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Abstract

Many studies have been published concerning the in-
fluence of the immersed shape (in still water) of a float-
ing body on its response and power capture from ocean
waves. With a few notable exceptions, much of this
analysis has assumed small amplitude motion and linear
models have been employed to predict response. The
form of the upper surface of such a body has received
little attention. Here, it is shown that the upper (top) sur-
face of a floating body can be designed to ensure that
the response amplitude of the body is within a specified
value. This is of considerable importance to the surviv-
ability of wave energy devices. The approach used is
to affect a large increase of both natural period and hy-
drodynamic damping for only a small change of float
mass. These two factors impose a hydrodynamic limit
on the displacement which may be exploited to avoid
the ‘end-stop’ problem often encountered in wave device
design. To demonstrate the change of response, experi-
mental measurements are presented of the response of an
axisymmetric float with rounded base and conical upper
surface with rounded perimeter due to a range of regular,
irregular and focused wave conditions. Power extraction
is not considered since the mechanically undamped re-
sponse represents the worst case. In contrast to a sim-
ple, straight-sided axisymmetric float, a smaller change
of mass is required to satisfy a particular response am-
plitude limit. Although a significant reduction is not
expected, hydrodynamic damping may reduce with in-
creasing physical scale and this remains to be quanti-
fied.
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Nomenclature

Aj = Added mass in mode j (kg)

Bj = Radiation damping in mode j (Ns/m)
Fj = Excitation force in mode j (N)

Height of pulley axis above MWL (m)
Significant wave height (m)
Total mass (kg)

S

(© Proceedings of the 8th European Wave and Tidal Energy
Conference, Uppsala, Sweden, 2009

601

S = Stiffness (N/m)

Th = Natural period (s)

Tp = Peak period of sea-state (s)

Vv = Displaced volume (m?)

a = Float radius

ap = Float radius at water plane (z = 0)

am = Measured wave amplitude (m)

f = frequency (Hz)

k = Wavenumber satisfying linear dispersion relation (m~!)
mg,m. = Displaced mass (pV) and counterweight mass
p = Radius of pulley (m)

X = Horizontal ordinate (+ve in wave-direction)

b4 = Vertical ordinate or displacement (+ve upward)
B = Angle of supporting cable from vertical (°)

[0} = Angular displacement (rad)

o = Angular frequency (rads~!)

Suffixes

imm = mean immersion (free surface to base of cone)
j = mode: 1=surge, 3=heave

m = measured

1 Introduction

One of the most onerous design problems faced by
wave energy device developers is the disparity between
the loads during normal operating conditions and those
during severe storm conditions. In many cases, design-
ers must ensure that the peak-to-peak oscillation of a de-
vice is within a finite range set by structural or mechan-
ical constraints such as the dimensions of the support-
ing structure or the stroke of the generator. Operational
and extreme conditions vary with deployment site but, as
a broad approximation, operating conditions are wave-
fields with peak periods in the range 7p ~ 6 — 10 s and
significant wave heights H; < 5 m whereas extreme con-
ditions can be considered as sea-states with Tp > 12 s
and H; > 6 m (and in some cases up to 10 m). Within
a fully developed wave-field, extreme waves may occur
with a wave height (trough-crest) more than double the
significant wave height; these represent a peak-load de-
sign condition for fixed offshore structures. To be eco-
nomically viable, wave devices must generate useful out-
put in the wide range of operating conditions expected
at the design site whilst also surviving extreme condi-
tions. Many heaving wave energy devices comprise a
buoyant (approximately) cylindrical float whose oscil-
lation drives a power take-off system. These devices



may be taut moored (AWS, CETO), slack moored (OPT
Powerbuoy, Aquabuoy, Wavebob, WaveSync) or sup-
ported from a larger fixed or buoyant structure (FO? Bul-
dra, Wavestar, Trident, Manchester Bobber). Informa-
tion on particular wave energy devices can be obtained
from company websites and in technology reviews (e.g.
[1D).

