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Abstract

For most of the twentieth century naval hydrodynam-
ics, and more recently, wave energy hydrodynamics have
been limited to the realms of theory and physical ex-
periments. Both of these methods of fluid flow analysis
are constrained through scope, cost and size of facility.
The advent of high speed digital computing has brought
with it a new dimension for analysing fluid flows, that
of numerical modelling. This paper aims to harness this
progress in computing power and established commer-
cial computational fluid dynamics (CFD) codes to cre-
ate a numerical analogue to the physical test flumes that
are in operation in many hydrodynamic labs. Using nu-
merical wavemakers will allow for the use of different
shaped wavemakers that would be otherwise impossi-
ble to implement in a physical waveflume, these non-
conventional shapes will be investigated.

This paper presents the well established wavemaker
theory. This is then adapted to obtain the hydrody-
namic coefficients of added mass and damping for two
novel shaped wavemakers. The different wavemaker ge-
ometries are compared on the basis of their theoretical
wave absorption efficiencies at various tuned frequen-
cies. Wavemaking simulations using ANSYS CFX are
then presented and the results are discussed.

Keywords: Wavemaker, CFD, absorption, added mass, damp-
ing.

1 Introduction

A general theory for the generation of waves by oscil-
lating solid boundaries was first prestented by Havelock
[1] and is widely considered as the foundation of wave-
maker theory. Building upon this knowledge, Les Ap-
pareils Générateurs de Houle en Laboratoire published
by Biésel and Suquet [2] (later to be translated into En-
glish [3]) was a huge advancement in laboratory gener-
ated waves. It solved the analytical problem for a num-
ber of different wavemakers and geometries providing
a transfer function relating the wave paddle displace-
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ment to the propagating wave amplitude. This linear
transfer function has been confirmed through theoretical
and experimental comparison [4],[5]. Building on these
transfer functions Gilbert et al.[6] presented analysis of
dimensionless values for the forces and paddle strokes
which was used in the construction of the first wave tank
at the University of Edinburgh.

A major problem encountered with wave tanks is that
of wave re-reflections spoiling the test domain. Passive
wave absorbers dealt with impinging waves adequately
but problems with re-reflections from the wave makers
and test devices persisted. In an attempt to show that it is
possible to move a paddle in a manner that absorbs inci-
dent waves, Milgram [7] published his paper on “Active
water-wave absorbers”. Milgram concluded that in the
synthesis of a wave-absorbing system four criteria must
be met: The complete system must be stable. Drift of the
paddle must be prevented by the absorbing system and
have zero response at a frequency of zero. To prevent
high frequency noise, the absorbing system subfunction
should be less than the hydrodynamic system function.
And obviously, the reflection coefficient should be less
than one for all frequencies. Milgram used surface ele-
vation for the active feedback mechanism. He suggests
that the exerted force acting on the paddle would be at-
tractive to operate on but points to physical constraints
in his specific flume. There was a short fluid filled space
behind the wave paddle. The fluid motion in this small
space would complicate calculations through resonance
at certain frequencies, thus he concluded that it was not
practical to activate the paddle on the basis of measured
force. The surface elevation a short distance from the
wave paddle was used instead. Milgram conducted ex-
perimental work to compare the measured and predicted
wave reflection coefficients. Absolute reflection coeffi-
cients in the range of 2 % to 11 % were reported for fre-
quencies between 1 to 4 Hz. It should be noted that this
active absorber was not used in a combined generation
and absorption mode.

Unaware of Milgrams work on wave absorption,
Salter [8] proceeded to obtain an active wave maker us-
ing force measurement. Salter cited three advantages
to this method. Force is an integral quantity measured



over the entire wave maker front and using this mea-
surement minimises any slight errors encountered with
single point measurements. Force sensors can be en-
tirely free from the chemical and biological vagaries
of tank water. Most types of tank probes use either
resistive gauges or capacitance gauges. Both of these
are susceptible to corrosion, biological growths, oil and
dust residues, all of which require frequent re-calibration
which is unacceptable for a large array of wave mak-
ers. Finally, Salter cites the conservation of energy as
another reason to choose force feedback. He states that
the advantage of using a force measurement is its ease
in combing it with a velocity measurement and therefore
fixing the rate of energy given to the water. He argues
that it is “better to provide the right amount of energy at
each frequency than to try to enforce a sinusoidal form
that the waves do not like”. Thus controlling energy
bypasses many of the non-linearity problems that arise
when generating steep waves.

