel method was used
o discretize the numerical cage model, which means that the velocity potential was approximated by piecewise constant
n each quadrilateral panel. WAMIT’s internal tank utility was utilized to model the internal water mass, which required
he numerical cage model to be discretized on its inner and outer surfaces. Illustration of the discretized cage model with
oarse mesh is depicted in Fig. 12. By taking advantage of the cage’s two planes of symmetry (i.e., x-z and y-z planes),
400 quadrilateral panels were used to represent one-quarter of the cage. The mooring lines were modeled as linear
pring forces with corresponding coefficients:

C11,moor = 2 ks cos α

C33,moor = 2 ks sin α

C55,moor = Dbag T0,m

(6)

he value of each of these parameters is given in Section 2.1.1.

.4.2. Comparison between experimental and numerical results
The calculated coupled response RAOs are presented in Fig. 13. Experimental RAOs on different wave periods and

teepnesses are given by various colored markers. Some test conditions were only repeated once, where the results are
lotted by using identical markers with a gray color fill. It is not possible to draw a quantitative conclusion on the precision
rrors of our model test results, and more repetition tests should have been done. For the repeated tests, differences
etween results can only give qualitative indicators of the uncertainty in those results. The presented WAMIT RAOs
onsider the hydrodynamic coupling effects between sloshing, surge, and pitch modes for the studied rigid axisymmetric
age. In heave mode, the linear heave motion is decoupled from the other modes, and the internal water mass behaves
s a frozen mass.
Before discussing the results, distinction between the three kinds of natural periods indicated in Fig. 13 should be

larified. All the natural periods are determined based on the rigid half-sphere cage, i.e., coupling effects with the
ag and floater flexible modes were not considered during determination. The natural periods are presented as non-
imensionalized wavelength forms λ̃ = λ/D that are consistent with the figure’s axis. Firstly, the two highest
bag
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Fig. 13. Comparison of experiment (flexible) and WAMIT (rigid) coupled motion RAOs results. From top to bottom are RAO for surge, heave, and pitch
otions. Natural periods of the rigid cage are indicated within the figure and are presented in non-dimensionalized wavelength forms λ̃ = λ/Dbag .
arameters sensitivity of the WAMIT surge RAO to variation of the damping B11 and exciting force F1,exc in surge is presented, where the information
bout the artificially modified parameters is given in the surge RAO plot. (For interpretation of the references to color in this figure legend, the
eader is referred to the web version of this article.)

igenperiods of antisymmetric sloshing modes are denoted as λ̃1,i, where i = 1 and 2. Extensive numerical results on
he eigenperiods of the spherical tank were reported in Mciver (1989). The reported values of λ̃1,1 and λ̃1,2 are consistent
ith internal added-mass results A(I)

11 from WAMIT where the added-mass at those periods is singular. Note that in a rigid
pherical tank, the internal pressure does not cause any pitch moment, resulting in zero internal added mass in pitch
i.e., A(I)

55 = A(I)
15 = A(I)

51 = 0). Secondly, the coupled surge resonance period λ̃N,1−c can be, as a first estimation, calculated
y solving undamped coupled surge-pitch equations of motion with no excitation force:{

−ω2
[
M + A11 (ω) I15 + A15 (ω)
I51 + A51 (ω) I55 + A55 (ω)

]
+

[
C11 C15
C51 C55

]}[
η1
η5

]
=

[
0
0

]
(7)

hirdly, the heave resonance period λ̃N,3 can be found through use of the undamped heave equation of motion with no
xcitation force:{

−ω2 (M + A33) + C33
}
η3 = 0 (8)

here M , Ijk, Ajk, and Cjk in Eqs. (7) and (8) are the cage dry mass, cage moment of inertia, added mass coefficient, and
estoring coefficient, respectively. Note that the restoring contribution from the mooring lines (i.e., Eq. (6)) has to be
17
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added to the hydrostatic restoring to determine the Cjk value. The frequency-dependent added-mass Ajk(ω) is the sum of
the added-mass from the internal and external fluid flow (i.e., Ajk(ω) = A(I)

jk (ω) + A(E)
jk (ω)).