For all these systems, the maximum device motion
during a wave-cycle must be within a finite limit im-
posed either by the generator stroke or by the struc-
ture dimensions. Individual devices in this category are
typically termed point absorbers [2] and the float form
and dimensions are selected to optimise annual electri-
cal output from the wave conditions expected at the de-
ployment site. To optimise power output from an oscil-
lating wave energy device the float velocity must be in
phase with the excitation force and mechanical damping
must be similar to radiation damping [2]. For a regular
wave of a particular frequency the phase condition is sat-
isfied by matching device natural frequency to incident
wave frequency. In theory this can be achieved in irregu-
lar waves by applying conjugate control [3]. In practice
it is impossible to achieve optimal response in irregular
waves but various sub-optimal control methods such as
latching [2, 4, 5] have been proposed that are designed to
minimise the phase difference between velocity and ex-
citation force, at least while the magnitude of the force is
large. In general, a condition for implementing this type
of wave-by-wave control is that the natural frequency of
the float is greater than the incident wave frequency (de-
vice natural period less than wave period).

The design natural period for a device is therefore
in the range 5 - 7 s (e.g. [6]) and typical float dimen-
sions are of the order of 4-6 m radius (FO3 4 m, Manch-
ester Bobber 5 m, Wavestar 5 m, AWS Pilot Plant 4.25
m) and, particularly for structure-supported devices, the
draft may be similar. To maximise power capture, re-
sponse amplitude ratios (ratio of float displacement to
wave amplitude) greater than unity are required and so
float motions of the order of 10 m may occur during op-
erational conditions. For economic reasons it is desirable
to ensure that this excursion is not exceeded, even in se-
vere conditions with significant wave heights of 5-6 m.
Since the effects of extreme loads must be considered
in conjunction with failure modes, the provision of an
external force to limit motion may not always be possi-
ble. To limit the mechanically undamped response of a
heaving wave energy device either natural period and/or
damping must be adjusted. Adjustment of natural pe-
riod can be employed to tune response (attain optimal
amplitude) in operating conditions or to de-tune the de-
vice to limit response in severe wave conditions. For
the simple configuration of a heaving buoy, natural pe-
riod is dependent on water plane area and system mass.
Of the two, it is generally more straightforward to adjust
the system mass. However, although an immersed form
can be identified that optimises power capture for a given
immersed volume and excitation frequency [7], the large
changes of mass required to modify the natural period
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over a useful range are difficult to achieve in practice.
Furthermore, even though response amplitude of a heav-
ing float will reduce as the wave period increases rela-
tive to natural period, the amplitude ratio only reduces
to unity unless damping is significantly increased. It is
therefore advantageous to investigate methods for limit-
ing the response amplitude of a float that do not rely on
either change of mass or mechanical damping.

For power output a shallow draft float is required with
a natural period around 20% less than the peak wave pe-
riod. However, the float geometries that operate effec-
tively in these conditions may experience large motions
during extreme conditions. These conditions may cor-
respond to a power take off failure mode, increase of
mechanical damping may not be possible and it is there-
fore desirable to limit motion hydrodynamically. This
can be achieved by selecting a shape whose response
characteristics can be adjusted by only a small change
of mass. A feasible form is identified by considering the
draft variation of hydrodynamic parameters obtained us-
ing linear analysis (WAMIT [8]). Since numerical mod-
els for simulating the non-linear response of a wave de-
vice are not extensively validated, particularly for ex-
treme conditions, an experimental approach is employed
for the remainder of the study. Experimental measure-
ments, at approximately 1 : 68th scale, are presented of
float motion during regular, random and focused waves
to demonstrate the influence of a small change of draft
on the maximum excursion. There is no power genera-
tion in this investigation since this would reduce motion
and hence would not represent the worst case response.

2 Float Form

The motion of the wave-activated part of a heaving
device is often analysed assuming linear wave forcing
and small amplitude response [2, 9]. This approach
can be extended to allow simulation of time-varying re-
sponse to irregular waves (reviewed in [10]). An under-
lying assumption is that the immersed volume of the de-
vice does not change either between individual sea-states
(with different peak frequency) or during response to a
particular incident wavetrain. In part this is due to diffi-
culties associated with changing the immersed volume.
Assuming small amplitude motion, the natural frequency
of an oscillating float can be estimated as @, = (S/M)"/?
where S denotes the hydrostatic stiffness and M the to-
tal system mass. Assuming small amplitude oscillation
in heave, the hydrostatic stiffness is proportional to the
water plane area (pg7ag” for an axisymmetric body of
radius ag at the waterline) whilst for oscillation in surge
or sway an external restoring spring must be provided.
For an axisymmetric body in heave, natural frequency is
therefore proportional to the water plane radius (ag) and
to M~'/2. For a straight sided device, the hydrostatic
stiffness is constant with draft and so a large change of
mass is required to change natural period. (For example,
the mass and draft of a neutrally buoyant hemispherical
ended cylindrical float must be increased by 400 Tonnes



and nearly 5 m to increase the natural period from 7 to 9
s.) This is difficult to achieve in practice.

