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Abstract

T-foil and stern tabs were installed on a wave-piercing catamaran (Incat Tasmania Hull 061) to improve ship motions and
passenger comfort. More than 40 total effective hours of sea trials were conducted by the US Navy in 2004, encountering
sea states 4-5 in the Atlantic Ocean near the United Kingdom. In this paper the influence of a ride-control system (RCS)
on the heave and pitch response amplitude operator (RAO) of the full-scale high-speed catamaran was investigated using
the sea trial data. The reduction in motion sickness incidence (MSI) was estimated in order to examine the effectiveness of
the RCS in improving passenger comfort. With the existing control algorithm, the vertical accelerations were found to be
best controlled by the active T-foil working together with the active stern tabs, while the pitch RAO was mainly mitigated
by deploying only the stern tabs. About a 23% reduction was observed in the peak heave RAO with deployment of an active
T-foil. The MSI can be reduced by up to 23% with respect to the cases with stern tabs only, depending on the encountered
wave conditions, based on ISO recommendation for MSI calculation of a 2-h seaway passage.

Keywords Wave-piercing catamaran - Ride-control system - T-foil deployment - Motion sickness incidence - Full-scale sea
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1 Introduction
1.1 Background

Roll-on-roll-off (Ro—Ro) vessels have an important role in
maritime transportation due to their ability to carry large
number of passengers, cargo, and vehicles. In 2019, Ro-Ro
vessels contributed 72% of the total 2.2 million vessels that
called into the main ports in the European Union [1], i.e. that
embarked, disembarked or handled freight. The increasing
demand for high-speed transportation has pushed the evo-
lution of Ro—Ro ferries towards larger capacity and higher
speed. In the family of high-speed large Ro—Ro vessels, the
catamaran is often a popular choice, owing to its large deck
area, low wave-making resistance and high transverse sta-
bility [2, 3].
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It is essential to understand the motions of a vessel encoun-
tering waves to determine its operability or seaworthiness. The
response amplitude operator (RAO) is the prevailing indicator
of the vessel response in waves of different frequencies, despite
that the vessel response is somewhat non-linear. Fang et al. [4,
5] investigated the heave and pitch RAOs for three catamarans in
regular waves from Fr=0.3-0.5, to validate the motion predic-
tions from two numerical potential theories. Similarly, Tezdogan
et al. [6] used three different numerical methods, namely conven-
tional strip theory, high-speed theory without hull interaction,
and high-speed with hull interaction, to generate RAOs and ana-
lyse vessel operability. These numerical results were compared to
the experimental data collected from a 151 m Ro—Ro catamaran
ferry travelling at 20 knots. The authors found that in most cases,
the estimates of the conventional strip theory were aligned well
with the measured results. Their analysis also extended to the
prediction of Motion Sickness Incidence (MSI) and operability
envelopes based on the seasonal wave scatter diagrams.

1.2 Wave-piercing catamarans (WPCs)

To push the speed limit and operability in rough seas,
wave-piercing catamaran’s (WPC) were developed from the
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conventional catamaran hull form, with addition of piercing
bow edges on the demi-hull to reduce wave response [8],
and a centre bow to provide reserve buoyancy and minimise
deck diving [9]. Figure 1 shows the distinctive centre bow
on the WPC ‘HSV-2 Swift’ with this vessel being central to
the work presented in this paper.

There is a wide range of research papers that report on the
frequency dependent motions of WPCs in waves, including
slamming and seakeeping performance [10-19]. According
to Fang and Chan [20], WPCs show excellent seakeeping
characteristic relative to conventional catamarans in oblique
sea, based on model test and numerical results of a 41 m
WPC at 20 knots. As a leader in the design and manufac-
ture of aluminium WPCs, Incat Tasmania constantly seeks
the most optimised and refined system that can be used to
further enhance the operability of their design through the
installation of ride-control systems (RCS) and centre bow
[7,11,13,17,20-24].

The RCS fitted on Incat Tasmania vessels generally con-
sists of a single retractable T-foil at the aft end of the centre
bow and two transom mounted trim tabs, as shown in Fig. 2.
The T-foil on the vessel ‘HSV-2 Swift’ has two adjustable
angles, which are strut angle and flap angle. When encoun-
tering high sea states, the RCS provides counter control
forces to mitigate the motions, specifically heave, pitch, and
roll. In contrast, when the vessel is travelling in calm water,
the T-foil can be retracted above the water surface to mini-
mise the hydro-resistance and improve the fuel efficiency.

1.3 Ride-control system algorithms

The individual hydraulic mechanisms of each control sur-
faces allow the RCS to react actively upon encountering a
wave train. AlaviMehr et al. [26] performed a comprehensive
analysis on the capability of the RCS, by measuring the heave
and pitch response on a 2.5 m model of a 112 m WPC that
was excited by deflecting the T-foil and the stern tabs sepa-
rately. Used to validate theoretical calculations, their study on

Fig. 1 98 m Incat Tasmania Hull 061 WPC showing prominent wave-
piercing centre bow [7]

the RCS control responses provided a sound foundation for
optimisation of the control algorithms. In following research
[27] in 2017, the influence of different control algorithms
(listed in Table 1) on WPC motions was investigated. In
terms of the slew rate, each algorithm can be categorised
as linear (the control surfaces deflect linearly following the
vessel motions’ rate and remain within their maximum range
of physical movement) and non-linear control (the control
surfaces move at maximum slew rate between their extreme
positions, thus generating maximum control force at all
times). They reported that the non-linear pitch control algo-
rithm can significantly reduce the peak pitch motion by up to
70% in 60 mm (2.7 m full scale) regular head waves, and by
50% in 90 mm (4 m full scale) regular head waves.