In numerical wave tanks, many methods exist to try
and cope with reflected waves using purely mathematical
methods. The periodic boundary condition is where the
solution is assumed to be periodic in space, so that the
values of the unknowns on one vertical boundary can be
to equal those on the other vertical boundary of the do-
main. Another technique used to simulate infinite outer
fields at finite distance is that of artificial damping also
referred to as sponge layers. This is the process of apply-
ing a dissipative term to the equations near the boundary
of the truncated domain. This dissipative term can be
added to the free surface boundary condition as well as
both the dynamic and kinematic boundary conditions. A
novel approach was adopted by Orlanski [9] where he
imposed Sommerfeld’s condition on the boundary. The
main advantage of this approach was that no information
on the frequency of the approaching waves was needed.
The Sommerfeld-Orlanske is probably the most widely
used technique for numerical absorption of waves [10].
As this research hopes to create an numerical analogue
to physical paddles, the method for dealing with wave re-
reflections will be using a physically realisable method,
namely that of force-feedback. For a more in depth dis-
cussion on numerical absorption boundary conditions,
please consult Romante [10] for a detailed review.

Research from the Laboratoire de Mécanique de Flu-
ide at Ecole Centrale de Nantes has been published re-
garding a realisable control strategy for active absorb-
ing wave makers. Maisondieu and Clement [11] were
the first to publish their results on a force feedback-
feedforward control loop for a piston wave absorber.
They considered the problem of absorption of water
waves by the horizontal motions of a vertical plane in re-
sponce to the hydrodynamic forces it experiences. They
are quick to point out that a solution to this in the fre-
quency domain is relatively easy, but upon implementa-
tion of an inverse Fourier transform the solution becomes
a non-causal impulse response function. In their paper
they propose to model the ideal controller by a causal
approximation. They compare their new control strat-
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egy for two conditions, when one knows the dominant
frequency in the incident waves and when one does not.

This publication was quickly followed up with an-
other publication [12] on the same matter, conducting
a comparison of time domain control laws for this pis-
ton wave absorber. Again this paper concentrated on the
derivation of efficient time domain control strategies for
the absorption of waves by a vertical paddle. This pa-
per suggests two causal non-ideal approximations of the
ideal non-causal controller. This method proved very
promising at low frequencies, when one can identify a
dominant frequency in the incident wave train a priori

Building on this published work Chatry and Clement
[13] proposed a self-adaptive control of a piston wave
absorber. This paper derived sub-optimal approxima-
tions similar to Maisondieu and Clement [11] but as the
previous study showed better performance when the in-
cident wave frequency was known, a self-adaptive tuner
was developed hoping to maintain the system frequency
to the optimal one. It is based on a frequency tracking ex-
tended Kalman filter algorithm and a feedforward loop.
The efficiency of the controllers was measured by nu-
merical experiments. It was found that this self-adaptive
feedforward feedback system performed very well over
a broad frequency range.

Newman [14] produced analysis of wave generation
and absorption within the framework of linear potential
theory. He derives relations that govern the control of
the absorbers in an attempt to eliminate reflected waves
from the walls of the basin. He sets out the theory behind
control of wavemaking and absorbing in two-dimensions
and progresses to extend this to the three-dimensional
case. This paper encompasses the theoretical framework
and analysis of the obtained results. It deals with con-
ditions for optimisation of two-dimensional wavemakers
in two and three dimensions. It then investigates the ef-
fects of including a floating body in the computational
domain. Later in the paper two-dimensional wavemak-
ers are analysed in the time domain.

In a recent paper, Spinneken and Swan [15] discuss
causal approaches for controlling active wavemakers.
Their technique is based upon infinite impulse response
filters and they show that optimisation of this controller
results in very good levels of absorption. They compare
their results to the techniques of Naito [16] and ECN
showing better performance with their control strategy.