A large change of response could be achieved by se-
lecting a float form such as that shown in cross-section in
the left hand frame of Figure 1 comprising two cylindri-
cal sections connected by a smooth transition. In com-
parison to a straight sided cylinder (shown dashed), the
hydrostatic stiffness, displaced mass and hence natural
period are nonlinear with draft and so a large reduction
of water plane area and small increase of displaced mass
occur if the draft is increased from near the top of the
straight sided section to above the conical section. Here,
the upper cylinder (or stem) radius is one-third that of the
lower cylinder and the upper surface is inclined at 30°
and so this change of draft requires only a small change
of float mass (approx. 10% of the displaced mass).

0 50 0 100 O
a,mm S N/m

~
Figure 1: Draft-variation of water plane radius (ag), rate
of change of buoyancy force (S), and both float mass
(M=displaced mass + counterweight mass) and indicative
range of added mass (shaded). Round ended cylinder with
straight sides and conical top. Radius of lower section is a = 74
mm, radius of upper section is a = 25 mm. Variation of natural
period (Ty, = 27t(M/S)"/? assuming small amplitude response)
also shown. Drafts of 35, 80 and 110 mm are indicated.

For power generation, the (still) waterline would be
within the straight-sided cylindrical part of the float such
that the wetted volume is a round-ended cylinder (35-
85 mm draft). Response in this range is expected to be
nearly linear with wave amplitude, at least until the re-
sponse amplitude ratio is sufficiently large to immerse
the upper surface during part of a wave-cycle. Simi-
lar forms (including hemisperical ended cylinders and
hemispheres which have similar hydrodynamic charac-
teristics, see Figure 2) have been shown to be suitable for
power generation and have been widely studied. Heave
excitation force and radiation damping reduce with in-
creasing draft and so (providing mass can be adjusted)
it is beneficial to increase draft with increasing wave pe-
riod to maximise power output. However, these forms
become less suitable in long waves since the undamped
heave response amplitude will be large and there is no
restoring force, and minimal damping, limiting excita-
tion in surge (see B; in Figure 2(b)).

When the upper surface is completely immersed (e.g.
110 mm draft) such that the (still) waterline is within the
narrow cylindrical part of the float, the small amplitude
natural period is increased significantly due to a reduc-
tion of water plane area (Figure 1) and an increase of
added mass (Figure 2(a)). Furthermore, both the heave
excitation force and radiation damping are reduced to a
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fraction of those on a round-ended cylinder (Figure 2(c)).
This form would obviously not be an efficient wave en-
ergy converter since radiation damping in heave is small
(B3 ~ 0) and linear analysis implies that large response
amplitude ratios would occur. However, it is reasonable
to expect that when the upper surface is immersed to a
shallow depth there will be significant additional forces
on the body due to non-linearity of the free surface, wave
sloshing and breaking and viscous effects. These phe-
nomena are not straightforward to simulate and so the
behaviour of this float is studied experimentally.
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Figure 2: Hydrodynamic parameters for axisymmetric float at
drafts of 35 mm (thin solid line), 85 mm (thick solid curve)
and 110 mm (thick dashed curve) obtained from linear diffrac-
tion analysis (using WAMIT) of the geometry shown in Fig-
ure 1. Parameters for hemispherical float of radius equal to
lower cylindrical section also shown (dash-dot).

3 Experimental Arrangement

The wave conditions considered are periods between
8 and 12 s full-scale, regular wave amplitudes up to 4.75
m, focused waves with height of 10 m and irregular wave
fields with significant wave heights up to 10 m. Although
not the most extreme conditions that can occur, 8 s pe-
riod is representative of operating conditions whilst 12 s
period represents North Sea storm conditions [11]. Tests
were conducted in the 5 m wide wave and current flume
at the Univeristy of Manchester which has a flat bed of
length 18.5 m from paddles to mid-beach. A constant



water depth of 0.45 m was used representing 30 m depth

at 1:68th geometric scale and so the wave frequencies
studied are in the range 1.063 Hz to 0.688 Hz with reg-
ular wave amplitudes up to 70 mm. In all tests, the float
was located at a distance xo = 3.6 m from a set of Edin-
burgh Designs wave-paddles and at the centreline of the
flume (i.e. 2.5 m from both tank walls). For this chan-
nel width, float response due to wave frequencies greater
than 0.4 Hz can be assumed to be representative of the
unconstrained case (this ensures that wavelength< D,
where D, the channel width [12, 13]).