Smith [28] identified the algorithm applied to the sea tri-
als on HSV-2 Swift to be pitch damping on the T-foil strut
angle, and the stern tabs were always controlled by 60%
pitch damping and 40% roll damping. However, as will be
discussed, the characteristics of both pitch damping and
stiffness are expected to be observed in the motion response,
due to the phase lag between control surfaces deflection and
pitch motion.

1.4 Motion response of WPC fitted with RCS

AlaviMehr et al. [27] also investigated the phase lag between
control surfaces deflections, the wave profile, and the
motions. Through tank tests on the 2.5 m model in regu-
lar waves, they concluded that the control force of the pitch
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Fig.2 Incat Hull 061—HSV-2 swift ride-control surface locations
[25]

Table 1 Summary table of T-foil control options and algorithms

Control option Control mode Control term

Active Pitch control Stiffness

Damping

Heave control Stiffness

Damping

Local motion control Stiffness

Damping
Passive N/A
Retracted N/A
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damping algorithm can be represented by a combination of
pitch damping and stiffness control, due to the phase lag
between the demand for each control surfaces deflection and
its response. Unsurprisingly, this phase lag was found to be
much more significant at higher frequencies than at lower
frequencies, according to AlaviMehr et al. [29], and the phase
lag was found to fluctuate over a range of 90° regardless of
the type of surface or control method [27]. This observation
from the model test is also seen in the full-scale sea trial data
that will be discussed in the present study (see Sect. 3.3).

In 2004, the US Navy conducted a comprehensive suite
of sea trials on a 98 m WPC, HSV-2 Swift, to assess its
seakeeping and structural capability [30]. During the sea tri-
als, two methods of activation of the RCS were used: T-foil
with stern tabs, and stern tabs alone—thus, the effective-
ness of an active T-foil could be assessed from the sea trials
data. Bachman [30] linked the activation of the T-foil to the
reduction of pitch angle Root Mean Square (RMS) as well as
heave RMS throughout all headings at high speeds.

Jacobi et al. [31] further investigated the same dataset by
applying RAO analysis, which investigated the frequency
and wave spectrum dependent motions, instead of time-
averaging the motions into a simple RMS. They reported
a 20% reduction in the maximum heave RAO by deploying
an active T-foil when the vessel travelled at 30 knots. They
also found that the effect on the pitch RAO of activating the
T-foil was insignificant in both full-scale data and the pre-
diction of the two-dimensional green function time-domain
strip theory (BEAMSEA) developed by Holloway and Davis
[32-34]. They suggested that due to the reduced distance
between the T-foil and centre of mass of the vessel, the main
contributor to pitch motion reduction at high speed was the
trim tabs at the transom rather than the T-foil. However,
another reason is suggested in Sect. 3.3 of the present study.

Recently, Davis [35] expanded the test conditions applied
to the BEAMSEA model to assess the motion of WPC fitted
with RCS. He included the various combinations of active
or passive T-foil deployment, algorithm, and slew rate of
the RCS at high speed (Fr=0.64). It was similarly observed
that in regular waves the pitch motion can be controlled with
active stern tabs alone, while heave can only be well con-
trolled with the T-foil deployment. He also further noted that
the reduction in RAO was highly dependent on the maxi-
mum control slew rate, as well as the application of non-
linear control terms. These findings agreed with the towing
tank result of AlaviMehr et al. [27].

1.5 Motion sickness incidence of WPC
As studied in the pioneering work on motion sickness of
O’Hanlon and McCauley [36], motion sickness is caused

predominantly by vertical accelerations. Therefore, the
ability of RCS to reduce vessel responses in waves is of
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significant benefit in the development of high-speed light-
craft including WPCs.

To quantify the influence of vessel motions on passen-
ger comfort, the Motion Sickness Incidence (MSI) metric
was proposed, defined as the percentage of unacclima-
tised subjects who would experience sickness for a given
duration of exposure to motions. O’Hanlon and McCauley
[36] suggested that MSI is a function of frequency and
amplitude of vertical acceleration. Their study found that
ordinary humans are sensitive to sinusoidal accelerations
at a frequency in the vicinity of 0.2 Hz. The research
was later continued by McCauley et al. [37] wherein
an empirical model for MSI under conditions including
pitching and rolling motions was investigated. However,
it was found that the angular motion had no significant
effect on MSI.

A similar result was found by Lawther and Griffin [38],
in which they quantified the MSI with the translational and
rotational motions based on experimental data. The corre-
lation between motion sickness and the acceleration time
histories was analysed, and a strong connection was found
between MSI and vertical motion, influenced by both mag-
nitude and duration of exposure, while the angular accelera-
tions were not found to be significant in inducing motion
sickness. MSI has been widely applied for passenger com-
fort research [35, 39—-41], and it has also been included in
the ISO standard 2631-1 since 1997, which was reviewed
recently in 2021 [42].

The MSIs during a 60-min journey on a WPC travelling at
40 knots under various ride-control condition were predicted
by Davis [35] using the BEAMSEA code [34]. He found
that MSI is highly dependent on the encountered significant
wave height and the longitudinal location within the vessel.
He also suggested that by deploying a T-foil and stern tabs
with a pitch damping control mode, the MSI for 90-min
exposure duration can be reduced by up to 23% compared
to a bare hull.

The reduction of RAO due to RCS activation in those
seakeeping trials will be investigated in this paper. Since
there were two states of the RCS in the sea trials, (T-foil
with stern tabs, and stern tabs only) the influence of T-foil
deployment on the motions will be discussed in this paper.