Experimental heave RAO shows a deviation from the WAMIT prediction at the rigid cage’s natural period in heave λ̃N,3.
As shown in Fig. 10, significant amplification of bag motion amplitude at bag bottom can be observed at that wave period.
This shows a significant coupling effect between heave and the bag flexible modes rather than viscous damping, which
possibly indicates that an additional wave radiation damping is being introduced to the heaving flexible bag. Therefore, the
heave resonance peak is reduced, as shown by the experimental results. In addition, a small peak can be observed in the
experimental heave RAO results at the vicinity of 0.5 ≲ λ/Dbag ≲ 1.2. The peak occurs for every incident wave steepness
with roughly similar magnitudes. However, the repetition tests do not show such peak, where they are approximately in
the same range as WAMIT result. The reason of the inconsistent experimental results is not fully understood, but it might
be attributed to the experimental uncertainties and the sensitiveness of the bag responses to the filling level.

Cancellations in WAMIT surge RAO can be observed at λ̃1,1 and λ̃1,2, the two lowest natural periods of antisymmetric
sloshing modes in the half-sphere tank. WAMIT predicts infinite internal surge added mass at those wave periods,
explaining this total cancellation behavior in the surge mode. Coupling with pitch mode does not markedly change the
cancellation periods because pitch does not excite sloshing in a rigid half-sphere tank. However, the experiment shows a
different cancellation period than λ̃1,1, where the period is found to be approximately 10% higher. The bag flexible modes
may contribute to the change of sloshing eigenperiods, as was shown by Strand and Faltinsen (2017) in their study of
a two-dimensional rectangular tank with a flexible sidewall. The other possibility is that the nonlinear sloshing might
matter for sufficiently large sloshing amplitude, where the assumption of constant sloshing eigenperiods might not be
valid (Rognebakke and Faltinsen, 2003). In addition, the experimental results show non-zero but small surge responses
at these cancellation periods. This can be attributed to the transfer of energy to higher sloshing modes, to viscous energy
dissipation inside the cage, and possibly to damping attributed to bag deformations and interaction with the external
fluid, which causes wave radiation.

Both flexible (experiment) and rigid (WAMIT) cages show significant effects of coupling between sloshing, surge,
and pitch motions. A surge resonance peak can be observed at λ̃N,1−c , while the pitch shows a nearly zero response
amplitude. This shows a significant sloshing effect on the surge motion at that wave period, while the pitch motion is
indirectly affected through the coupling with the surge motion and the exterior flow. The experimental surge RAOs also
show resonance peaks around λ̃N,1−c but with a non-negligible dependency on incident wave steepness. Coincidentally,
λ̃N,1−c is very close to the first symmetric sloshing natural period of the rigid half-sphere tank at λ̃2,1 = 1.12 (see
.g., Mciver (1989)). The nonlinear behavior at the coupled surge resonance period was also observed by Kristiansen
t al. (2018b) in their study on a floating rigid cylindrical closed cage. They observed the presence of wave steepness-
ependent antisymmetric sloshing at the first symmetric sloshing natural period of their cage model, where the period also
oincided with their coupled surge resonance period. They suspected that the nonlinear effects of sloshing were causing
his behavior. We attempted to investigate the contributing parameters for the observed surge nonlinearity by artificially
hanging selected parameters in WAMIT outputs. As presented in the upper portion of Fig. 13, we show how a 30%–50%
igher excitation force F1,exc and 30% higher damping B11 might explain the amplitude-dependent surge response of the

model test results. The question is why there is a higher surge excitation.
Based on the video recordings (see Video 2) and their snapshots (only the fore part) presented in Fig. 14, one can

