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The advent of circular wave tanks, with wave-making segments all around the perimeter, brings potential
advantages over standard, rectangular wave tanks where the wave-maker is confined to one or two
adjacent sides of the tank. It is now possible to reproduce seas with full 360° directionality, enhancing
the range of possible test scenarios. However, this additional capability also presents technical challenges:
waves generated on “one side” of the tank must be absorbed on the opposite side, together with any waves
reflected or radiated by the model under test, to prevent contamination of the wave field. This paper

s\izxotr:rsli( reviews the theory of wave generation and absorption in a circular tank, before proceeding to identify an
Wave basin appropriate control scheme for the University of Edinburgh’s “FloWave” combined wave/current basin.

Numerical simulations, based on linear multi-chromatic waves, are carried out using WAMIT to assess
the suitability of wave-maker control schemes suggested in literature. For the first time a round tank’s
ability to reproduce sea spectra is assessed numerically. The simulations suggest that the generation of
“peaked” spectra is possible to an accurate degree, with an overall standard deviation error of less than
2% over a designated “test zone”. However, there are difficulties in producing “wide” spectra, as effective
dynamic wave absorption cannot be ensured over the whole frequency range. This may have important
repercussions, not just for the usage of FloWave, but also in terms of the design of future round basins.

Wave-maker theory
Force-feedback control
Wave absorption
WAMIT

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

There are numerous wave tank facilities in the world capable
of generating multi-directional waves through the computer-
controlled, serpentine motion of a segmented wave-maker along
the perimeter of the tank. Typically these tanks are of rectangular
shape, with wave-making panels on one or two adjacent sides of
the tank, and absorbing beaches on one or more of the remaining
sides. Indeed much of the theory developed for the control of seg-
mented wave-makers assumes a rectangular tank, and/or a linear
arrangement of wave-making panels. However, the requirement
for a wider range of wave directions, as well as more compact tank
size, has led to the development of circular tanks. In these tanks, the
wave-maker extends around the entire rim, and the wave-making
segments are able to generate as well as absorb waves, allowing
the simulation of seas with any combination of wave directions.
Examples of circular tanks described in literature include the Deep
Sea Basin at the National Maritime Research Institute in Tokyo [1],
the AMOEBA tank in Osaka [2], and FloWave TT [3], a combined
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current and wave test basin recently constructed at Edinburgh.
Table 1 compares the main features of these tanks.

This paper considers wave-making in the FloWave test facil-
ity. The basin, designed for model testing at approximately 1:20
scale, comprises an array of 168 dry back, flap-type wave boards.
Force-feedback control is used, which is considered to have advan-
tages over position-control, in that the spurious harmonic content
in the wave field tends to be reduced [4]. Moreover, force-feedback
control lends itself better to wave absorption, which can be imple-
mented through the simple addition of a velocity feedback loop in
the control system [5]. Currents in FloWave are generated using
a set of 28 impellers that pump water into and out of test area via
turning vanes, the flow being recirculated through a plenum cham-
ber, as shown in Fig. 1. The turning vane layout is designed to leave
an undisturbed region directly in front of the wave boards, so as
currents do not to interfere with the wave generation or absorption
process.

Here it is assumed that solely waves are generated in the tank,
and a thorough review is carried out of linear wave generation and
absorption, as applicable to the control of a round tank. Numerical
computations are then carried out to assess a number of possible
control schemes for the tank, in terms of the resulting steady state
behaviour.

In its typical operating scenario, FloWave is expected to repro-
duce realistic sea spectra. Ideally, the generated sea should extend
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Table 1
Characteristics of circular tanks.
Tank FloWave TT [3] NMRI [1] AMOEBA [2]
Diameter 25m 14m 1.6m
Actuator 168 force-feedback, dry back paddles 128 position-feedback, wet back paddles 50 force-feedback plungers
Depth 2m 5m 0.25m
Maximum wave height 0.7 m (planned) 0.5m 0.02m
Wave period range 1-3s(planned) 0.5-4s 0.33-0.625s

over a large proportion of the tank, allowing for the testing of
large scale models or device arrays. The present paper makes
the following important contributions in assessing the prospective
capabilities of the tank:

e The ability of the tank to reproduce sea spectra in a spatially
uniform manner is investigated.

¢ The impact of a single malfunctioning paddle on the generated
sea spectra is explored.

¢ The response of a floating body in the middle of the tank is con-
sidered, and compared with the expected body motion given the
prescribed sea spectrum.

The present paper contains the first numerical study of a round
tank generating multi-chromatic waves, and whilst the focus is on
FloWave, the results and methodology are relevant for round tanks
in general.

To simulate the tank, the approach of Newman [6], based on
the commercial boundary element method (BEM) solver WAMIT, is
applied. The approach has been validated experimentally for a 96°
arc of paddles in the Edinburgh Curved Tank by Gyongy et al. [7]. A
key advantage of using a linear diffraction solver, is that it is simple
to apply to a circular (or indeed any) tank geometry. Moreover, it
lends itself well to modelling force-control, as the hydrodynamic
forces on the paddles, and the associated paddle motions, are easily
established. Given the linearity of the approach, the waves from
each paddle may be computed separately, and then superposition
applied to obtain the overall wave field.

Other methods for analysing linear wave-making in a tank
include analytical approaches modelling the individual paddles as
point sources or finite width sources [8,9], or the collection of pad-
dle faces as one continuous surface. Whilst most techniques assume
position-controlled wave-makers (with given motions imposed),
Spinneken et al. [4] consider the force-control of a rectangular
tank with absorbing wave-makers, deriving a theoretical first-order
transfer function backed up by experimental observations. A draw-
back of analytical approaches is that reflections can be difficult to

Dry-back flap (x168)

model. In a simpler scenario, when the line of wave-makers faces
a bank of absorbing beaches (as in a typical rectangular tank), the
reflecting side walls may be readily accounted for [10]. However,
analysing reflections (and re-reflections) off a round boundary, or
indeed the effect of an object in the tank on the wave field, would
be too complex. An alternative, numerical option is to use a spectral
method [11].

It is important to note that the linear waves analysed here only
represent a subset of the test scenarios that a wave basin is expected
to provide. Indeed, one of the rationales behind physical testing is
that it allows non-linear wave/structure interactions to be exam-
ined, which are often difficult to analyse numerically in a reliable
way. Hence there is a requirement to reproduce non-linear, in par-
ticular high steepness waves, in an accurate wave. This paper, in
staying in the domain of linear waves, is intended to constitute a
first step in identifying a viable control scheme for FloWave, and a
discussion is included on the implications of generating non-linear
waves.

The paper is organised as follows. Section 2 reviews the theory
for controlling a circular wave tank, with absorbing, force-feedback
paddles. A basic physical model for wave boards is first outlined,
followed by the control loop around wave boards. Potential control
strategies for the whole tank are then discussed. In Section 3, the
methodology of simulating force-control and dynamic absorption
in a circular tank using WAMIT is described. Section 4 presents the
results of simulations, both for the control of the “empty” FloWave
basin and for the case of a floating object in the tank, which results
in radiated and diffracted waves. Section 5 discusses non-linear
waves. Conclusions are given in Section 6.

2. Modelling a circular tank
2.1. Paddle dynamics
As outlined in Spinneken et al. [12], a flap-type wave board,

depicted in Fig. 2, may be considered as an inverted pendulum
with mass m and inertia r. The tangential weight component is
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Fig. 1. Cross-sectional diagram of FloWave TT.
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motion of paddle

centre front face
of mass
curved drive
sector
air spring . hinge

Fig. 2. A flap-type wave-making paddle.

mghm sin, where hy, is the distance from the hinge to the cen-
tre of mass, and « is the inclination of the line joining the centre
mass and the hinge, with respect to the vertical. For small paddle
rotations the approximation sin & ~ o may be used. When the pad-
dle is in motion, radiating waves, it experiences a hydrodynamic
added inertia rg and added damping dg, and incident waves apply
a certain exciting torque T,, about the hinge axis. The paddle is
also subject to an external control torque T, (provided by the drive
motor) and the paddle mechanism has a certain rotational stiffness
¢ (the mechanical damping is assumed to be negligible compared
with the hydrodynamic damping). In the case of FloWave, the stiff-
ness comes mainly from “air springs” connected to the paddles,
whose function is to balance the hydrostatic loading (and tangen-
tial weight component of the paddle) such that the rest position of
the paddle face is vertical.