To further investigate the effect of T-foil activation on
the passenger comfort, i.e. the difference between MSI with
stern tabs only, and with both T-foil and stern tabs, on a
full-scale WPC (HSV-2 Swift), the remainder of this paper
will present analyses of sea trials data using a linear regres-
sion model. The reductions in MSI due to T-foil deployment
for a 120-min journey will be predicted under different sig-
nificant wave height, encountered peak wave frequency and
speed conditions. The MSI in the HSV-2 Swift passenger
cabin will also be predicted and plotted in the form of a 3D
surface, with the aim of demonstrating the influence of the
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longitudinal and transverse location on the passenger com-
fort in oblique seas.

2 HSV-2 swift sea trials and data collection

2.1 HSV-2 swift

High-speed vessel 2 swift (HSV-2 swift) is a large wave-
piercing catamaran (WPC). These vessels provide fast,
efficient, and economical sea transportation for both com-
mercial and military use [9, 27, 43]. The RCS actively con-
trols the hull motions during voyage, and are customised to
suit the needs of each WPC. HSV-2 Swift RCS includes a
retractable T-foil with strut and flap control at the aft of the
centre bow, and two individual controlled stern trim tabs.
The T-foil provides vertical forces to counter heave and
pitch motions. Two trim tabs at the demi-hull stern gener-
ate a lift force at the transom to maintain the desired vessel
dynamic trim, and to reduce pitch and heave. The stern tabs
can also counterbalance roll motion when they are operated
differentially.

Full-scale sea trials datasets were acquired on the HSV-2
Swift wave piercing catamaran, shown in Fig. 3, which was
built by Incat Tasmania. Details of the trials and data acqui-
sition will be discussed in the next section. The main par-
ticulars of the vessel are shown in Table 2.

2.2 Sea trials and data acquisition

The sea trials were performed in the North Atlantic Ocean,
near the coasts of Norway and the United Kingdom, in the
northern summer of 2004. To examine the operability and
structural response of the vessel, the trials were conducted
in moderate to rough seas, which is generally more severe
than the wave environment experienced on a typical route

Fig.3 98m Incat Tasmania aluminium high-speed wave-piercing cat-
amaran HSV-2 Swift [7]

of a commercial Ro—Ro ferry in service. Specifically, the
highest encountered significant wave height (H) was 3.7 m
(Douglas sea state 5), and the average encountered H, was
about 2.2 m (Douglas sea state 4).

The trials consisted of 21 octagons, each encountering a
different combination of significant wave height, wave spec-
trum, vessel speed and state of deployment of the T-foil.
In general, every octagon included at least five legs, which
comprised the five headings of head seas, bow-quartering
seas, beam seas, stern-quartering seas, and following seas,
as shown in Fig. 4. Around half of the octagons were com-
pleted by manoeuvring to port by 45°, while the rest were
completed by turning to starboard.

The typical procedure of the sea trials started with the
visual observation of the wave direction. The dominant
wave direction was recorded, as well as secondary waves
and swell if they existed. Then HSV-2 Swift was turned to
head seas and maintained speed and heading until steady,
and then all the instruments on board started recording. The
heading was adjusted 45° to port or starboard and testing
continued for another leg of the trial. Generally, the speed
and course were maintained for 20 min in head-sea case,
30 min in beam-sea case, and 40 min in following-sea case,
to encounter more waves for maintaining statistical accuracy.
After five (or sometimes all eight) legs of the sea trial were
completed, the data collection under this particular sea state,
speed and T-foil deployment was considered to be complete
[30]. More than 40 h of data were measured throughout the
sea trials undertaken specifically by the Naval Surface War-
fare Centre Carderock Division (NSWCCD).

To acquire motion and wave data from the vessel HSV-2,
instrumentation including accelerometers and a wave height

Table 2 HSV-2 swift main parameters [25, 30]

Length overall (LOA) 97.22 m
Length water-line (LWL) 92.00 m
Beam 26.60 m
Demihull beam 450 m
Draft 343 m
Deadweight 670 tonnes
Maximum speed 42 knots

Beam seas Direction of
(90°) dominant waves

Stern-quartering /* '-».,._Bow-quartering
(45°) N (135°)
J N
Head seas
(180°)

Following seas Direction of
(0°) vessel

Fig.4 Typical sea trial manoeuvre pattern
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radar were installed. Four three-axis accelerometers were
located on the centreline at the bow, bridge, Longitudinal
Centre of Gravity (LCG) and flight deck. All the acceler-
ometers were sampled at 100 Hz. This sampling frequency
was appropriate since the frequencies of interest for motion
and excitation were below 1 Hz. Pitch and Roll were also
recorded at the LCG using inclinometers [30, 44].

To enable comparison of runs in similar sea states, the
significant wave height (H,) (defined as Hs = 4\/117 , where
my is the area under the encountered wave height spectrum)
was evaluated. The encountered wave environment was
monitored by the wave height meter WM-2, designed by the
Tsurumi Seiki Co., Ltd. (TSK). It was installed at the bow to
sample the wave profile before the water surface interacted
with the hull. This microwave Doppler radar was engineered
to measure the wave height from an unstable platform, such
as a ship, with relative displacement compensation [45].

2.3 Method of data analysis

To investigate the hull motions when encountering waves,
and hence to identify the influence of the RCS on motions
and passenger comfort, vertical and angular motion of the
vessel were examined. The analysis started with the heave
motions (based on measured vertical acceleration) at the
LCG, and these were extrapolated throughout the passenger
cabin using the angular motions, to obtain the MSI distri-
bution across the cabin. Lastly, dimensionless acceleration
along the hull was analysed to yield a comprehensive under-
standing on the distribution of motions and MSI, as shown
in Fig. 5.

Since the hull response is frequency dependent, most of
the data processing and analysing were conducted in the
frequency domain. To obtain a smoothed power spectrum
density (PSD) for the encountered wave height, Welch’s
method with 8000-sample Blackman—Harris windowing
(50% overlap) was applied, employing the fast Fourier trans-
form (FFT). The Blackman—Harris window was chosen due
to its ability to detect nearby frequencies of vastly different
amplitudes [46, 47].