clearly observe that the fore and aft part of the floater goes in and out of water. The consequence is vertical viscous drag
loads. The first six vertical flexible modes RAOs of the floater are presented in Fig. 15. The results show significant vertical
flexible responses of the floater in the vicinity of the coupled surge natural period λ̃N,1−c , and a large scatter of results is
apparent. Due to the vertical relative motion between the floater and the free surface, drag forces might matter when a
significant flow separation occurs. Depending on the phasing with the cage’s surge motion, the drag forces experienced
by the floater will give either additional damping or excitation surge force to the bag. We estimated the two-dimensional
drag force using hydrodynamic screen model presented in Kristiansen and Faltinsen (2012), where the problem definition
is illustrated in Fig. 14. For this purpose, the vertical relative displacement Arel between the floater and the free surface at
the fore part was crudely estimated from Video 2. The calculated drag force was then compared to the vertical Froude–
Krylov force on a semi-submerged flexible torus, where the formulation was presented in Li and Faltinsen (2012). Our
calculation (not presented) showed a non-negligible contribution of the drag force to the floater, where the results are
within the same order of magnitude as the Froude–Krylov force. This indicates a potentially significant contribution to
wave-frequency viscous wave excitation loads for the floater’s vertical flexible modes. Whether there is a viscous surge
excitation load, or coupling with the floater’s vertical flexible modes that causes the nonlinear surge excitation load needs
a dedicated future study.

4. Conclusions

We investigated a scaled fabric membrane cage model. Model tests in regular wave conditions were performed with
a half-spherical fabric membrane cage with a flexible floater under a range of incident wave periods and steepnesses.
The first harmonic component of the floater and bag motions time series were analyzed. A rigid body motion analysis
was performed using a linear frequency-domain code WAMIT, and the results were used to compare and analyze the first
harmonic floater motions measured in the model tests.
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Fig. 14. Video snapshots of the floater’s fore part from the tests at nondimensional wavelength λ/Dbag = 1.11 (see also Video 2). The incident wave
irection is from left to right, where the drawn red lines are the visually observed free surface at the top of the floater. The snapshots for each test
over one period oscillation. In addition, definition used to estimate the two-dimensional drag force on the floater is given in the upper portion of
he figure, where the equal distance between the cross-section of the floater was assumed to be c .

One of the observed features of the fabric membrane cage was a set-down phenomenon in which floater motion
easurement showed that the cage model oscillates with a non-zero mean value in heave. The set-down magnitude

ncreases with increasing incident wave period and steepness. Possible candidates are mean heave force due to the exterior
low problem, and coupling with the bag flexible modes. The latter might explain the observed set-down dependency on
ave period and steepness, as the bag cannot transmit these forces to the floater due to its negligible compressive stiffness.
he set-down may challenge the cage’s maintenance of internal water volume integrity and the bag pretension; both are
ritical for the operational aspects of a fabric membrane cage in the sea.
The other observed phenomenon was a wavelike bag motion, a nearly periodic propagating fabric motion that

riginates from the bag’s attachment to the floater and travels down to the bag bottom. The bag wave has a significant
ffect on the dynamics of the bag bottom, where the measured acceleration time series indicated the presence of snap
oads. Snap loads can be an issue for the strength and fatigue of the fabric material. The first harmonic component of
he bag motion was also analyzed, and the results show a high dependency of the bag motion amplitude on the incident
ave period and steepness. Over the tested period range, the bag motion amplitudes near the free surface zone are mostly
igher than in the other parts. However, at the vicinity of the heave natural period of the rigid cage λ/Dbag = 3.02, high
ag bottom motion amplitudes were observed.
A third main feature was clear wave amplitude-dependent surge RAOs. Candidates are discussed, such as viscous

rag loads on the floater, and coupling with the floater’s vertical flexible modes, but a future dedicated study is needed
o clarify the reasons. In addition, the measured rigid floater modes were compared with the numerical results from
AMIT. The rigid cage model was assumed in WAMIT calculation; hence, the bag and floater flexible modes were
ot considered. Several discrepancies between experiment and WAMIT results were apparent, which emphasizes the
ignificance of modeling the cage’s flexible modes. In other words, it is, as expected, inappropriate to assume a rigid body
hen performing hydrodynamic analysis of a fabric membrane cage. The first logical step would be to study the linear
roblem numerically, and the two-dimensional formulation presented in Strand and Faltinsen (2019) should be extended
o three-dimensions. A further step would be to consider the sloshing and membrane geometric nonlinearity, as the latter
as found to be important even for relatively small membrane deformation (Phadke and Cheung, 2003). If breaking waves
19
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Fig. 15. The first six vertical flexible modes RAOs of the floater.

do not occur inside the cage, the nonlinear multimodal method described in Faltinsen and Timokha (2009) can be used
to investigate sloshing nonlinear effects, such as swirling and chaos.
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