2 Hydrodynamic coefficients of a wave-
maker in a channel

Following the method used by Falnes [17, sect 5.2.3],
let us consider a physical model shown in figure (1).
Cartesian coordinates, x,y,z, are used, with z =0 on the
still water level and the +ve zaxis directed upwards. This
is a 2D piston, in a water depth, A, that can oscillate in
surge. When any body oscillates in water a radiated wave
with a velocity potential, ¢, is generated. This will be a
linear combination of the six modes of oscillation giving
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Figure 1: Two-Dimensional Wave Flume Definition Sketch
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where @; is a complex coefficient of proportionality. In
the case shown, the piston motion is limited to surge (j =
1). If the piston has a complex velocity with complex
amplitude &; # 0, then according to the inhomogeneous
boundary condition

I

F c(z) forx=0

(@)
where ¢(z) is a function that defines the shape profile
of the wavemaker. The general form of ¢(z) for a two-
dimensional wavemaker is

c(z) = (1+h—|—l>

where [ is the hinge depth. As [ — oo, c(z) corresponds
to the surface profile of a piston (¢(z) = 1) oras  — 0
the profile is that of a bottom hinged paddle (c¢(z) = 1 +
%) Following Havelock [1] and Falnes [17] , ¢; can be
represented as

3

o = COZO zk()x_|_ Z cnZ rz k,,x = ZXn(x)Zn(Z)
n=0
4
where
Xn(x) = e 5)

Here, k;, is the solution to the dispersion relationship for
n > 1 and conveniently letting ko = ik [17]

= —gik, tanh(—ik,h) (6)
Making use of the boundary condition (eqn. 2) gives
d
e(z) = { (pl] Z X/ (0 7

As Falnes [17] shows, multiplying by the complex con-
jugate, Z (z) and integrating from z = —h to z = 0 while
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using orthogonality condition gives

[0

dZ—ZX/ / * ) n(Z)dZ:X/n(O)h

(®)
That is,
1 0
(0= [ @z ©
Combining equation (9) and equation (5) yields
X4(0) = ikoco, X1 (0) = kycy (10)
Thus giving the two coefficients
2)Zyd 11
= zkoh/ 0% (n
2)Z, 12

The orthogonal set of elgenfunctlons Z,(z) are given as
[see 17, chap. 4.2]

Zo = (No) /% cosh(ko(z+h)) (13)

Zp = (Np) "% cos(kn(z+h)) (14)
where | inh(2koh)
_! S\ <koft)

No=1 (1 e ) (1)
1 sin(2k,h)

No=3 (1 e ) (16)

The radiation impedance of the wavemaker in a two-
dimensional channel acting in surge is given by Falnes
[17]. The term R i i : is the radiation resistance matrix or
added damping. X 7 is the radiation reactcance matrix
and mj j is the added mass.

Z/ —Rjj-i-lX
_Rjj—i-za)mj/j

0
Zi1 = za)pd/ |:
—h

Thus, the impedance per unit width

le /
= iwp

Zy, =iwp lco(

a7)

dof
e dz] . dz

7)dz
c;‘l]

The radiation resistance, R, or added damping is the
real part of eq.18

c0oZo(z) + Z cnZ,

—ikoh)ch+ Y, cn(knh)

n=1

= wkophlco|* +iwph Y knlcal®

n=1

(13)

11 =R{Z11} = wkophd|co|? (19)

and the added mass, my, is the imaginary part of eq.18

miq ZS{le}ZPhden|cn|2 (20)

n=1



2.1 Derivation of added mass and damping for a
bottom hinged paddle

As can be seen, both the added mass and damping are
functions of ¢y and ¢, respectively. These parameters
are in turn functions of the shape parameter, ¢(z). Thus
for different paddle shapes, the added mass and added
damping will vary significantly. The two main shapes of
concern, in a physical wavemaker, are that of a piston
(c(z) = 1) and a bottom hinged flap (c(z) = 1+ z/h).
The following equations are a derivation of the added
mass and damping for the latter, a bottom hinged flap.
This derivation was not presented by Falnes [17], but the
added mass and damping coefficients agree with those
presented by Newman [14] for a bottom hinged flap.