Based on the above, the motion of the paddle may be expressed
in terms of the paddle angle 6(t) as

(r+79)0 + dpd + (c — mghm)d = T + Te. (1)

In the equation above it is assumed that the hydrostatic loading
is constant (and independent upon #), which is correct to a first
order approximation. Fig. 3 shows a schematic diagram of the pad-
dle, indicating the paddle angle (t), and the hinge depth H and
water depth h. Note that the horizontal displacement X, of the
paddle face at the static water level can be related to 6 as

Xo = H tan 0 ~ H6, (2)

where a small angle approximation has been used. If the paddle
is oscillating sinusoidally with angular frequency w and amplitude

z
/ nx.y.b
X,(t X
N R
paddle face
o(t
water depth h
z =-H ¢ hinge
zZ=-h

Fig. 3. Schematic side view of a paddle and overhead view (inset) of a linear array
of paddles generating a plane wave.

X, at the still water level, then the horizontal displacement may be
expressed in terms of vertical position as

X = %f(z)e"‘”‘ +c.c., (3)

where c.c. refers to the complex conjugate of the preceding term,
and

z+H for 0>z> —H,
f(z)= H (4)
0 for z < —H.

For theoretical analyses, the hydrodynamic coefficients rg, dg
in Eq. (1) are typically evaluated by assuming that the wave board
forms part of an infinitely long, segmented wave-maker (facing a
fluid domain that extends to infinity), which is generating regular,
oblique waves. In contrast to the circular FloWave tank, in most
analyses the wave-making segments are assumed to be arranged
inastraightline. Furthermore, the width b of individual segments is
taken to be negligible as compared to the wavelength L of the gen-
erated wave, so that the velocity distribution along the wave-maker
may be represented by a continuous function.

Subject to the above assumptions, together with the assump-
tions of linear wave-maker theory, the hydrodynamic coefficients
for a wave frequency w and direction § are given by (see, for exam-
ple, Newman [6])

X -2 2 2 cin2
r(p:4bpzcn(kn/\/kn+kosm ;‘3)7 5)
n=1

sin 2kph + 2kph

c2 sec B
sinh 2koh + 2koh’

where p is the density of the fluid, k, is the positive real root and
k, are the positive imaginary roots of the dispersion equation

w?* = gk tanh kh, (7)

and the parameters ¢, and cy are given by

0
/ Hf(z) cosh ko(z + h) dz

Co =
h
_ koH sinh koh — cosh koh 4 cosh ko(h — H) 8)
= @ ,
0
Ch = / Hf(z) cos kn(z + h) dz
—h

_ knH sin kph + cos knh — cos kn(h — H) 9)
= @ .

Note that rg, dg contain an additional factor of H?> compared
with the added mass and damping coefficients given in Newman
[6], as the latter are defined with respect to the linear dynamics
of the paddle at the still water level, rather the rotational dynam-
ics as given by Eq. (1). Note also that the results in Newman [6]
are per unit paddle width. The added inertia r4 results from the
evanescent, standing waves that are generated by the paddle (and
the associated body of water that is accelerated), whilst the added
damping d is due to the radiated progressive wave, and is related
to the energy transferred away.

The wave angle 8 is specified relative to the x-axis as shown
in the inset of Fig. 3, so that 8=0° refers to a wave propagating
normally to the wave board. In the case when waves are gener-
ated with §=0° (so that all wave-maker segments move identically,
a scenario analogous to a 2D flume) the predicted far-field wave
amplitude is

_ 4koCoXq [ sinh koh }
- H sinh 2koh + 2koh |’

As (10)
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Wave exciting torque

Tu(w)

VWA

To(w) —»({P—» C(w) & G(w)
Command Torque To(w) T(w)

Controller Wave board
transfer function

iw Flap angle

Zf{w)

Absorption filter

Fig. 4. Block diagram of paddle control system.

where X, is the amplitude of the paddle displacement at the still
water level.

2.2. Control of individual paddles

The control of absorbing, force-feedback wave boards is dis-
cussed in detail by Spinneken et al. [12] and Naito [13], in the
context of a 2D flume and 3D basin, respectively. Here it is again
assumed that the wave board is part of a segmented, wave-maker,
and there is now an incident wave of angle 8 (as depicted in the
inset of Fig. 3 but travelling in the opposite direction).

For a flap-type wave board, the control system may be repre-
sented by the block diagram in Fig. 4. The constituent parts of this
system, considered in the frequency domain, are the controller C(w)
(which is taken here to include the dynamics of the motor driving
the paddle), the wave board transfer function G(w), and the absorp-
tion filter Z{w) that provides absorption of incident waves. All of
these elements are taken to be linear.

The input to the system is a command torque T,, from which
velocity and torque feedback signals are subtracted (the former
being passed through Z{w) first). The resulting signal is fed to the
controller C(w), which in turn applies a torque T, on the paddle (as
measured by a load cell or similar). Waves arriving at the paddle
exert an additional torque Ty, so that the total “external torque”
acting on the paddle assembly is T(w)=T.+Ty. The relationship
between this torque and the resulting paddle velocity £2(w) (typ-
ically measured using a tachogenerator) is represented by G(w)
in the block diagram. The output of the system is the flap angle

0=82(w)]iw.
From Eq. (1), the transfer function G(w) is given by
Glw) = Z2) _ ! (an

T T(w)  (r+re)iw+dg+ /i

where ¢’ =(c —mghy,) is the effective stiffness of the paddle mech-
anism.

The inner loop, involving the controller C(w), has an effective
transfer function of C(w)/(1 + C(w)). An ideal controller must ensure
that the torque T, applied on the paddle, follows closely that pre-
scribed by the T,, minus the absorption filter signal or “absorption
torque”. This requires C(w) to be very large, making C(w)/(1 + C(w))
close to unity. Thus, assuming an ideal controller, the inner loop
may be approximated by a simple forward path with unity gain
[14]. In this case the transfer function F(w) of the entire system,
from the command torque To(w) to the paddle angle 6(w) can be
written as

F(e) = Olw) 1 G(w) 1 1
Y= T(@) T o (0 + G (@) i Zdw)+Z (@)’

(12)

where Zj(w)=1/G(w) and is referred to by Spinneken et al. [12] as
the “dynamicimpedance” of the wave paddle. This incorporates the
dynamics of the wave paddle itself, together with the wave-induced
terms.

The same transfer function F(w) applies to the path from the
wave exciting torque Ty, to the paddle angle (w) so that in general
the paddle angle can be expressed as

O(w) = F(w)(To(w) + Tw(w)) & iwd(w)(Zg(w) + Zf(w))
= To(w) + Tw(w). (13)

In a way akin to impedance matching in electric signal transmis-
sion, the power absorbed from incident waves is maximised when
the absorption filter Z{w) is the complex conjugate of Zy(w) [15]

Z =27, (14)

which, in theory, leads to full absorption. In the general case, taking
the real R and imaginary Y parts of Zf and Z;, one can express the
power absorption coefficient, defined as the absorbed power over
the maximum power, as

RiRq

= . 15
v (Rf +Ra)* + (X +Xq)* (13)

The absorption filter is typically designed such that mimics a
mass-spring-damper system, in which case it is of the form

Zfsziw+df+cf/iw, (16)

where my, d; and ¢y are the effective values of inertia, damping
and stiffness. Thus, in physical terms, the condition given by Eq.
(14) requires a filter design (or “absorption mechanism”) where
the external inertia and spring force afforded by the mechanism
cancels the inertia and stiffness of the paddle, whilst the external
damping is equal to the hydrodynamic damping:

/

mfa)—cf/a):—(r+r¢)a)+ca, 17)
df =dg. (18)

In practice, the “spring” term is sometimes left out from the
absorption filter (c;=0). Indeed analytical calculations in Maguire
[16] suggest that the term makes virtually no difference as regards
the absorption characteristics of a typical 2D flap-type wave-maker,
apart from at very low frequencies, where Spinneken etal.[17] note
that good absorption can still be important in preventing seiche
waves.