A pulley-supported float (Figure 3), radius a = 0.074
m, is employed such that the total oscillating mass com-
prises three components; the displaced mass (my; = pV),
frequency dependent added mass (A3(®)) and supple-
mentary mass (2m.). In contrast to a neutrally buoy-
ant system this allows variation of total system mass
without change of immersed volume and added mass
(i.e. without change of m; or Az). Alternatively, draft
may be adjusted without change of total system mass.
A similar approach is described in [14] although in the
present arrangement the counterweight provides an up-
ward force on the float that varies with counterweight
inertia rather than applying downward force through a
supporting strut. Three float drafts are studied as sum-
marised in Table 1 and corresponding to the drafts in-
dicated on Figure 1. A fourth configuration (Max(?))
is discussed in Section 4.2. The natural period listed
for each configuration is calculated assuming small am-
plitude motion and using hydrodynamic parameters ob-
tained by linear analysis (conducted using WAMIT [8]),
Figure 2. A nominal natural period of the system is given
as T, = (S/M)'/2 where M = mgy + 2m, + A3 although
it is recognised that the actual value may be somewhat
different due to non-linear response. Of course, this
approach is only valid as the response amplitude ap-
proaches zero and the hydrodynamic parameters are not
expected to be exact for the max-draft case for which the
inclined upper surface is very close to the free-surface.
However, since this information is straightforward to ob-
tain these values provide a useful measure for compari-
son and future evaluation of model performance. For two
cases (min- and mid-draft), the natural period is smaller
than the incident wave periods considered and so phase
control strategies could be employed to improve out-
put; these configurations represent the lower and upper
bounds to the typical operating range of a nominal de-
vice. To represent the worst case in terms of response
amplitude, the natural period when the conical top of the
float is immersed is close to that of the low frequency
waves tested.

Float response is measured relative to the axis of the
supporting pulley and defined as 7 = ¢r, where ¢ is the
angular displacement of the supporting pulley of radius
rp = 17.5 mm. Since the horizontal displacement is less
than one radii in all cases considered 7’ is a reasonable
approximation to the true vertical displacement, z. (By
geometry, z = 7'cos where B = tan!(x/(H — z))
is the angle of the supporting cable to the vertical
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Figure 3: Experimental arrangement of single axisymmetric
float at mid-draft indicating key dimensions and co-ordinate
system (x +ve in direction of wave propagation, z +ve upward).
Float mass (my = my +m,) is altered to change draft.

Draft ag me my Aj Mt Th
(mm) (mm) (kg) (kg) (kg) (k) | ()
Min- | 35 75 040 082 067 122 ] 0.65
Mid- | 8 75 040 1.8 0.58 1.98 | 0.75
Max- | 110 45 040 174 082 2.14 | 1.35
Max(®| 110 45 024 158 082 1.82 | 1.28

Table 1: Float mass, counterweight and ballast employed for
draft of 35, 85 or 110 mm in still-water. Natural period (7p) is
estimated assuming small amplitude response for f,, = 0.766
Hz using added mass coefficients obtained from hydrodynamic
analysis of the corresponding float geometry using WAMIT
(see Figure 2). Note that 0.15 kg ~ 50 Tonnes, 0.40 kg ~ 125

Tonnes and 1.58 kg ~ 500 Tonnes at 1:68th geometric scale.

when the float is displaced by distance x, so for x < a,
B < 6° and z ~ 7/(1+0.005)). Angular displacement
is measured using a HEDS9000 quadrature encoder
reading an HEDM 6120 T12 code wheel that provides
position measurement to within 0.2°. Wave elevations
are measured at 0.9 m upwave (3 gauges), in-line (1
gauge) and 0.9 m downwave (3 gauges) of the float
using capacitance type wave gauges and all data is sam-
pled at 256 Hz. In the following, the suffix m denotes
wave conditions measured in the absence of the device.
Measurements of device response are synchronised to
the incident wave by matching wave measurements
from the upwave gauges taken with- and without the
float installed.

4 Measured Response

Initially the linearity of response amplitude is dis-
cussed to demonstrate the significant change of be-
haviour due to the immersion of the upper surface.
Subsequently measurements are presented of the time-
varying response to focused wave groups and to irregular
wavefields.