From equation (11) and using equation (13)

1
0=~ 1/2/ (1+2/h) cosh(ko(z+h))dz
B LN_I/z 1 + kohsinh (koh) — cosh (koh)
~ ikoh ° ko*h
= i (1 + kohsinh (koh) — cosh (koh)) ko >h 2
1, 1sinh(2koh)\~"/? o
24 koh

Ry = wkophd|co|*
@ p (1+sinh (koh) koh — cosh (koh))?
ko*h2 (2koh + sinh (2koh))

(22)

Similarly, from equation (12) and using equation (14)

_ L
k"

Cy —

1/2/h(1+z/h)cos(kn(z+h))dz

B —N71/271 +cos (k, h) + k, hsin (k, h)
knh kn2h

= (—1+cos (kyh) + kphsin (k, b))k, 3h 2
1, 1sinh(2k,) 12
24 Kk

miy = 0phd Y. knlca|?
1

—1+4cos (knh) + sin (kyh) k,h)*
kn*h2 (2kyh + sin (2k, 1))

(23)

n=

f4pz

(24)

2.2 Added mass and damping coefficients for differ-
ent paddle geometries

As shown in section 2.1 the added mass and damping
are dependant on the wavemakers geometry. The fol-
lowing results show the added mass (m211) and damping
(Rq1) for four different geometries. The standard piston
and bottom hinged geometries that are widely used in
many hydrodynamic laboratories around the world. Also
included are coefficients for a hyperbolic paddle which
matches the boundary condition of the wave velocity
profile. This results in a wave maker with no evanes-
cent modes, thus no local waves, at one particular wave
frequency. The other is the unique case of a wavemaker
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with no progressive waves, just a local standing wave.
These situations of no progressive waves and no evanes-
cent waves are difficult to achieve in a physical wave
flume but could be more easily achieved in a numerical
model.

2.2.1 Piston Wavemaker

The unit displacement of a two-dimensional piston-
type wave maker is ¢(z) = 1. Under oscillations corre-
sponding to equation (1) this results in the entire bound-
ary moving in unison, as would be expected. Following a
the derivation outlined in section 2.1 the following added
mass and damping were obtained in a similar manner.

(1 — (cos (kn h))z)

=

i =4 ; Lokhtsn@hn) )
wp <(cosh (koh))? — 1)

Ry =4— . (26)
ko~ (2koh + sinh (2 koh))

2.2.2 No local waves

For there to be no local or evanescent waves, there
should be no added mass. This can be achieved if the
paddle velocity matches that of the wave field. This is
done by setting the unit displacement to

cosh(k,(z+h))

c(a) = cosh(kp,h) @7)

It should be noted that the wave number, k,, is fre-
quency dependant and therefore this wavemaker will
have no added mass at only one chosen frequency - the
frequency corresponding to the respective wavenumber
value, k, = k(@,). The resulting added mass and damp-

ing are

—iky + ik, e" ¢ — ielky, + ik,e¢)?
2
(kp® +K?)

=

mip = Zpe—c

n=1

(kpe® —kpet™ —kpe® +k,
(2knh — isinh (c)) (e? +1)*

) (28)

koe {0Fia) _fo 4 ok — ke~ P
Rll =wp ( 0 R > - - 2
4 (a+sinh (a)) (cos(b/2))
—e_ibkp +kp +eakp _ ];pe—i(b—&-ia))Z ei(b+ia) (29)
(kp2 - koz)

where the substitution of a = 2koh, b = 2ik,h and ¢ =
2ik,h have been. As mentioned, for there to be no
evanescent waves, the added mass should be zero (at
that specific frequency defining the shape k,(®) for
o = 7,27m,37, which is the case (figs. 2a,2b,2¢c)
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Figure 2: Hydrodynamic coefficients, added mass, top and damping, bottom, for piston, bottom hinged flap, no evanescent waves
and no progressive wave wavemakers. The no evanescent and no progressive wavemakers are for three different geometries based

on wave numbers k(w,_ ;) for @, ; = w,27,3%

2.2.3 No progressive waves

This is another special case were the paddle will move
in such a way that only an evanescent wave will be
present. This would be very difficult to achieve in a
physical wave maker, but could be more easily achieved
in a numerical code. For this to occur, the wavemaker
needs to move according to the following ¢(z) in the case
of n = j where j is a single solution to equation (6)