The heave RAO is defined as the square-root of the ratio
between the heave and wave height PSDs, like Eq. 1, while
the angular (roll and pitch) RAOs depend on the wave slope
spectrum rather than the wave height, as shown in Eq. 2.

Heave RAO = Encountered hean': PSD ’ M
Encountered wave height PSD
Encountered angular motion PSD
Angular RAO = (2)
Encountered wave slope PSD

@ Springer
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Fig.5 Flow chart of data analysis in the present study

The encountered wave slope power spectrum of the nth sine
wave in irregular waves is calculated as @, = k,,g,, where a,, is
the nth wave slope, k,, is the nth wave number, and ¢,, is the nth
wave amplitude. In the sea trials location, the minimum water
depth was about 130 m [48], which means it could be consid-
ered deep water for the waves shorter than 260 m [49]. In deep
water, k,, = wﬁ /&, where w,, is the nth wave frequency and g is
gravitational acceleration. Therefore, the wave slope PSD can
be estimated by Eq. 3 for at least w,, > 0.5 rad/s approximately
in the shallowest locations.

4
@

Encountered wave slope PSD = —;’encountered wave height PSD.
8

(©)

The dimensionless wave encounter frequency @, is
w! = 2xf,\/Lw/g, where the encounter frequency f, is in
Hz and Ly, is the water-line length.

According to ISO-2631-1 [42], MSI can be estimated by
MSI = K a,,+/T., where K, is the constant 1/3, suggested
by the ISO for a mixed population of unadapted males and
females; a,, is the root mean square of frequency-weighted

(Fig. 6) vertical acceleration, a,, = [}, ( Wiai)2]0'5; and T, is
the exposure time in seconds.

A spatial shift method for time-domain vertical accelera-
tions has been used for the HSV-2 Swift dataset to estimate
the MSI distribution in the passenger cabin, and is verified in
Sect. 3.6. The time-domain vertical acceleration translation at
any point in the cabin can be written as Eq. 4.

o

2
Acce = Accg — AchCG) + % [YC tan (Roll angle)] + AcCy s

“

BA
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Fig.6 Frequency weighting of motion sickness incidence evaluation
(42]

where X, is the longitudinal distance between the LCG
and the prediction location C; Xy, is the longitudinal dis-
tance between the location of a second accelerometer at B
and the LCG; and Y- is the transverse distance between the
prediction location and the LCG.

Since the superstructure of the vessel was isolated from
the hull to enhance passenger comfort, the vibration meas-
ured on the superstructure, i.e. at the bridge, was found to
be slightly lower than the value estimated from accelerations
measured on the hull substructure, but a uniform scaling of
0.95 applied to accelerations measured on the substructure
was found to give excellent agreement across the full fre-
quency range of interest. Therefore, to fully simulate the
environment in the passenger cabin, which is within the
superstructure, this adjustment was used. Further details
can be found in Sect. 3.6.

3 Results and discussion
3.1 Time record of sea trial data

Figure 7 shows typical time traces of HSV-2 Swift sea trials
data for a short segment of two corresponding runs with
deployed and retracted T-foil. Both datasets were recorded
in a 2.2 m significant wave height in head seas at 35 knots.
Normalised, instantaneous wave elevation at the bow, heave
displacement at the LCG, and angular displacements and
their rates are shown in the plots. A zero-phase noise filter
(4M-order Butterworth cut off at 0.5 Hz) was applied to all
data in these plots. Records such as these provide crucial
information on the external excitation and how the vessel
responds. A phase lag was noticed between waves at the
bow and motion at the LCG, but since the motion analysis
in this study focuses on comparing the real part of the FFT,
the phase shift due to wave measurement location makes no
difference.

The activity of the T-foil and stern tabs can be observed
in the plots on the left-hand side of Fig. 7. It should be noted

that the stern tabs still actively counter pitch and roll motion,
even with the T-foil retracted, as shown on the plots on right-
hand side of Fig. 7. According to the work of Smith [28],
and the time records used in this study, it has been found
that the T-foil strut angle was controlled by a pitch damping
algorithm, while the control gain for the stern tabs was set
to 60% pitch damping and 40% roll damping. There was no
observable relationship between T-foil flap angle and vessel
motions or rates in time domain, as Smith [28] also sug-
gested, therefore the applied algorithm cannot be identified
solely by the time record.

3.2 Influence of T-foil deployment on vessel
motions at different speeds

The motions analysis in this study focuses on heave and
pitch motions, since according to ISO-2631-1 [42], motion
sickness primarily depends on the vertical acceleration in the
environment. Considering further that, based on the study of
Jacobi et al. [31], the WPC motions are most significant in
head seas, this part of the analysis concentrates on the heave
and pitch RAOs in head seas.

To understand the vessel response at various frequen-
cies and speeds, with and without the T-foil, the RAOs have
been evaluated in head seas at three speeds: 20 knots, 30
knots, and 35 knots. Figure 8 shows a measured sample of
the encountered wave height spectrum at 30 knots in head
seas, along with the corresponding encountered JONSWAP
spectrum that was generated using the measured significant
wave height (2.24 m) and peak wave frequency (1.04 rad/s
or a)Z ~ 3.0), and with gamma =2.0. It was found that the
measured encountered peak wave frequencies were quite
consistent at different speeds. The average peak frequen-
cies were 1.02, 1.00, and 1.04 rad/s at 20, 30, and 35 knots,
respectively.