As the hydrodynamic coefficients rg, dg in Eqs. (5) and (6)
depend on the frequency (as well as the angle) of the incident
waves, the filter coefficients can only be adjusted to provide an
exact match (and, theoretically, full absorption) at one chosen wave
frequency and direction. At all other frequencies, a proportion of the
incident wave will be reflected.

Spinneken et al. [12] propose finding a “best fit” filter (in a
least-square sense) over the frequency range of interest, as an alter-
native approach to optimising absorption at one given frequency.
In numerical simulations and physical experiments in a 2D flume,
the proposed method is shown to give superior absorption per-
formance to alternative methods for setting the filter coefficients
[17].

There have also been attempts to improve the effective “band-
width” by using variable coefficients in the filter. Taking this
approach, a time domain filter, optimised for irregular waves, may
be derived, but causality problems arise in its practical implemen-
tation and Naito [ 13] argues that no significant advantage is offered
over a constant coefficient filter. Chatry et al. [ 18] present a method
where the coefficients are automatically adjusted by tracking the
frequency of incident waves via a Kalman filter. The method is
tested in numerical simulations, and shown to adapt successfully
to the frequency of the incoming waves.
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2.3. Control of wavefield in tank

The previous section introduced the main concepts around the
force-control of individual wave boards in a segmented wave-
maker, under the assumption that plane, oblique waves are
generated by the wave-maker, and/or are incident on the wave
boards. In practice, this control system is implemented on an elec-
tronic control board allocated to each wave board, with every
paddle receiving a separate torque command, synthesised by a
central computer that orchestrates wave fields in the tank. In
FloWave TT, the absorption mechanism of the control boards may
also be set individually through this computer via selection of filter
coefficients.

Assuming absorption is suitably configured, to achieve control
of the wave field in the tank, one must determine how sinu-
soidal demand signals sent to paddles should be adjusted in phase
and amplitude to generate uniform waves with pre-set periods,
directions and amplitudes. Once this has been established then,
in principle, any given wave spectrum can be generated in the
tank through linear superposition of regular waves, allowing the
physical simulation of irregular, multi-directional seas.

For a general wave-maker, the paddle amplitudes and phases to
obtain a regular wave with a given period and direction are usu-
ally set using simple rules derived from wave-maker theory. On the
other hand, the gain - or multiplying factor - applied to the pad-
dle signals to get the desired wave amplitude is usually based on
an experimentally determined tank transfer function. This transfer
function links the wave-board force (or amplitude, for position-
controlled paddles) to the amplitude of the progressive wave. It
typically exists in the form of a user-adjustable look-up table on
the wave-maker computer, covering a range of wave periods and
directions.

Whilst it is common to control wave-makers based on empirical
transfer functions, theoretical transfer functions have been derived
- and in some cases validated - for different tank configurations.
Notably, Spinneken et al. [4] derive the first-order transfer func-
tion for rectangular tank with force-feedback, absorbing paddles on
one side (assuming the wave-maker extends to infinity). In labora-
tory tests involving the generation of directional JONSWAP spectra,
the use of the theoretical transfer function leads to an accurate
reproduction of the target spectrum, especially at frequencies near
the peak, where the maximum error in amplitude content is only
around 1-2%. At higher frequencies, a deviation from the target
spectrum is seen as the propagation angle is increased, which may
be countered by incorporating the effects of finite wave-maker seg-
mentation in the model. The generated spectrum is also shown to
be similar to that obtained using an empirically determined transfer
function, indicating that the theoretical function may replace the
need for calibration in generating accurate sea states. It is however
noted by Spinneken et al. [4] that there are inherent differences
in the two approaches, as empirical calibration typically considers
the overall wave spectrum at a certain point in a tank, including
beach reflections, whereas a theoretical model generally refers to
incident waves only.

Similar theoretical transfer functions and overall control strate-
gies will now be considered for a circular tank of the type of
FloWave. Crucially, in this case there are wave-making segments all
around the perimeter, and thanks to the axisymmetry of the tank,
it is sufficient to consider the generation of waves in one particular
direction.

As in the previous sections, the paddles are flap-type with hinge
depth H. There are a total of N paddles around the rim of the tank,
which is of radius R. The water depth h is constant. In the first
instance, it is assumed that there is no absorption mechanism in
the paddles, and that the velocity distribution along the rim can be
considered to be continuous (i.e. wave-maker segmentation effects
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Fig.5. Top view of tank showing the crests of a plane wave travelling in the direction
of the x-axis.

can be neglected). This requires the paddle width b to be much
smaller than the wavelength L of the generated waves. The effect
of the gaps between neighbouring paddles (sealed using a rolling
gusset) is ignored.

The coordinate system shown in Fig. 5 is adopted, featuring both
polar (r,¢) and Cartesian (x,y,z) coordinates, with the origin being
at the centre of the still free surface. The z-axis is directed out
of the page such that z=0 at the still water surface, and z=—h at
the bottom. Under the assumptions of incompressible, inviscid and
irrotational flow, potential flow theory is applied with appropriate
boundary conditions. The first-order velocity potential is denoted
by @1, so that the first-order fluid velocity u; can be expressed as
u(r,@,z,t) = Vo,

The objective is to generate progressive, plane waves in the tank.
For a plane wave of frequency @ and amplitude Ay, travelling in
the direction of the x-axis (as indicated in Fig. 5), the free surface
elevation n may be expressed as:

Ar

n = 76““’“"“” +c.c., (19)

and the corresponding potential is

_ igAs cosh ko(z + h)

P1 = 2w  cosh koh

ell@t=koX) | ¢ ¢, (20)

The parameter k, in the above equation is the positive real root
of the dispersion relation (7).

A sensible approach for generating the above wave would be to
oscillate the paddles such that the velocity variation around the rim
“conforms” to the velocity field prescribed by Eq. (20). This would
mean that the wave-maker velocity around the rim, and hence the
displacement X, at the still water level would have to vary as:

0X, 0P,
X -
at s Ao X ar k) (21)
r=R
Xo(@) o« cos gell@t—koRcos) | ¢ ¢ (22)

where the equation x =R cos ¢, referring to the geometry of the rim
at rest, has been used.

Mei et al. [19] give a formal derivation of Eq. (22), for a piston-
type wave-maker that extends to the bottom of the tank, using an
eigenfunction expansion of the general solution for the potential



334 I. Gyongy et al. / Applied Ocean Research 47 (2014) 329-343

in the tank. Following their approach, but taking the wave boards
to be flap-type, with a motion described by Eq. (3), the required
displacement amplitude X, at the still water level is

Xq = —iXy 3 cos @e~ikoR cos ¢ (23)

where X, is the displacement amplitude of a 2D flap (see Eq. (10))
giving the specified progressive wave amplitude of Ay:

Xg2 =

ArH i
% [smh 2koh + Zth} (24)

4koco sinh koh

Note that X, is now a complex quantity, incorporating the phase
as well as the magnitude of the paddle displacement around the
rim, both of which are modulated by cos ¢. The displacement is
greatest where the rim is normal to the direction of the desired
wave (at ¢ =0, 7; the magnitude there corresponding to the 2D
case) and is zero where the rim is parallel to the wave (at ¢ =7/2,
3m/2).