4.1 Regular Waves

The influence of changing the float draft can be
clearly seen by considering the linearity of response am-
plitude with wave amplitude. Figure 4 shows the vari-
ation of response amplitude ratio (z,/a,,) with incident
wave amplitude (a,,) for each float for three wave fre-
quencues corresponding to full-scale periods of approx-
imately 8, 11 and 12 s. When ballasted to the shal-
low draft position, the float attains response amplitudes
greater than the incident wave amplitude over a range of
wave frequencies. Response amplitude varies (nearly)
linearly with incident wave amplitude for the three con-
ditions shown with amplitude ratio increasing as a reso-
nant response is approached (as wave period exceeds 1.0
Hz, see inset to Figure 4(b)). Maximum response ampli-
tudes for this float are observed at frequencies close to
1.3 Hz (not shown). Note that, for this case, measure-
ments are only presented up to an absolute displacement
of approximately 40 mm since the float separates from
the free surface at larger amplitudes. When the float is
ballasted to intermediate draft, response amplitude ratio
is constant for all wave amplitudes (ratio of between 1.2
and 1.3) whilst wave frequency is lower than the natu-
ral frequency (Figure 4(a)). However, when response is
near-resonant (e.g. f,, = 1.06 Hz, f,, ~ 1.3 Hz) the varia-
tion of response amplitude is clearly nonlinear. For wave
amplitudes less than 21 mm, float response amplitude is
close to double the wave amplitude but this decreases
with increasing wave amplitude towards an amplitude
ratio of 0.8 at a,, > 60 mm. Effectively the absolute re-
sponse amplitude remains at a (nearly) constant value of
between 46 and 50 mm over this range. As will be seen,
the onset of this response limit can be attributed to the
immersion of the upper surface of the float during part of
the wave cycle. For the max-draft case (Figure 4(b)), re-
sponse is consistently less than 65% of the incident wave
and the response amplitude undergoes nonlinear varia-
tion with wave amplitude. Larger responses are mea-
sured at a lower wave frequency (0.688 Hz) since this
is closer to the natural frequency of the float (estimated
as 0.74 Hz). For this frequency, response amplitude ra-
tio increases up to 0.65 at 42 mm wave amplitude and
subsequently decreases to 0.5 at wave amplitudes greater
than 65 mm. At 0.766 Hz, response amplitude ratio in-
creases to approximately 0.3 at wave amplitude of 25
mm and response amplitude remains approximately con-
stant with increasing wave amplitude (z,,/a, ~ 0.3 for
30 < ap, < 70). At 30 mm amplitude, mean displacement
is 17 mm (0.766 Hz). At 0.766 Hz, max-draft response
amplitude ratio increases roughly linearly with incident
wave amplitude (z,,/a,, = 1.15 to 1.4 over the range 13
to 70 mm ampltude).

An important observation from these tests is that as
the wave amplitude is increased, the mean immersion of
the upper surface of the float increases from its position
in still water (Figures 5 and 6(d)). For the mid-draft po-
sition, change of immersion is dependent on the incident
wave frequency, and significant change of immersion is
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(b) Float draft = 110 mm, float mass = 1.74 kg

Figure 4: Measured response amplitude (z,,/a,;) of (a) mid-
draft float and (b) max-draft float due to incident wave frequen-
cies of 0.688 Hz (circle; T ~ 12 s), 0.844 Hz (square; T ~ 10
s) and 1.063 Hz (cross; T' ~ 8 s). Response amplitude of min-
draft float also shown as inset to (b). Masses used for each
draft are listed in Table 1. Dashed line indicates unit response
amplitude.

observed when the wave frequency is 1.063 Hz. For
lower frequencies, (f < 0.844), the mean displacement
remains close to zero for wave amplitudes less than 55
mm but increases slightly in larger waves. In these con-
ditions, the response amplitude is close to the draft of the
float (75 mm). For the high frequency waves, immersion
remains close to zero only for small wave amplitudes
(a <20 mm). Subsequently the mean displacement in-
creases with incident wave amplitude towards a limit of
approximately 30 mm. It is clear that this increase of im-
mersion causes the reduction of response amplitude ratio
observed for this float in Figure 4(a); response amplitude
ratio reduces from 1.8 to 0.8 as the wave amplitude in-
creases from 20 to 60 mm and the mean immersion in-
creases from 0 to 30 mm.