Figure 9a, b show the RAOs for HSV-2 Swift encounter-
ing seas with a significant wave height of about 1.8 m at
20 knots. There is little difference between results with the
T-foil deployed or retracted, for both heave and pitch RAOs.
This was expected since the lift force generated by the T-foil
is a function of the vessel speed, higher speed generating
higher lift. Therefore, the ability of RCS is limited at low
speeds.

The RAOs at 30 knots were evaluated (Fig. 9c, d) and
compared with the work of Jacobi et al. [31], and show
very high agreement. The data with and without T-foil were
measured at H,=2.7 m and 2.3 m, respectively.

At first, the authors expected the heave and pitch RAOs to
approach unity at low frequencies, i.e.~0.1 Hz or »} = 2.0,
since the ship motion is dominated by the hydrostatic term
in long waves. However, this was not the case for the pitch
RAO. According to the strip theory proposed by Salvesen
et al. [50], the governing equation of pitch motion consists
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Fig.7 Normalised ship motion and ride-control activity recorded during trials of HSV-2 98m Incat wave piercing catamaran in head seas with a
2.2 m significant wave height at a speed of 35 knots a T-foil deployed with stern tabs b Stern tabs only

of added-mass and damping terms, which included 1/w?
in their coefficients. Thus, it often predicts that the pitch
changes rapidly at low frequencies, and tends to zero at extra
low frequencies, e.g. <0.1 Hz or @] < 2.0 [33]. One must
also bear in mind that because stern tabs were always active
in both cases, the RAOs were not reflecting the response of
the bare hull.

The lower pitch RAOs at low frequency were consistent
with the pitch stiffness ride-control evaluation in Davis’s
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work [35]. Although we identified in the previous section
that this WPC probably utilised damping control in its
RCS, the resultant force of the control surfaces will in
practice appear as a combination of damping and stiffness
due to the phase lag between the stern tabs deflection and
vessel [27]. Thus, the pitch RAO for the case of tabs only
is closer to 1 at low frequencies due to the effective pitch
stiffness ride control by the stern tabs.
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Consider now these results in the context of the ISO
MSI frequency weighting, which reaches its maximum
at~0.17 Hz or @} ~ 3.3. At this frequency, the heave RAO
reduced by ~30% on deployment of the active T-foil, a
notable improvement compared with 20 knots, which can
be explained by the higher speed generating larger lift.
Similar observation is also noted near the catamaran’s first
rigid body natural frequency at @] ~ 4.5, where the heave
RAO reduced by ~20% with deployment of the T-foil.
Indeed, the most effective frequency range of the T-foil
for reducing heave at 30 knots is 3 < w; < 5. The motions
at high frequency, i.e. above ~0.33 Hz or @} = 6.5, tend
to zero as expected, as the vessel becomes much longer
than the waves.

The RAOs at 35 knots (Fr=0.60; H,=2.2 m) are plotted
in Fig. 9e, f, along with numerical results predicted by Davis
[35] using the BEAMSEA code [32-34]. Davis compared
the effect of the T-foil and tabs to the case of stern tabs only,
using different RCS algorithms, for a 106 m WPC travelling
at 40 knots (Fr=0.64) in 3 m head seas. Plotted in this fig-
ure are Davis’s results for pitch damping and pitch stiffness
algorithms. Although the conditions between the sea trials
and numerical simulations were not identical, the results
demonstrate the same nature of motion reduction on deploy-
ment of the T-foil.

Comparing the peak heave RAOs with deployment of the
T-foil, we see about 23% reduction in the sea trials, consist-
ent with a predicted ~20% in the work of Davis [35] with the
RCS used in a pitch damping mode, and about 40% when
using pitch stiffness control. More broadly, the T-foil pro-
duced significant reduction in heave RAO for all frequen-
cies w; > 4.0 at high speed in both sea trials and numerical
analysis. The most effective frequency range of the T-foil in
reducing heave RAO was 4 < o] < 6 at 35 knots, compared
with 3 < w? < 5 at 30 knots.

In contrast, the influence of the bow-mounted T-foil on
pitch was not as significant as for heave, even though the
T-foil was in pitch control. This is aligned with the work of
Davis [35], in which pitch motion was well controlled by
stern tabs only.

It is interesting that again the pitch RAOs obtained from
the sea trials were generally below 1.0 at low frequencies,
regardless of the T-foil deployment, in contrast to the pitch
damping algorithm results modelled using BEAMSEA,
which starts at~ 1.0, but in agreement with the modelled
pitch stiffness algorithm results, which start at~0.7. This
implies that there was at least a component of pitch stiffness
control, at least at low frequencies, in the sea trials.

Finally, the results from BEAMSEA appear to be shifted
to the right, which may in part be because the simulations
were not based on exactly the same hull form or Froude
number.

3.3 An explanation for the difference
between the RCS control algorithm
and the control outcomes

It was noted in the preceding section that the sea trials data
exhibited characteristics of pitch stiffness control, although
the RCS was presumably configured to a pitch damping
control mode. The possible reason is that there will inevi-
tably be a lag in the RCS due to its own system inertia, and
any such lag will manifest itself as a control based on an
integrated form of the intended motion input. For example,
since displacements lag velocities, ideal control forces based
on velocities (i.e. damping) will in practice contain a small
component based on displacements (i.e. stiffness). This has
also been noted by AlaviMehr et al. [27].

More specifically, factors contributing to the control lag
include: 1. control surface mass inertia; 2. hydraulic sys-
tem response time; 3. maximum slew rate; and 4. inertia
of the water surrounding the control surface. According to
the model test result of AlaviMehr et al. [27], the phase
lead of the T-foil to pitch motion was 60°, while the phase
lag of tabs to pitch motion was 120° at @ = 2, at a speed
of Fr=0.6 in the pitch damping control mode. The phase
lag or lead for a corresponding 2.5 m WPC scale model in
regular waves was extracted from Fig. 10 and is summarised
in Table 3 [27].