Mei et al. [19] proceed to deduce the resulting (first-order)
hydrodynamic forces on a piston wave-maker, as a function of ¢,
subject to the approximation

Im(knR) _
I.(kaR) ~

where kj are the positive imaginary roots of Eq. (7), I, is the m-
th order modified Bessel function, and I}, is the first derivative of
Im. Performing the same analysis for a flap-type wave-maker, one
gets the following expression for the wave-induced torque, per unit
length of the rim

(25)

1 C
—= H2——° _ (1-iD cos ¢)ei@—koRcos¢) ¢ c
ZPgAf H2 cosh koh( v)e +

(26)

where

00 2 o
D— ch sinh 2koh + 2koh 27)

lzgﬂnZMh+ZMh’
n=

and ¢, and ¢, are given by Egs. (8) and (9). A given paddle j will
now be considered, which occupies a width b along the rim, and
whose centre is positioned at an angle ¢; as indicated in Fig. 5. One
may express the torque on this paddle in terms of the effective
hydrodynamic added inertia r¢; and added damping dg; as

. . 1 .
Tyb = —7'45,1‘9 _ dq>,j9 = ﬁ(wzrdﬁ,j — lwdgj)Xo

AﬁmﬂwJ—mm@mm#M+aa) (28)

By combining Eqs. (23), (2
expressions for rg j, dg,.

6) and (28), one may determine

r¢f‘“w§:mnzmh+zmh (29)

2 sec ®;
sinh 2koh + 2koh”

Thus, according to the theory of Mei et al. [13], the added inertia
is constant around the rim of the tank and corresponds to the added
inertia in the case of a 2D paddle (Eq. (5) with 8=0). The added
damping varies with sec¢ and for any given paddle j its value is
the same as if the paddle was part of a linear array generating an
oblique wave of angle ;= ¢; —  (see Eq. (6)), where B; is the wave
direction in the tank relative to the paddle in question (as indicated
in Fig. 5).

In the hypothetical case when the dynamics of the paddle are
dominated by the wave-induced inertia and damping (such that,

dg = —4bpw (30)

in comparison, the paddle’s mass and stiffness are negligible), the
torque given by Eq. (28) represents the torque that must be applied
on each of the paddles to obtain the desired propagating wave.
More generally, the torque to be applied on the paddles may be
expressed in the frequency domain as:

Ti() = Zy ()il (w). (31)

where Z;j(w)=(r+rgj)iw+dg;+c'[(iw) is the dynamic impedance
of paddle j as defined in Section 2.2 (but with the hydrodynamic
coefficients given by Egs. (29) and (30) for a round tank), and 8;(w)
is the prescribed paddle rotation for paddle j, as obtained from Eqgs.
(23) and (24), for a wave amplitude spectrum of A(w) in the middle
of the tank

i Alw) [sinh 2koh + 2koh
4koco sinh koh

O(w) = — cos gjeikoR cos ¢, (32)
(where ko varies with w). The paddle angle ¢; in the above equation
may be written as:

.1\ 27R .
(pj:(J_E)T’ j=1,..,N, (33)

where N is the total number of paddles in the tank.

It is worth noting that the motion of the paddles will invariably
excite additional modes to the desired travelling waves specified by
Egs. (19) and (20). There will be evanescent spurious modes, con-
fined to the vicinity (within two/three water depths) of the paddles.
Furthermore, second and higher modes will be generated (which
are not considered in this paper). However, in normal tank opera-
tion, first-order progressive waves should dominate the wave field
in the tank.

Fig. 6 shows a polar plot of the torque to be applied on the pad-
dles, against paddle angle ¢;, when a wave with k,h=2 is to be
generated in the tank. This equates to approximately a 2s wave
in FloWave, which is in the middle of the operating range. Three
separate lines are given, corresponding to

(a) Circular tank theory (dotted line), as represented by Eq. (31),

(b) Oblique wave theory (dashed line), also denoted by Eq. (31)
but with the hydrodynamic coefficents in Egs. (5) and (6) (with
B=¢-m),

(c) WAMIT tank model (full line) outlined in Section 3, which
incorporates the geometry of the tank and wave-maker seg-
mentation, and is therefore likely to be more accurate than
analytical theories (a) and (b).

In all three cases, the paddles are assumed to move as per Eq.
(23) and their physical properties (mass, stiffness) are neglected.
The desired uniform wave travels in the direction indicated in
Fig. 6, with the “upstream” (or weather) half of the rim imparting
energy to, and the “downstream” (or lee) half of the rim absorb-
ing energy from the wave system. Paddles at the interface of the
two halves (whose face is close to parallel to the wave direction),
must effectively be “restrained” by the wave-maker controls, oth-
erwise excitation by the pressure variation of passing waves leads
to contamination of the wave field.

It is noted from the graph that the corresponding torque plots
for circular tank and oblique wave theories are essentially coinci-
dent (with a max. deviation of less than 0.1% between the two), and
are similar to the results of numerical computations using WAMIT.
The magnitude of the torque is seen to be largely uniform around
the tank, though the torque calculated numerically drops to around
2% below the theoretical values for the paddles to the sides of the
propagating waves. This deviation is likely due to wave-maker cur-
vature and segmentation effects unaccounted for in the analytical
equations.
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Fig. 6. Polar plot of normalised torque \Tj\/bpgAsz on paddles against paddle angle ¢; for a uniform wave with k,h=2, as predicted by circular wave theory (dotted line),

oblique wave theory (dashed) and WAMIT (full line).

At first, it may seem surprising that the wave-induced torques,
or equivalently in this case, the torques required to sustain the
desired wave, are near-constant in magnitude around the rim
(despite the paddle amplitudes varying as cos ¢). However, pro-
vided that the wave field induced by the paddle motion specified
in Eq. (20) is dominated by the desired uniform, progressive wave
(with negligible near-paddle, evanescent content), then all pad-
dles will experience largely the same hydrodynamic pressures (in
magnitude terms), and thus the same resultant torques.

As the wave frequency is raised, a different picture starts to
emerge. The wave motion in the desired progressive wave becomes
more confined to near the surface and no longer reaches as deep
as the paddle motion. As a result, an increasing proportion of the
torque applied on the wave-generating and absorbing paddles goes
towards exciting evanescent modes, which is manifested in the pre-
dicted torque plots becoming elliptical. Wave-maker segmentation
and curvature effects also become more significant at higher fre-
quencies, leading to a departure between numerical and theoretical
results. Fig. 7 illustrates these phenomena for wave with k,h=6
(approximately a 1.15 s wave in FloWave).

2.4. Practical considerations

The above control strategy, in which the wave-maker segments
are oscillated “blindly” with set torques (as determined by the
parameters of the desired planar wave(s)), may seem appealing
due to its simplicity, but is unfortunately fraught with practical
problems. Most crucially, the method does not deal with the scat-
tered (and radiated) waves that arise when there is a model in the
tank. Any such waves, when reaching the paddles, would just be

reflected back, leading to standing waves and contamination of the
wave field in the tank. In addition, the theory behind the control
scheme in effect assumes that the phase difference between waves
at the “upstream” and “downstream” sides of the tank (i.e. between
the generating and absorbing sides) is known in advance, which for
combined wave/current tanks (like FloWave) would not be the case.

Newman [6] uses WAMIT to assess alternative strategies for con-
trolling a circular wave tank, which may be summarised as follows:

A. Oscillate the generating paddles (on one half of the tank) accord-
ing to the pre-defined motion in Eq. (23), and program the
absorbing paddles on the other half to respond to the sensed
pressure variations as a “mass-damper”-type mechanism, with
coefficients based on 2D wave theory (see Egs. (16)-(18), where
¢f=0 in this case, and r¢, dg are given by Egs. (5) and (6) with
B=0).

B. As A, but with the “absorption mechanism” of each of the absorb-
ing paddles set individually in accordance with the anticipated
angle of incidence relative to the paddle. In other words, “oblique
wave theory” is assumed in the configuration of the absorbers
(the hydrodynamic coefficents of the paddles are again taken to
be those given by Egs. (5) and (6), but with 8=¢ — 7, where ¢ is
the paddle angle).

C. Oscillate all paddles as prescribed by Eq. (23) and impose
additional (“correcting”) motion via an absorption mechanism
(based on 2D theory) that reacts to the difference between the
sensed hydrodynamic torques on the paddles, and the expected
values of these torques (corresponding to the paddle motions
of Eq. (23) in the “baseline” tank). The aim is to absorb any
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Fig. 7. Polar plot of normalised torque \Tj\/bpgAsz on paddles against paddle angle ¢; for a uniform wave with k,h =6, as predicted by circular wave theory (dotted line),

oblique wave theory (dashed) and WAMIT (full line).

waves arising from disturbances of the generated wave system,
for example, due to a model in the tank.