_cos(kj(z+k))

~ cos(kjh) (30)

c(z)

Again, the the geometry is dependant on the selection
of a wave number at a particular frequency, k; = k;(®;).
This choice of ¢(z) results in the upper and lower parts of
the vertical wall oscillating out of phase with each other.
The number of oscillations between the bottom of the
tank and still water lever (SWL) depends on the choice
of j. The resulting added mass and damping are given as

(—k;jsin (kjh)cos (k,h)
(2knh +sin (2k,h)) (cos (kjh))*
+ky cos (kjh) sin (k,h))?
(~k7 + )"

myp =

4p

€2y
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(—koe™™? + koeb — koe® + ko — ik;
Ry =wp 2
4 (a+sinh(a)) (cosh (5))
) (32)

+ikje? — ikje + ik et tP)2emab
(ko +,%)”

where the substitution of a = 2koh and b = 2ik;jh have

been made.

For the three different geometries based upon choice
of kj(®) for w = m,27,37 it can be seen (figs. 2d,2e,2f)
that the damping is zero at these frequencies. For all of
these solutions, j = 1 resulting in just one oscillation be-
tween the tank bottom and SWL increasing the value of j
will, in turn, increase the number of oscillations between
the SWL and the bottom of the flume.

The non-dimensionalised added mass and damping
coefficients for all four shapes are shown in figure (2).

3 Basic Theory of Wave Absorption
3.1 Absorption efficiency

A concept used by Naito [16] and presented further
by Spinneken [15] is that of absorption efficiency. Naito
[16] presented an absorption coefficient, C,(®) measur-
ing the power absorbed by the external mechanism. The
condition of causality was discussed and a power absorp-



tion with fixed coefficients C,. was also presented. This
resulted in less than all of the available power being ab-
sorbed in irregular waves as the system was only opti-
mised for one frequency.

According to Falnes [17] the intrinsic impedance, Z;
can be represented as

Zi(o) (33)

R(w)+i (w[M+m(a))] - é)

Where M is the mass of the paddle, c is the spring stiff-
ness, m(®) and R(w) are added mass and damping, re-
spectively, and where the subscripts for surge have been
omitted

Following the same author and many others, the opti-
mum control force occurs when the control impdance, Z,
equals the complex conjugate of the intrinsic impedance

Zu(a)) = Zl*((l)) = Zu,OPT(w> (34)
Thus,
. c
Zyorr(@) = R(@)—i (0M+m(@)] - =) (35
and under a fixed coefficient system tuned to @ = @),
_<
Wp

(36)

C
) o

p

Zuorr(ay) = R0~ (1] 0, 4+ ()

=Rp— (i [(’)p (M +my)

where R;, and m, denotes fixed coefficients at @ = ®),
Under a two coefficient (r, and c¢,) control system,
the control force in the time domain is represented as

Su(t) = ruu(t) + cux(t) (38)
and thus the impedance in the frequency domain is
c
Zu<w) :ru'i'% (39)

and optimising equation (39) at a single frequency, ®,,
results in )
u
p
Price [18] compared equations (36) and (40) showing

control coefficients of

Zy(wp) =ry— (40)

(41)
(42)

r« =R,
y= (w;(M+mp) —c)
replacing back into equation (39), [18] presented the

tuned control impedance at @,, with two control settings,
over the full range of frequencies as

Z.(@) :Rp—é (@) (M +my) —c] (43)

Falnes [17] shows that the absorbed useful power is
given as

|Fe.j|?
1Zi(®) + Zu(0)?
_ Ru(0)|F. /2
[Ri(®) + Ru(0)]” + [X; (@) + X, ()]

P =R

3 [Z.(o)]

(44)
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Setting the control impedance, Z,(®) to the complex
conjugate of the intrinsic impedance Z7, namely setting
the variables R,(®) and X, (®) to their optimum values
of Ri(®) and —X;(®) gives an expression for the maxi-
mum power

|F eJ |2

8R;

Combining these equations (eqns 44,45), the absorption
coefficient, similar to that of Naito [16] and Spinneken
[15], for a fixed coefficient system can be shown as