The resultant ratio of damping to stiffness input in the
control algorithm can be estimated by analysing the phase
lag. Since pitch rate leads pitch angle by 90°, the ratio of
damping to stiffness can be determined by calculating the
zero-crossing timing of the deflections separately. For exam-
ple, at the frequency w;= 2, the T-foil and tabs deflect with
a phase lag of 30° relative to the pitch rate. So the resultant
damping to stiffness ratio can be estimated as 2:1 as shown
in the Eq. 5.

30 30
l-—):=—==067:033=2:1.
( 90> 90 )

Since the phase lag changes across the frequency spec-
trum, the effective RCS algorithm, i.e. ratio of pitch damping
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Fig.9 Response amplitude operators with T-foil and without T-foil of
a wave piercing catamaran in head seas a heave at 20 knots b pitch at
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Fig. 10 Phase lag of a T-foil b stern tabs deflection relative to pitch
motion on a 2.5 m model-scale WPC at Fr=0.61 and 90 mm wave
height [27]

Table 3 Phase lag in degrees between control surfaces deflection rel-
ative to pitch motion and rate at w; = 2 and 6 at Fr=0.61 model scale
(# means anti-phase) [27]

o8 Phase lag (pitch rate) Phase lag (pitch angle)
T-foil Stern tabs T-foil Stern tabs
30 210 (or 30%) - 60 120
50 170 (or — 10%) —40 80

to stiffness input, is influenced by w], even though the pro-
grammed control algorithm remains unchanged.

The estimated resultant algorithms at high and low
encounter frequencies are given in Table 4, showing that
the resultant ratio not only varies with frequency, but also
depends on the control surface. Although the exact phase
lag of the vessel HSV-2 Swift was not able to be extracted
from the sea trials data, the phase lag recorded by another
WPC model with similar hull and RCS were analysed for
reference.

Based on these estimates of the resultant algorithm ratio,
the control algorithm applied to the RCS may benefit from

Table 4 Estimated resultant damping and stiffness ratios of RCS con-
trol surfaces at @] = 2 and 6 based on model-scale WPC experiment

Damping: stiffness ratio ;=2 ;=6
T-foil strut deflection 0.67:0.33 0.44:0.56
Stern tabs deflection 0.67:0.33 0.89:0.11

phase compensation to minimise the vessel motions, sug-
gesting that further reduction in hull response may be pos-
sible by fine-tuning the algorithm.

3.4 Motion sickness incidence in head seas

Motion sickness incidence (MSI) is calculated from the
acceleration measured at the LCG, using the method in
ISO-2631-1 [42], and are for 2 h exposure, unless other-
wise stated.

To interpolate the head seas MSI value for different
speeds and wave heights, a linear regression was fitted,
which is visualised in Fig. 11a along with the raw MSI data.
The sea trials data were segmented into 10-min windows,
with 50% overlap, to reduce the random error from each sea
trail run. Based on 59 observations in head seas, the linear
model obtained coefficient of determination (R?)=0.981,
and adjusted R*=0.978, which indicate it is representative
without overfitting.

According to the regression, the MSI value is highly
dependent on the speed of the vessel (p=6.2x 1079), sig-
nificant wave height (p=5.7x 107®), and peak encountered
wave frequency (p=0.0001). The influence of T-foil deploy-
ment on MSI can clearly be identified by comparing the
cases of T-foil with tabs, and stern tabs only.

Unsurprisingly, the effectiveness of the T-foil in reduc-
ing MSI increased with speed, as shown in Fig. 11b, with
MSI reduced by up to 23% at 35 knots and at mid sea state
(~ 1.6 m wave height). Although the MSI reduction was
understandably slightly reduced in higher seas due to the
larger denominator, about 15% was still achieved at the high-
est significant wave height at 35 knots. On the other hand,
the effectiveness of an active T-foil at 20 knots is unclear,
which aligns with the previous vertical motion findings.

Analysing the fitted regression more closely, we find
that the ability of the T-foil deployment to reduce MSI in
head seas is most strongly influenced by the vessel speed
(p=3.8x107'2), followed by a minimal dependence on peak
encountered wave frequency (p=0.58), with the wave height
(»=0.68) having no significant effect.

The conclusion is that deploying the T-foil with active
stern tabs can always improve passenger comfort regard-
less of the H, or wave frequency if the speed is over 20
knots. On the other hand, wave height and frequency are
critical factors for the MSI in head seas, so the ability of
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Fig. 11 a 3D plot of MSI with T-foil and tabs deployed (small, black markers), and with stern tabs only (large, red markers) in head seas b 3D

plot of MSI percentage reduction due to T-foil deployment in head seas

the T-foil to reduce MSI independently of the wave spec-
trum is an important finding.

3.5 MSI at different headings

Figure 12 shows the influence of headings on the MSI cal-
culated at the LCG at 35 knots based on sea trials data. MSI
has been normalised by dividing the maximum value for
improved illustration. As expected, the highest average MSI
can be found in head seas, and the average MSIs declined as
the encountered waves approach the stern. There is an out-
lier in bow-quartering seas, because the encountered peak
wave frequency experienced in this run was 0.18 Hz, which
is very close to the most sensitive frequency (0.17 Hz) for
MSI according to ISO-2631-1 [42]. Excluding the outlier,
the MSI in bow-quartering seas was generally only half of
the head seas MSI, while beam and other headings only
experienced less than a quarter of the head seas MSI.