In frequency domain simulations involving the generation of
monochromatic, unidirectional waves, method B is shown to pro-
duce a uniform, progressive wave field, whereas method A leads to
significant standing wave content in the tank. In the case when a
floating hemisphere is present in the tank, method C successfully
absorbs radiated and scattered waves.

To the authors’ knowledge, the approaches have yet to be tested
in experiments and whilst they are more realistic than the original
control scheme, practical issues still remain in their implemen-
tation. Splitting the paddles in half into position-controlled and
force(/velocity) controlled segments (as in methods A and B) or
conferring varying absorption parameters to the paddles accord-
ing to their position (method B), is not viable if multi-directional
wave fronts are to be generated. Furthermore, it not known how
method Cwould perform in practice in the case of significant distur-
bances in the tank (such as strong currents generated in FloWave),
when the true hydrodynamic torques on the paddles may deviate
considerably from the expected values. In such a case the practice
of prescribing wave-generating signals to all paddles, including to
those on the downstream side, when trying to produce a unidirect-
ional wave, may in fact lead to an increase in unwanted waves. It is
also worth pointing out that all the simulations in Newman [5] are
for one frequency at a time, to which the absorption mechanism is
tuned, and there is no indication of how the control schemes would
perform for multi-chromatic waves.

A simple control scheme that has been tested in practice is
the method used in the compact AMOEBA tank [13], where each

plunger is tuned indentically and can partake in both the gener-
ation and absorption of waves simultanously. Minoura et al. [2]
present a first-order theory for generating arbirary wave fields in
a tank of this kind. Each wave-making element is taken to pro-
duce a ring wave, whose contribution to the overall wavefield is
expressed using Hankel functions. Evanescent waves are neglected
and perfect wave absorption is assumed. In experiments in which
circular and elliptic configurations of the AMOEBA were used to
generate regular, long-crested waves, the theory was found to give
reasonably good wave height predictions for points further than a
wavelength away from the wave-maker. Results given for a 2Hz
wave indicate a maximum wave height error of around 10-20% at
said points. Previous studies on the wave exciting forces experi-
enced by models in the tank when generating irregular waves also
yielded positive results [20].

According to the theory of Minoura et al. [ 2], to compose a planar
wave travelling in the direction of the x-axis (as specified by Eq.
(19)), the (wave-generating) command torques T,; sent to the N
wave-making segments should be:

e e’”‘/’f b

(t) = (o —e 4 cc.,
Toj 2 Z k R) 7R

n=-o00

j=1,...,N, (34)

where I(w) is a transfer function relating the torque applied to
a paddle to the ensuing wave amplitudes, and Hfll) is the n-th
order Hankel function. The magnitude of T,; has a “raised cosine-
like” profile around the circumference of the tank, as depicted in
Minoura et al. [2].

In the sections that follow, the control strategies discussed
above, and variants thereof, are contrasted in WAMIT with the aim
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of identifying a practical method that produces an accurate version
of the desired wave system.

3. Numerical modelling of tank

3.1. Modelling in WAMIT

In the above section, theoretical expressions were presented
for the paddle motions, and associated hydrodynamic torques,
when a circular tank is generating planar waves. For modelling the
behaviour of the tank under various force-control schemes how-
ever, one requires the wave elevations and hydrodynamic torque
for any set of paddle amplitudes (and phases), which would be dif-
ficult to obtain analytically. The effects on the wave field of a body
within the tank would also be difficult to express. Thus, to sim-
ulate wave generation and absorption in the tank, the approach
of Newman [6], using numerical software WAMIT [21], is fol-
lowed here and adapted to the parameters of FloWave TT. WAMIT
is a frequency domain radiation/diffraction panel code based on
potential flow theory, whose use in a range of hydrodynamic
problems has been documented in literature (see, for example,
[22-24]).

AsinNewman [6], the linear version of WAMIT is applied here, in
which the fluid velocity potential and hydrodynamic pressures are
derived based on geometries corresponding to the rest state (the
oscillation amplitudes of the body and the fluid are thus taken to be
small). The higher-order method of solution is used, whereby the
unknown velocity potential on the boundary surface is represented
by continuous B-splines. The geometry of the submerged surface
of the tank is defined analytically (assuming perfect cylindrical
shape), with separate “patches” representing each of the wave-
making paddles and the curved wall under the paddles (WAMIT
subdivides “patches” further into “panels”, which can be reduced
in size by the user until a converged solution is attained).

The tank’s N=168 wave-maker segments are bottom hinged,
flap-type devices with an approximate width of b=0.5 m, and hinge
depth H=1.5 m. In the WAMIT model, they are represented by ver-
tical patches that are side-by-side, with no gaps in-between. The
motion of each paddle is described by a generalised mode, which
specifies the normal velocity on the paddle face as a function of
vertical position.

In addition to defining the tank geometry and modes of motions,
the wave frequencies (or periods) and field points of interest are
specified. For the analyses here, 41 wave periods in the range of
t=1,...,3sare used, representing the planned operating range of
FloWave. A total of 3360 points are considered on the free surface,
covering a “test zone” in the middle of the tank with a diame-
ter of 15m, corresponding to the intended test area in the real
tank.

With the problem fully defined, WAMIT is instructed to com-
pute the free surface elevations resulting from a single mode (i.e.
the motion of a single paddle) and the added mass matrix for all
modes (giving the hydrodynamic coupling between the paddles).
Note that the values for added damping are, in theory, zero, as a
single oscillating paddle in a closed tank (with reflective walls)
can only produce standing waves in the steady state. Thus, there
is no energy transferred away from the paddle, and the hydro-
dynamic pressures along the wave-maker are in phase with the
motion (displacement) of the paddle (see Newman [6] for a more
formal explanation of why there is no damping).

Thanks to the axial symmetry of the tank, the wave field pro-
duced by any given paddle may be obtained by rotating the wave
field obtained for the reference mode, and scaling it according to
the paddle amplitude. The contributions of the individual paddles
may then be superimposed to get the total wave elevation over the
test zone.

3.2. Post-processing

Post-processing is used here to determine the displacement
amplitudes of the individual paddles, as governed by the wave-
maker control scheme in action, enabling the wave elevations to be
computed. For a general force-control scheme, the feedback loops
around the paddles are as depicted in Fig. 4 (and specified in Eq.
(13)), whereby each paddle receives separate command torque T,
and is also subject to an absorption mechanism (or filter Z;).

3.2.1. Tank without model in water

Considering the case when there is no model in the tank, the
wave exciting torque T,, experienced by a paddle is then solely due
to waves generated by other paddles. Thus, re-writing Eq. (13), the
motion of a given paddle j is expressed in the frequency domain as

N
0B Zy(@) + ZH (@)~ 0? Y (@) = To (o), (35)
k=1,j #k

where rj, =1}; denotes the added inertia on paddle j as a result of
the motion of paddle k, and the paddle rotations 6;(w), k=1, ..., N,
are defined as positive when turning into the water, as indicated in
Fig. 3.