For the max-draft float, the upper surface (i.e. base
of the cone) is immersed by 27 mm when at rest but
the mean immersion increases towards a limit of close
to the wave amplitude (immersion asymptotes to ap-
proximately 57 mm for wave amplitudes greater than
60 mm). In this case, the magnitude of the mean dis-
placement appears to be independent of wave frequency.
The change of mean draft can be attributed to the immer-
sion of the upper surface and, in all cases, takes only a
small number of wave cycles to develop and motion is
then periodic. This is illustrated in Figure 6 where the
time-varying displacement of the free surface and of the
upper-surface of the float are shown for two wave am-



plitudes. Mid-draft float motion is nearly sinusoidal and
slightly greater than the wave amplitude whereas, in the
same wave conditions, the motion is not purely harmonic
and is a reduced amplitude when the upper surface is im-
mersed. For the cases shown in 6(b) and (d) it appears
that the increase of mean displacment is established by
the first wave crest (by 7/Tp > 2.5). During subsequent
cycles, the float velocity is close to zero for almost a fifth
of each wave period. This follows the instant of maxi-
mum immersion beneath each wave crest (integer values
of t/Tp) and ends within the wave trough. Similar re-
sponses are observed up to 70 mm wave amplitude and
the straight-sided part of the float does not emerge from
the free-surface.
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Figure 5: Variation of mean upper surface immersion with
wave amplitude for incident wave frequencies of 0.688 Hz (cir-
cle; T ~ 12 s), 0.844 Hz (square; T ~ 10 s) and 1.063 Hz
(cross; T ~ 8 s). Data is shown for both mid- and max-draft
floats. Mean float position is calculated over five complete os-
cillations during periodic motion.

4.2 Focused Waves

Several formulations have been developed which ac-
curately describe the free-surface shape or kinematics of
extremely large wave groups [15—-17]. For a linear wave-
field, the shape of the wave with maximum crest ampli-
tude is identical to the autocorrelation function and con-
sists of a short group of large amplitude waves occuring
in otherwise still water. Such waves represent the de-
sign load case for fixed stuctures. It is unclear whether
these waves represent the worst case loading for a near-
resonant body but, in the absence of detailed information
on design waves for wave devices, the maximum crest
wave represents a useful benchmark. Focused events
can be generated experimentally by appropriate selec-
tion of the relative phase of each regular wave compo-
nent within an irregular wave-field [18, 19].

Here, focused waves for a Bretschneider spectrum
(see e.g. pl01 in [20]) are defined using the Edinburgh
Designs OCEAN software in which phases are calcu-
lated assuming linear propagation of each component.
Since wave focusing is nonlinear the calculated phases
do not provide the symmetric shape expected from lin-
ear focusing alone and the resultant groups are slightly
asymmetric with the trough following the crest slightly
deeper than the trough preceding the crest. However, the
main features of the wave are reproduced (Figure 7) and
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Figure 6: Time-variation of displacement of upper surface of
float (z(¢), thick solid line) due to regular waves (1(¢), thin
solid line) of frequency 0.688 Hz. Mean displacement (thin
dashed line) obtained over five wave cycles also shown.

similar responses were observed with small variations of
the group shape. Since our interest is in design condi-
tions, wave groups were not considered for small wave
periods. Focused wave tests were conducted with peak
frequencies f,, < 0.844 Hz and crest amplitudes of 100
mm (10 — 12 s and 7 m crest amplitude at full-scale) for
the mid- and max-draft floats only.

As observed in regular waves, float response is
significantly reduced when the upper-surface is part-
immersed. In all cases, maximum excursion during a
wave-cycle is reduced by more than 40% and up to 60%
when the upper surface is immersed in still water. For
the mid-draft float, excursion is less than 70 mm dur-
ing the wave cycle containing the focused crest. Maxi-
mum excursions of around 90 mm are observed during
the zero-downcrossing wave cycle (trough and crest) im-
mediately after the focused wave crest. High frequency
oscillations during the trough prior to the focused crest
(-0.8 < t/Tp < —0.5, Figure 7) have a small influence
on maximum float displacement shortly after the focused
wave crest but do not appear to influence the maximum
excursion (e.g. trough to crest) of the float. In exactly
the same set of waves, maximum excursion is reduced
to between 40 and 55 mm when the float draft is in-
creased. The reduction of maximum excursion is consid-
erably larger than the small variation of excursion due to



different shapes of the focused wave so can be attributed
to the different draft of the two floats.