The cases of tabs with T-foil deployed, and stern tabs
only, are also indicated in the plot by colour. However, in
spite of over 40 h of full-scale data, comprising over 150
runs, no firm conclusions about the effect of T-foil deploy-
ment in oblique seas can be drawn from these trials due to
the large number of variables.
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Fig. 12 Normalised MSI in different headings in sea trials at 35
knots, groups by significant wave height and T-foil activation (Port
mirrored to starboard)

3.6 MSI throughout the passenger cabin

As the purpose of MSI assessment is to provide insight into
the reaction of a mixed, unadapted population to periodic
motion [42], it is more meaningful to compute the MSI at
different locations in the passenger cabin, rather than just on
the vehicle deck or at the LCG.
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There were four accelerometers installed on board during
the sea trial, but none of them was in the passenger cabin.
Thus, in the present study the vertical accelerations were
extrapolated to different locations on board, as described in
the Sect. 2.3. To confirm the validity of the extrapolation,
estimated and measured vertical accelerations at the bridge
in the time domain are plotted in Fig. 13a with a~0.95 fac-
tor correction, showing no observable difference. Across all
runs, and at all instrumented locations other than the LCG
(i.e. bow, bridge, and flight deck), excellent agreement in
the RMS acceleration is further demonstrated in Fig. 13b in
more than 700 observations.

By this method, the distribution of normalised MSI inside
the passenger cabin was evaluated. The X (longitudinal) and
Y (transverse) coordinates were based on the HSV-2 Swift
general arrangement, and the Z (vertical) coordinate was set
to 0.7 m above the deck level. The X=0 m is set at the stern,
while Y=0 m is set at the centreline of the vessel. In the case

4 T T T T T

Estimated acceleration at Bridge
3 F|= = =Measured acceleration at Bridge ]

Vert Acceleration (ms'z)

0 5 10 15 20 25 30
a Time (s)

of 2.3 m bow-quartering sea at 30 knots with the T-foil, cho-
sen because it demonstrates the MSI distribution in oblique
headings at high speed, the highest MSI can be found at the
corner of the cabin facing the encountered waves, i.e. star-
board fore, as shown in Fig. 14a. It was unsurprising to see
the other fore corner also experiencing relatively strong MSI,
while the aft of the vessel was least affected by the motion.
Figure 14b shows the percentage reduction in MSI on
deployment of the active T-foil, by comparing the data in
Fig. 14a with a T-foil retracted case (30 knots bow-quarter-
ing sea, H,=2.2 m). This was about 10% on average, and
up to 14%. The reduction at the stern was higher than at the
bow, which was not expected because the T-foil was fitted
towards the bow, close to 80% of the water-line length from
the transom and very close to the forward limit of the pas-
senger cabin. But if we consider the fact that the influence
of T-foil on heave RAO was much more significant than on
the pitch RAO, it was reasonable to find that MSI reduced

1.5
a
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E
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Fig. 13 Comparison of estimated and measured vertical accelerations: a a time-domain sample at the bridge b RMS from different runs at the

various accelerometer locations on the vessel
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tabs) at 30 knots with significant wave height of 2.2-2.3 m in an oblique sea (Port mirrored to starboard for valid comparison)
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overall instead of mainly at the bow. Relatedly, the smaller
percentage reduction at the bow than at the stern can be
explained by the larger denominator, since the absolute MSI
reduction was similar regardless of the longitudinal location.

3.7 Dimensionless vertical acceleration along vessel
length

The purpose of this section is to better understand how the
RCS influences the MSI, though looking at vertical accel-
erations as a function of both position and frequency. The
vertical accelerations thus contain information that is lost
in RAOs and MSI since (1) while heave and pitch RAOs
describe the vessel motions as functions of frequency, they
only indirectly provide information about the spatial dis-
tribution of vertical accelerations (and only if the relative
phase is known); (2) on the other hand, while MSI provides
this spatial information, it reduces data to a single value
for each location, losing information about the frequency
dependence of the motions—in particular, one loses infor-
mation about whether conditions at the ship’s resonant fre-
quency, or at frequency of peak human sensitivity, or indeed
other frequencies, have had more influence on the outcomes.
To visualise more clearly how the active T-foil reduces
MSI, dimensionless vertical accelerations are plotted along
the length of the vessel at representative frequencies. The
local vertical acceleration amplitude is computed by multi-
plying the local heave RAO by a):z, where the local heave
RAO is extrapolated from the heave RAOs at four different
longitudinal locations. The evaluation method for the heave
RAOs is described in Sect. 2.3, with the addition that the
power spectra were smoothed using a window of 6000 sam-
ples to provide a representative acceleration for analysis.
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The dimensionless vertical acceleration distributions
at speeds of 20, 30 and 35 knots are plotted in Figs. 15,
16 and 17, respectively. Each figure is split into four sub-
plots: low frequency; the frequency of the maximum of
the MSI weighting curve; the ship’s first rigid body res-
onance; and a representative high frequency. Low fre-
quency, here ~0.1 Hz or a);" = 2.0, demonstrates the hull
response in long waves; ~0.17 Hz or o] = 3.3 is crucial
for understanding the passenger comfort; the hull natu-
ral frequency, ~0.23 Hz or w? = 4.5, represents the largest
motions of the vessel; and finally, motions are examined at
a higher frequency where they are still significant, in this
case~0.33 Hz or @} = 6.5. It is noted that the a)zz multi-
plier in the acceleration expression contributes to the non-
trivial significance of the high frequencies relative to low
in the MSI calculations, so the importance of the co: =6.5
should not be underestimated.

At 20 knots (Fig. 15), there was no significant reduction
in local motions at any point caused by the T-foil, regard-
less of the encountered frequency. This agreed with previ-
ous finding in relation to RAOs and MSI, and was again
expected because of the lower lift force of the T-foil and/or
tabs generated at low speed.