For simplicity, it is assumed that Z is equal for all paddles and
is of the form given by Eq. (16), in which case Eq. (35) becomes

N
~0? ) (@) + (= (my + 1) + iwdf + ¢ + (@) = T, (@),
k=1

(36)
or in terms of the linear displacement X, ; of the paddles at the still
water level
(—w?(my + 1) +iwds + ¢ + )X (@)

H2

N
_wZZAijo,k(w) +
k=1
Ty i(w
= ;j ) (37)
where Ay, = rjk/H2 are the equivalent added mass coefficients, as far
as linear motion is concerned.
Eq. (37) can be written in matrix form as:

(pI — w?*A)X = %To, (38)
where I is the identity matrix, A is the matrix of added mass
coefficients, X and T, are the vectors of paddle displacements and

command torques, and p is a parameter given by

—w(mg + 1)+ iwdp + ¢ + ¢
H? ’
One therefore has a matrix equation that can be solved for the
paddle motions X, ; for a given absorption mechanism, command
torques and added mass coefficients Aj, (the latter being provided
by the WAMIT model):
1

x= (pl - w?A) 'To. (40)

(39)

3.3. Tank with floating body

Assume that a freely floating sphere of radius R, is now
introduced into the tank, as in Newman [6]. The added mass matrix
A changes to A’ as a result and additional modes, corresponding to
the oscillation of the sphere, need to be considered. In the basic sce-
nario of generating waves in the direction of the x-axis (which is
generalisable to all directions, thanks to the symmetry of the tank
and floating body), there are two extra modes to account for: the
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surging X}, and heaving Z, motions of the body. Denoting the added
mass of these modes by Axx, Azz, and cross-coupling between the

sphere and the wave-makers by Ay, Az, k=1, ..., N, the equations
of motion for the modified system can be expressed as
1 o 0 A AL A x
p|O —w?my 0 —w? |Ax Ax O Xp
0 0 Cz — a)zmb Az 0 AZZ Zb
To
-1 (41)
= H O N
0

where C, =7R,? is hydrostatic restoring coefficient for the heaving
sphere, my, is the mass of the sphere and Ax = [Ay1 ... Axn], Az =[An1
... AN

The control scheme proposed by Newman [6] will now be
considered, in which the wave-maker is “calibrated” (command
torques T,; set) with no model in the tank, and the absorption
mechanism is programmed to react only to the difference between
the anticipated and sensed hydrodynamic torques on the paddles.
Newman [6] does not specify explicitly how the scheme would be
implemented in practice, but a realistic approach would be for the
absorption filter Z; in Fig. 4 to be fed the difference between the
calibrated and measured paddle velocities. In this case, taking X as
the vector of calibrated paddle displacements, and x = X + 6x as
the paddle motions with the sphere present, one may write

1o 0 A A, A x
p 0 —a)zmb 0 — w? Ay Ay O Xp
0 0 Cz—a)zmb A, 0 A, Zy
) To X
=510 +Z: 10| . (42)
0 0

For the calibrated tank (without the floating body) there is no
action from the absorption mechanism so that, from Eq. (38), the
command torques are:

1 (—?r + I A
7o = <1—12 —w?A ) % (43)

Substituting this into Eq. (42), the right hand side becomes

X X

—w? / —w?my + iwds + ¢
((a)r-i-c)l_sz> 0 +(a) p +iwds + ') 0
0 0

H? H2
X
= (pl - sz) 0 ’
0
which enables Eq. (42) to be re-written as
1 o 0 A AL A ox
p|0 —w’my 0 ~0® |Ax Ax O Xb
0 0 C; — w?*my, A, 0 Ay Zp
X
=-w*A-A)|0], (44)
0

allowing the new paddle motions X = X + 6x (and the sphere surge
and heave motions) to be calculated. This equation is similar to Eq.

(37) in Newman [6], but that equation assumes that the sphere is
fixed (Xb =Zy= 0).

4. Simulation results

The results of WAMIT simulations are presented below, con-
trasting the performance of the following force-control schemes:

1) The control scheme in which the paddles are oscillated with
prescribed amplitudes (as per Eq. (23)) so as to conform to the
desired progressive wave field. The required command torques
T, are computed using Eq. (38), with A being the added mass
matrix given by WAMIT for the tank. Note that this scheme is
highly idealised, as it assumes that the signals prescribed to the
“absorbing paddles” cancel out exactly the waves originating
from the “generating paddles”.

2) The more sophisticated (but untested) scheme of Newman [6]
whereby paddles are oscillated as in method 1 (with the same
command torques To) but where every paddle is equipped with
an absorption mechanism that responds to deviations from the
expected hydrodynamic torques on the paddles

3) The control scheme of Minoura et al. 2], as used in the AMOEBA
tank, in which each paddles as an identically programmed
absorption filter Z; (responding to the absolute motion of the
paddle), and the command torques T, for generating a planar
wave are as given by Eq. (34) (with the transfer function I(w)
being determined numerically using WAMIT).

To compare the above control strategies, the generation of
straight, plane regular waves of different frequencies will be con-
sidered, remembering that due to the axisymmetry of the tank,
complex multi-directional wave fields, simulating real sea states,
can be created by superimposing these waves. In particular, the
effectiveness of the schemes in producing waves with uniform,
Pierson-Moskowitz (PM) [25], and JONSWAP [26] spectra is inves-
tigated. The spectral density of JONSWAP is of the form

4 _ 2
S(w):cssexp{—i(i)f) }yr, r:exp{—(wza;:)%)}, (45)

where w, is the peak frequency and the parameters y, o are given
by

0.07 forw < wp,

y=33, o= { (46)

0.09 forw > wp.

A PM spectrum is obtained by removing the peak enhancement
factor y" from the above equation.

Here the peak frequency is taken to be wp =7 rad/s, correspond-
ing to the frequency that FloWave is to be optimised for. Recalling
that the absorption filter Z¢ can only provide optimum absorption
at a single chosen frequency, two sets of filter coefficients will be
considered in methods 2 and 3:

approach a) Coefficients tuned to the peak frequency wj (accord-
ing to 2D wave-maker theory)

approach b) Coefficients obtained by least squares fitting Z to the
optimal impedance (as per 2D theory) over the design
frequency range of w=2s/3 to 2 rad/s (wave periods
of 1sto3s).

For the paddle geometry of FloWave, the above approaches
yield the following coefficients (assuming a water density of
©=1000kgm3):
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Fig. 8. Generation of uniform spectrum using three methods: (1) paddles are moved with pre-set drive signals, no absorption mechanism (3a) absorption mechanism tuned

to 2's waves (3b) absorption mechanism optimised for 1-3 s range.

approach a) mg+r=—rg(wp)=-38.6kg m?,
dr=dg(wp)=1440kgm? s~1, ¢p+ ¢’ =0.

approach b) mg+r=-23.2kgm?, dr=1271kgm?s1,
¢+’ =269kgm? s—2.

4.1. Tank without model in water

With no objects in the tank, the wave field over the “test zone”
should be as uniform as possible. Thus one way of assessing the
quality of the wave field is by evaluating the spatial variability of the
wave amplitude, or in the case of a multi-frequency wave, the vari-
ability of the wave spectrum in the tank (another way of quantifying
the deviation of the generated waves from the desired long-crested
waveforms would be in terms of the wave direction, but this will
not be considered here).

Considering a wave field composed of a finite number of fre-
quencies, one may express the (discretised) wave spectrum by
Sn(wy), where the index n refers to the field points, and w, denotes
the different frequencies. Note that at any given field point, S;(wy)
is proportional to the square of the wave amplitude at w;. With ref-
erence to this spectrum, the following measure of wave field quality
is adopted

vV = vV stf(sn(wk)) )
stn(wk)

In other words, the variance (squared standard deviation) across
the field points of the spectral components is summed and the
square root of the result is taken. A normalisation factor, cor-
responding to the sum of the components of the mean wave
spectrum, is then applied. The resulting coefficient CV gives the “rel-
ative standard deviation” of the sum of the spectral components,
and the lower its value, the more uniform the wave field is within
the specified domain.

Fig. 8 shows the wave spectra across the test zone, as obtained
using methods 1, 3a and 3b, when a uniform wave spectrum is
generated (for an “empty” tank, methods 1 and 2 give identical
results, as there is no action from the absorption mechanism in the
latter). In each case, three lines are given, showing the mean wave
spectrum (full line), together with +1 standard deviation bands
(dashed lines), and the CV value is stated. At each frequency, an
adjustment factor has been applied to the paddle signals to ensure
that the mean spectrum matches the target spectrum exactly.

One can see from the graphs that method 1, in which all the
paddles are sent pre-set drive signals and there is no absorption
mechanism, performs best. The three lines in the corresponding
plot are practically coincident, indicating that the target spectrum
is reproduced uniformly throughout the specified “test zone” in
the tank. However, as discussed above, this method is too “idealis-
tic” in practice. Amongst the two more “realistic” schemes, method

(47)

3b (with absorption optimised for the whole frequency range)
gives marginally better wave uniformity overall than method 3b
(in which absorption is tuned to the middle frequency). That being
said, both methods fail to reproduce the short wave period (high
frequency) end of the target wave spectrum in a consistent way, the
corresponding standard deviation being over 0.5. This is due to a
rapid variation in radiation impedance as one approaches this end
of the spectrum, resulting in a significant mismatch with respect the
absorption filter impedance, which in turn causes wave reflections
and standing waves in the tank.