Although maximum excursion is perhaps the most
important consideration for device design, it is interest-
ing to observe that the interval over which these maxi-
mum peak to trough motions occur are also dependent
on float draft. Time-varying wave elevation, float dis-
placement and upper-surface immersion are shown for
two cases in Figure 7. Motion prior to the focused crest
(t < 0) is similar for both floats in that the response fol-
lows the wave shape. However, the response to the first
crest and trough is markedly lower for the higher draft
case. As expected, maximum velocities occur during the
focused wave crest although again these are roughly 40%
lower for the higher draft case (time variation not shown
but maximum velocities are 0.14 m/s and 0.22 m/s re-
spectively). In all cases, the maximum absolute (nega-
tive) displacement occurs during the second trough of the
wavegroup (7 ~ Tp) and, at this instant, the upper surface
of the float is immersed by the same distance, approxi-
mately 25 mm, for both initial drafts. (At this position,
the float upper surface is located at -60 mm below still
water and the free surface at -35 mm). However, due
to the larger restoring force on the mid-draft float, this
attains a higher velocity (and maximum excursion) dur-
ing the third wave crest (0.8 <t/ Tp < 1.3) whereas the
max-draft float remains immersed throughout this third
crest only gradually returning to its mean position. It is
worth noting that a similar reduction of maximum ex-
cursion can be obtained by reducing the counterweight
rather than increasing the float mass. Figure 7 also shows
the response of a fourth configuration with float mass the
same as the mid-draft float but a reduced counterweight
(m. = 0.16 kg) such that the immerse volume in still wa-
ter is equal to that of the max-draft float (Max? in Ta-
ble 1). This shows similar reduction of response for the
shorter period focused wave but, for the longer period,
the reduced restoring force results in greater immersion
due to the focused crest. The resultant trough to peak re-
sponse (0.5 < t/Tp < 1.4) is around 60 mm; still a 30%
reduction.

Although these relatively short duration focused wave
groups are not necessarily the worst case design wave
for an oscillating body, these findings provide some con-
fidence that this approach to limiting float motion can
be effective even in waves of extremely large crest am-
plitude that may occur during storm conditions. Since
these wavegroups are of short duration, the mean dis-
placement prior to the wave is the same as that in still
water. If similar focused wave conditions were to occur
within a regular (or irregular) wavefield, an even smaller
response is likely to be observed for both floats due to
an increase of mean displacement during the preceding
wave cycles.

4.3 Irregular Waves

To confirm that the reduction of response observed
with increased draft is not the result of periodic forcing
or of the short-duration of the focused wave groups, sev-
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Figure 7: Time variation of surface elevation (1)(¢), thin solid
line), and response of mid-draft (thick solid line) and max-draft
(thick dashed line) floats during focused wave group defined
by Bretschneider spectrum to give crest amplitude of 100 mm.
Response of float with reduced counterweight, corresponding
to Max(?) in Table 1, also shown (dotted line) in part (b).

eral tests were conducted in irregular wave fields. Each
wave-field was defined by a Bretschneider spectrum with
significant wave heights of up to 150 mm (H; ~ 10 m at
full-scale). Time-varying response is illustrated for two
wave periods in Figure 8 clearly indicating a reduction
of response. For the case shown in Figure 8(a), maxi-
mum excursion is reduced by 60% and occurs during a
different wave cycle for each float (¢/Tp = 3 for the mid-
draft float and ¢ /Tp = 6.4 for the max-draft float). In all
cases a similar reduction of response is observed and, for
the mid-draft float, mean displacement is similar to that
observed in large amplitude regular waves (mean offset
in irregular waves approx. 10 mm). However, for the
larger draft, mean displacement of -45 mm in irregular
seas corresponds to the displacement in regular waves
of only 35 mm amplitude. This reduction is presumably
because the irregularity of the forcing allows the float
to recover towards the still water position during calmer
intervals.