At 30 knots (Fig. 16), the heave acceleration reduction
upon activation of the T-foil can be observed quite strongly
at a)z = 4.5, and to a lesser extent at coz =3.3. At the LCG
(~40% LWL), about 21% reduction at @} = 3.3 was recorded,
which is consistent with the MSI reduction prediction shown
in Fig. 11b. A similar reduction can also be observed at w} =
4.5, but at this frequency the T-foil activity was able to limit
the heave motion throughout the whole vessel.

Figure 17 shows the heave acceleration at 35 knots.
At low frequency and at @] = 3.3 there was again very
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Fig. 15 Dimensionless vertical acceleration along the length of vessel at a speed of 20 knots in head seas
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Fig. 17 Dimensionless vertical acceleration along the length of vessel at a speed of 35 knots in head seas

limited vertical acceleration reduction on deploying the
T-foil. The w? = 3.3 result was not expected, since the per-
centage reduction of MSI reached about 20% in Fig. 11b.
Nevertheless, it could be explained by the effective motion
reduction frequency range of the T-foil (4 < w} < 6) dis-
cussed earlier with reference to Fig. 9e. Moreover, consist-
ent with the Fig. 9e results, at the two higher frequencies
(w=4.5 and @, = 6.5), the dimensionless vertical accel-
eration was again significantly reduced over the whole ship
length on deployment of the active T-foil.

Amongst all cases discussed, the highest heave reduc-
tion (~35%) consistent over the whole vessel is found at 35
knots at w? = 6.5, followed by w? = 4.5 at the same speed
(~23%). This demonstrates the ability of the active T-foil
to control global vertical acceleration over the whole ship
at high-speed.

Overall, the highest vertical acceleration is found at the
bow, while the lowest is generally near the LCG, which
agrees with the MSI distribution shown in Fig. 14a as well
as the observation made by Davis [35] of MSI changes along
hull. Furthermore, at a)z = 2.0, the dimensionless vertical
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accelerations remained very low regardless of the speed. The
acceleration amplitude was again lower at @} = 6.5, though
still significant. At @} = 3.3 and @’ = 4.5, the influence of
T-foil deployment was a function of both vessel speed and
encounter frequency—at higher velocity, the effective range
of motion reduction tended to shift toward higher frequencies.

4 Conclusions

To investigate the contribution of deploying an active T-foil
on vessel motion control and passenger comfort, sea trial
records for a 98m piercing-wave catamaran, HSV-2 Swift,
were analysed. This study not only provide insight of full-
scale WPC motion in random waves, but also demonstrate
some new characteristics that have not been discussed in
existing model tests and numerical analyses. The Incat Tas-
mania catamaran was equipped with a retractable T-foil
located aft of the centre bow, and two trim tabs fitted at the
stern of the two demi-hulls. Throughout the sea trials, the
stern tabs were always actively used to counterbalance the
pitch and roll motion in damping control, while the T-foil
could be deployed or retracted. Thus, the influence of the
active T-foil deployment with assistance of stern tabs was
evaluated in this study.

Heave and pitch motion response amplitude operators
(RAOs) were calculated and compared with previous stud-
ies and analytical predictions. The RAOs at 20-35 knots
in head seas showed that, compared with active stern tabs
only, the combination of T-foil and stern tabs can effectively
reduce the heave peak RAO by about 23% when the forward
speed was greater than 20 knots, but there was no significant
decrement in pitch RAO observed with deployment of the
T-foil, regardless of forward speed. Comparing the heave
RAOs at 30 and 35 knots in random seas, the effective fre-
quency range of the T-foil was noted to shift upwards from
3<w;<5t4<Lw; <6

The RAO plots showed evidence that the effective Ride-
Control System (RCS) algorithm was a combination of
damping and stiffness control, which was attributed to the
phase lag between the demanded control surface deflections
and the actual control forces. Further investigating the phase
lag, the resultant damping and stiffness ratio was estimated,
along with the effect of encounter frequency and control
surface type. That suggested that vessel motions might be
further reduced with adjustments to the control set-up.

A linear regression was fitted to generalise the effect of
T-foil deployment on 2-h motion sickness incidence (MSI).
Like the RAO, a reduction of MSI in head seas due to the
T-foil was only observed when the vessel was travelling
faster than 20 knots. The MSI decrease was up to about 23%
at 35 knots, and around 15% on average, but depended on
the speed and wave height.
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The influence of heading on MSI at high speed was also
examined and visualised in a polar plot. In general, it was
clear that the MSI was highest when the vessel encountered
head seas, while the MSI was halved in bow-quartering seas.
The MSI further reduced as the heading approached the
stern: in beam seas and following seas, the values reduced
to less than a quarter of the head seas MSI.

To better understand the environment to which passengers
were exposed, MSI on the passenger deck was also assessed.
The motions experienced at the centre of the stern was the
lowest in the entire cabin, and further benefited by up to 14%
MSI reduction with the T-foil deployment.

The dimensionless vertical acceleration along the vessel
length at specific frequencies was evaluated to highlight the
connection between vertical heave motion and MSI. In short,
the accelerations were consistent with the heave RAO and
MSI, e.g. the T-foil decreased the heave acceleration by about
20% when the vessel speed was above 20 knots. As with heave
displacement, the effective frequency range of the T-foil for
vertical acceleration reduction shifted to higher frequencies
when the speed increased, i.e. from 3 < w; <5 at 30 knots
to 4 < w? < 6 at 35 knots. This shift to higher frequencies
affected the ability of T-foil deployment to control hull motions
and improve passenger comfort due to the system inertia.

Finally, the sea trials demonstrated fair agreement with
previous towing tank studies and numerical calculations.
Nevertheless, the measured dataset also showed some unique
characteristics that had not previously been fully understood,
such as that the resultant control was a combination of stiff-
ness and damping modes, and the shift of the T-foil effective
frequencies range and their influences.
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