Itis interesting to observe what happens when the absorption is
instead tuned for the short wave period end (1 s waves) of the spec-
trum. Fig. 9 shows the corresponding results. In this case, there is
high spatial variability throughout the spectrum, apart from at the
shortest of wave periods. Carrying out further simulations reveals
that there is not a single set of absorption filter coefficients that
provides effective absorption over the entire wave spectrum (rep-
resenting the designed operating range of the tank). In practice,
the absorption mechanism will need to be adjusted according to
the spectrum to be generated.

Figs. 10 and 11 present the results for the generation of PM
and JONSWAP spectra, respectively. Method 1, relying on the
anticipation and perfect cancellation of incident waves by the
“downstream” paddles, againresults in an essentially uniform wave
field (in terms of amplitude at least). The small deviations in the
wave field are due to wave-maker segmentation effects (numeri-
cal errors in the calculations may also be partly responsible). With
absorption carried out by a dynamic absorption mechanism, tuning
the mechanism to the peak frequency (Method 3a) gives a more
consistent wave spectrum as compared with optimising over the
entire frequency range (Method 3b). Notice that the CV values
are considerably lower for Method 3a, by as much as 75% in the
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Fig. 9. Generation of uniform spectrum when absorption is tuned to 1s waves.
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Fig. 11. Generation of JONSWAP spectrum using three methods: (1) paddles are moved with pre-set drive signals, no absorption mechanism (3a) absorption mechanism

tuned to 2 s waves (3b) absorption mechanism optimised for 1-3 s range.

case of JONSWAP. One can also observe that the poor performance
of the absorption mechanisms for short wave periods (as noted
when generating uniform spectra) is less apparent in these fig-
ures, thanks to lower spectral content at short wave periods. Both
Method 3a and Method 3b manage to reproduce the “shape” of
the target distribution, whether the target wave spectra is PM or
JONSWAP.

Matsumoto et al.[27] suggest applying non-linear, least-squares
optimisation to the paddle signals as a means of improving the
uniformity of monochromatic, oblique waves in a rectangular
wavetank. In the proposed method, the displacement amplitudes
of the paddles (which are taken to be position-controlled) are
adjusted iteratively so as to minimise the error in wave height
(desired versus measured) over a specified area in the tank. Numer-
ical and experimental results are given, indicating significant
improvement in the uniformity of not just wave height, but also
of wave propagating direction.

Preliminary results of simulations carried out here suggest that
this optimisation method may be extended to the circular tank
geometry (and force-feedback paddles) of FloWave. With the tank
initially configured to generate waves as per Method 3a, optimis-
ing the torque command signals of the upstream paddles at a given
wave frequency (within the operating range) enables an at least
20%reduction in the standard deviation of wave height over the test
zone. However, care must be taken in the choice of sample points
over which wave height is optimised. If the points are “few and far
between”, then the optimised wave field will show considerable
height variations in between points, whilst a large number of sam-
ple points make the optimisation task computationally demanding.
In any case, wave uniformity outside the region of interest can dete-
riorate drastically. Until a suitable strategy is identified for dealing
with these issues, the implementation of the optimisation tech-
nique for FloWave may prove impractical.

4.1.1. Paddle malfunction

Additional simulations were conducted looking at the effect of
a single paddle malfunctioning on wave field uniformity. Three
different types of faults were considered, in the context of the gen-
eration of uni-directional JONSWAP spectrum using Method 3a:

i. “Stuck” paddle (no paddle motion)
ii. Faulty tachogenerator (zero velocity measurement)
iii. Uncontrolled paddle (no control torque)

(Another possible fault would be the load cell giving zero read-
ing, but that would likely lead to excessively large control torques
being applied on the paddle, leading to unstable behaviour).

In cases ii and iii, the generated wave amplitudes were taken to
be sufficiently small for the stroke of the faulty paddle to remain
within the “linear operating range”. The following paddle parame-
ters were assumed (representing ballpark figures):

1. Inertia of r=22.5 kg m?
2. Effective mechanical stiffness ¢’ =450 kg m2 s—2

Fig. 12 plots the change in CV value resulting from the differ-
ent faults, as compared with the faultless case, against the position
- or angle ¢; - of the affected paddle (note that paddles in the
range 90° < ¢; < 180° act as generators, whilst those in 0° < ¢; <90°
are absorbers in this example). It is observed that the increase in the
variability of the wave field, as quantified by CV, depends greatly
on the type of fault, ranging from a modest, maximum increase of
20% in the case of a stuck paddle, to a more substantial, potentially
two-fold increase in CV for a faulty tachogenerator or uncontrolled
paddle. For all three types of faults, the exact change in CVis heavily
influenced by the position of the paddle relative to the direction of
the generated wave.
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Fig. 12. The effect of different paddle faults on wave field variability.

It is interesting to note the similarity in the results for the faulty
tachogenerator and uncontrolled paddle, when the affected paddle
is amongst the “absorbers” located at ¢; <45°. For these paddles,
there are no specified command torques, the control signal being
purely composed by the absorption filter, and derived from veloc-
ity feedback. Hence, in the absence of a velocity signal, no control
torque is applied on the paddle.

4.2. Tank with floating object

The scenario is now considered (as in Newman [6]) whereby a
floating sphere, of radius R, = 1 m and half the density of the water,
is placed in the middle of the tank. As a result, the incident waves
generated by the wave-maker are scattered, and there are radiated
waves arising from the motion induced in the object. These radi-
ated and scattered waves propagate towards the perimeter and
must be absorbed by the wave-maker rather than reflected back
(so as to ensure that only the prescribed waves are incident on the
sphere).

Due to the additional waves in the tank, judging the effective-
ness of the wave-maker control by uniformity of the overall wave
field is not practical. Instead, it is more useful to assess the hydro-
dynamic forces on the sphere, comparing these to the “open-water”
case (which can also be simulated in WAMIT), when there are no
tank boundaries and planar waves are incident on the sphere. An
equivalent approach to considering the resultant forces is to eval-
uate the motions of the body, and it is the latter approach that is
taken here. Bearing in mind the symmetry of the tank, there are two
motions to account for, surge and heave, when generating waves
in the direction of the x-axis.

Fig. 13 contrasts the surge motions, as a function of wave period,
resulting from the paddle control methods 1, 2a and 3a, to those
calculated for the open-water case when a JONSWAP spectrum is
generated. The results for the corresponding heave motions are
plotted in Fig. 14. On both graphs, the displacement amplitudes
are normalised by the prescribed wave amplitude at the peak fre-
quency (wp = rad/s, corresponding to a 2 s wave period).

It is apparent from Figs. 13 and 14 that method 1, in which the
paddle drive signals are pre-set and there is no absorption mech-
anism, is inadequate for reproducing a JONSWAP sea when a body
is present in the tank. Conversely, the results of methods 2a and 3a
are in good agreement with those for the desired sea.

To quantify the errors (or deviations) in the body motions with
respect to the open-water case, the absolute value of the error in

Period (s)

Fig. 13. Surge motion of sphere for JONSWAP wave in the open-water case and for
the control schemes: (1) paddles are moved with pre-set drive signals, no absorption
mechanism (2a) absorption mechanism that reacts to deviation in hydrodynamic
torques on paddles (3a) basic absorption mechanism.

displacement amplitude is summed up over all the frequencies to
obtain a measure of the overall error for each mode:

ZkE(wk) - ‘§o(wk)l
Err =
S SATX PN

where &(wy) is the amplitude of the body displacement (in heave
or surge) at frequency wy, for the given control scheme, and &,(wy)
is the corresponding open-water amplitude.