5 Discussion

The purpose of this study was to determine whether
the response of a float form suitable for use as a wave en-
ergy device could be limited in extreme waves by chang-
ing its draft. Our measurements show that this is possi-
ble by increasing the draft such that part of a suitably
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Figure 8: Time-varying displacement of upper surface of mid-
(thick solid curve) and max- (thick dashed curve) draft floats
during irregular wave (thin curve) defined by Bretschneider
spectrum with significant wave height Hy ~ 4a (150 mm).
These waves are equivalent to full-scale peak periods of 11 and
12 s with significant wave heights of 10 m. Mean displace-
ment of upper surface, calculated over the repeat cycle of the
wave-field is also shown for mid draft (horizontal solid line)
and max-draft (horizontal dashed line).

shaped upper surface of the float becomes immersed in
large wave amplitudes. This results in hydrodynamic
damping that limits the maximum float motion in severe
seas. Limited information is available on the 3D problem
of a body exiting a free surface (or oscillating beneath
a free surface with large Keulegan Carpenter number)
and so no attempt has been made to quantify the relative
contributions of the physical processes involved at this
stage. Observation suggests that during partial and shal-
low immersion of the upper surface, energy is dissipated
through breaking and sloshing over the upper surface.
Drag-type forces (i.e. in phase with velocity) on the up-
per surface are therefore unlikely to be significantly due
to boundary layer effects. Loads will probably be dom-
inated by flow inertia and gravity effects and would not
be expected to change significantly with scale.
Boundary layer effects may be more significant on
the lower surfaces of the float that remain continuously
immersed (e.g. around the perimeter of the base of the
float). These loads will be Reynolds number dependent
and so may change with scale although limited scale de-
pendence of the drag coefficient was observed in exper-
imental study of a heaving float at 1:10t" and 1:100th
scale [21]. Although there will be differences due to
geometry (particularly 3D rather than 2D flow), some
insight into the relative significance of drag-type forces
and added mass forces (in phase with velocity and ac-
celeration respectively) can be obtained from the litera-
ture on water exit of a 2D body. Linear added mass the-
ory provides a poor prediction of the cylinder loading in
this idealised case [22], particularly for vertical motion
in which the cylinder centroid is within 1.5 radii of the
free surface. However, viscous numerical simulations
(water exit of a 1 m radius horizontal cylinder in [23])
demonstrate that a nonlinear irrotational flow model (de-
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scribed in [24]) provides an adequate prediction of loads,
at least until the free surface breaks up, suggesting that
boundary layer effects are not important.

The float geometry employed comprises two cylin-
drical sections with the lower part of radius a and upper
part of radius a/3 connected by a conical section of 30°
slope. This geometry was selected such that when the
waterline is within the vertical extent of the small radius
cylinder, the natural period (assuming small amplitude
linear response) is similar to the longer wave periods
studied. The extent of the response limitation applied
could be adjusted by modification of this form. Chang-
ing the profile of the upper surface would alter both the
change of mass required to affect a given change of draft
and may significantly influence the magnitude of forces
due to breaking, sloshing and viscous effects. A reduc-
tion of the radius of the upper cylindrical section has
little influence on the change of mass required to al-
ter the draft in still water but would increase the mean
displacement that occurs during response to wave load-
ing since buoyancy force will only change by a small
amount with draft. Note that, in the absence of this upper
cylindrical section (the form of many heaving floats), an
upward restoring force (counterweight or positive buoy-
ancy) would be required to ensure that downward dis-
placement is limited once the upper surface has been im-
mersed. Conversely, a larger radius upper section would
reduce the mean float displacement during loading since
the increase of buoyancy force will balance the increased
loads on the upper surface at a smaller draft.

6 Conclusions

Many offshore engineers are concerned with limit-
ing the response of a floating body, particularly during
extremely severe wave conditions. This is of particular
importance to the designers of wave energy devices, for
which finite motion constraints must be satisfied to avoid
high loads as the device approaches an end-stop. One
way in which the performance of heaving wave devices
is tuned is to adjust the mass of the oscillating system.
Such changes are difficult to achieve in practice since a
large change of system mass is required to substantially
alter the response amplitude. Here it is shown that the re-
sponse characteristics of an axisymmetric heaving float
with a conical upper surface can be significantly changed
by adjusting its displaced mass and hence the water plane
area of the body. It is important for the upper surface to
be sloped such that a small change of mass will alter the
water plane area in still water. Experimental measure-
ments are presented of the response of a cone-topped,
round-based float in several large-amplitude regular and
irregular waves. By increasing the float mass (or, simi-
larly, by increasing the ratio of displaced mass to coun-
terweight mass), the float draft is increased causing an
increase of both the natural period and of the hydro-
dynamic damping. Float motion can be reduced from
greater than the wave height to less than 50% of the wave
height by only a 10% increase of mass. Combined, these



affects can be exploited to ensure that float motion re-
mains within a specified range.
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