For method 1, the heave and surge motions of the body differ
considerably from those in the open-water case (the total errors
are Err; =0.6518 and 0.5954, respectively) and display resonant
behaviour at several wave periods (note that the computed surge
amplitude at a period of 1.75s, £=5.077, and the heave ampli-
tude at 1.95s, £=5.126, are outside the range plotted). Whilst
WAMIT ignores viscous effects, which in practice temper resonant
behaviour, real-life results would also likely to show significant
errors in the body motions for this naive control scheme. On the
other hand, the curves for control Schemes 2a and 3a both follow
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Fig. 14. Heave motion of sphere for JONSWAP wave in the open-water case and for
the control schemes: (1) paddles are moved with pre-set drive signals, no absorption
mechanism (2a) absorption mechanism that reacts to deviation in hydrodynamic
torques on paddles (3a) basic absorption mechanism.
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the open-water results closely, with most of the discrepancies being
in the short period range. For these control schemes the surge and
heave errors in the body motions are Erry; =0.0132, 0.0220 and
Err3;=0.0213,0.0171.

The above simulation results suggest that, as far as the body
forces are concerned, Scheme 3a is able to reproduce JONSWAP
seas to a similar level of accuracy as the more complex method 23,
for a spherical body placed in the middle of the tank.

5. Non-linear waves

This study considers the control of the wave tank only from the
perspective of linear waves. There is, in effect, an inherent assump-
tion that the waves generated in the tank are of low amplitude.
However much of the interest when undertaking physical tests in
fact lies in nonlinear fluid/structure interactions, which can be dif-
ficult to model reliably using analytical or numerical approaches.
Thus it becomes important for the tank to be able to successfully
reproduce not only low amplitude waves, but also sea states with
non-linear, high steepness (or extreme) waves, in an accurate way
(for which successful linear generation is only a prerequisite).

To that end, one must ensure that unnatural “free waves” — har-
monics of the main wave travelling at a slower phase velocity —
are minimised (in the case of a multi-chromatic waves, free waves
will also exist for sub- and super-harmonic interactions). These are
artefacts! of laboratory wave-making that result from a mismatch
between the orbital velocity corresponding to the bound harmon-
ics — travelling along with the main wave - and the velocity profile
of the wave-maker at the boundary of the tank.

Suppressing spurious waves requires appropriate wave-maker
design, such that the kinematics of the wave board conform to the
waves to be generated in the tank. The control strategy in use, and
whether some form of higher-order compensation is applied to
the drive signal of the paddles, can also play an important role in
determining the amount of free waves produced in the tank.

For the round tank studied here, to assess numerically the
effectiveness of different control schemes in producing non-linear
waves, one would need to depart from the first-order BEM model,
and instead use a higher-order approach. Remaining within the
realm of potential flow theory, the Higher-Order Spectral (HOS)
method of Ducrozet et al. [11] would be a viable option for such an
analysis. Unlike many numerical wave tanks, this model accounts
for the features of a real basin, so that the propagation domain
is bounded, and waves are generated by a wave-maker. Fully
non-linear free surface conditions are assumed, and the wave-
maker is modelled to third order. Note however that to apply HOS
to FloWave would require modifications to the basic methodol-
ogy, which currently assumes position-controlled paddles, driven
by first-order command signals, rather than the force-controlled
absorbing wave boards of FloWave.

For a set of paddles in a straight line, producing an oblique wave,
the second-order, second-harmonic free wave component may be
readily estimated using the analytical theory of Schaffer et al. [28].
This theory suggests that for a typical flap-type wave-maker, oper-
ated in first-order position-control, the free wave can be as large as
the bound second-harmonic for some wavelengths. The free wave
will also be oblique, but propagating in a different (less oblique)
direction to the main wave.

Considering now a round tank, the generated free wave will in
this case be affected by not only the curvature of the paddle faces,
but also by the varying stroke size around the rim. Thus complex

1 Another higher-order artefact of wave-making in an enclosed domain is the
return current that is established due to mass transport in the direction of the waves
(as described by the Stokes drift).

second-order wave elevation patterns may emerge. The use of
force rather than position-control on the paddles will likely lead
to a reduction in the generated free waves (as the wave-maker
“senses” and tends to compensate for some of the free waves
[4]). Furthermore, with force-control, the spurious waves will be
partially absorbed as they reach the boundaries of the tank (albeit
not necessarily very effectively, as the absorption capability of the
paddles is reduced at higher frequencies). In any case, the results
presented in the preceding section represent an upper-bound on
the level of performance that may be expected from the tank in
reproducing sea spectra.

6. Conclusions

The main aim of this study has been to identify suitable control
strategies for reproducing sea spectra in a force-controlled circular
wave tank, with a particular emphasis on the University of Edin-
burgh’s FloWave TT basin.

As part of the study, a detailed review has been carried out of the
hydrodynamic theory relating to control of a circular wave tank. In
the case of a tank free of any objects, the theoretical torques to be
applied on the paddles to generate planar, regular waves are found
to be similar to those calculated numerically using WAMIT. When
a floating object is present in the tank (as in normal operation),
scattered and radiated waves arise, which must be absorbed at the
perimeter of the tank. Thus some form of absorption mechanism
must be incorporated in the paddle controls.

Two different control schemes offering absorption have been
evaluated here. The scheme of Minoura et al. [2], as implemented
in the AMOEBA tank, prescribes wave-generating forces on the
“upstream paddles”, and each paddle has an identically tuned
dynamic absorption mechanism. The more complex method of
Newman [6] (untested in practice), imposes pre-set command
torques on all the paddles, and has an absorption mechanism that
reacts to deviations in the sensed hydrodynamic forces on the pad-
dles as compared with the “empty” tank.

In numerical simulations, both methods are found to repro-
duce multi-chromatic (JONSWAP) seas effectively, in so far as the
behaviour of a freely floating object in the tank is concerned. For
both control schemes, the motions induced in the object are very
close to the results for the “open-water” case (the overall error in
the displacement amplitudes being around 2% with both schemes).

Important observations may be made relating to the uniformity
of wave fields across the tank. With specific relevance to experi-
mentation in the FloWave tank, it is noted that when generating
multi-chromatic seas, the scheme of Minoura et al. [2] produces
a more spatially-uniform wave field with the absorption tuned to
the peak frequency rather than optimised for the entire frequency
range. Furthermore, tuning absorption to the middle of the design
range (0.5 Hz waves), results in inadequate absorption (and so non-
uniform waves) at the high frequency end (1 Hz waves), and vice
versa. There is not a single absorption setting that works effectively
across the entire design frequency range, which may necessitate
the use of wave absorbing beaches in some experiments involving
“wide” spectra.

One possibility would be to use floating, porous blocks [29],
which can be made to be highly effective at absorbing higher fre-
quencies in a wave basin, whilst transmitting lower frequencies.
In FloWave, these would be positioned in front of the arc of pad-
dles not taking part in the wave generation, but only functioning
as absorbers in the given test. Thus, provided the generated wave
spectrum has a suitably narrow spread, high frequency components
would be intercepted and removed by porous blocks on arrival at
the opposite side of the tank. Lower frequencies (and any currents)
would pass through unimpeded, to be absorbed by the paddles
behind the porous blocks.
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In a tank with such a large number of wave paddles it becomes
useful to assess the impact of a faulty paddle. The use of WAMIT
also allows for typical paddle faults to be simulated in a straight-
forward way. Itis found that even the malfunction of a single paddle
can have a marked impact on the uniformity of the wave field in
the tank. For example, with a JONSWAP sea being the target, the
standard deviation of the generated spectrum can double if a pad-
dle’s velocity sensor fails. Thus, all paddles should function well to
ensure accurate reproduction of wave fields.

All the results presented here assume linear waves in the
tank. Whilst this helps considerably in assessing different control
schemes, an effective wave basin must be able to produce non-
linear waves as well. The next stage in this work should therefore
be to incorporate higher-order effects in the simulation of control
strategies. There are also plans for simulation results to be vali-
dated experimentally. Furthermore, the effects of currents on the
generated wave field, and indeed how these may be compensated
for in the wave-maker control system, are to be investigated. The
possibility of adjusting control parameters “on the fly”, based on
measurements of directional wave spectra in the tank, is also of
interest.
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