P, Ru(w)Ri((D)
Pimax  (Ri(®)+Ru(@))* + (Xi(@) + Xy (0))?
(46)

(45)

u,max —

Using equations (33,36) the power absorption ratio can
be represented as

40’R,R(®)

©2 R, +R(®)]* + [(0? — 02)M + om(w) — col%mp]2

(47)

3.2 Absorption for different wavemakers

Absorption ratios, P, /P, max, for different wavemaker
shapes (Piston, Bottom hinged Paddle, No Evanescent
waves, No Progressive Waves) are shown in figure (3).
These figures compare the fraction of waves that can be
theoretically absorbed equation (46) by the four different
wave makers with different choices of tuning frequency
and shape frequency. For the piston and paddle shaped
wavemakers, the only handle on control is by setting the
tuning frequency @,. For the other two types of wave
maker - their shape parameter c(z), is a function of wave
number and thus frequency dependant. For these wave-
makers a second control variable, k; and k,, is available.
Both of these control handles are varied from 0.5 Hz and
1.5 Hz. This range of frequencies is comparable to that
of the tank used at Edinburgh University, and most tanks
used in small scale hydrodynamic laboratories.

The absorption characteristics for piston and flap
wavemakers only varies due to a change in tuning fre-
quency, ®,. When the shape function is set to k, j(®) =
kp, j() the bottom hinged paddle attains the highest ab-
sorption, followed by the hyperbolic paddle with k, =
k(m) (eqn.27) and then piston wave maker. The rea-
son for this is setting the shape parameter to k, j(®) =
kp,j(r), results in a hyperbolic shape in between that of
a piston and a flap, thus explaining why the absorption
characteristics are in between that of the paddle and flap.

Outwith k,(®) = k,(m) ,the hyperbolic shaped pad-
dle, with no evanescent waves (eqn.27), has better ab-
sorption characteristics than all other paddles regardless
of their tuning frequency. This is unsurprising as the hy-
perbolic profile matches that of the Airy’s velocity po-
tential more closely than that of the either the piston or
the flap. The big difference is that the hyperbolic shaped
paddle has two handles of control. That of the tuning fre-
quency, @, similar to the flap and piston, but it also has
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Figure 3: Graphs showing the absorption coefficients ¥ for different tuning frequencies, @, = 7, 27, 37 (columns) and different

geometry shapes k, ;j(®) for @ = 7, 27, 37 (rows)

a geometry control where the shape of the paddle can be
designed to minimise the evanescent waves at one spe-
cific frequency, thus resulting in two sweet spots of con-
trol at @, and k(®,). Having these two handles of con-
trol, tuning frequency and shape can result in a far wider
bandwith of absorption that would otherwise be achieved
using either a regular piston or flap wave maker (fig.3).
One of the interesting results occurs for the case
where the paddle is controlled in such a manner to have
no progressive waves. As can be seen, this paddle can
achieve some absorption when k; # @w,. When the ge-
ometry shape, kj(®) is chosen such that ® = wj, as is
the case in the diagonal of the 3x3 matrix in figure (3).
Under these conditions the absorption of the no progres-

sive wave paddle results in zero absorption. The reasons
for this can be attributed to the old addage, “a good wave
absorber is a good wave maker . As this wavemaker
cannot generate any progressive waves at this frequency,
it cannot radiate waves to cause destructive interference,
cancelling out the reflected waves thus there is zero wave
absorption.

4 CFD simulation of wavemaker

This section describes the methods used to generate
waves in a numerical wave tank using ANSYS CFX.

The dimensional values for the geometry of the nu-
merical wave tank (NWT) were chosen such to be com-
parable to those in Edinburgh’s long tank. The length of
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Table 1: Dimensions of grids used

Coarse Medium Fine
No. elements Y1 10 20 40
AY [m] 0.02 0.01 0.005
No. elements Y2 20 40 40
No. elements X 390 780 1560
AX [m] 0.04 0.02 0.01
No. Nodes 38,318 157,762 377,762
No. Elements 18,720 78,000 187,200

the tank is [ = 15.6[m| with a water depth of 7 = 0.8[m].
The desired wave has a period of 1 [s] and wave of am-
plitude 0.08 [m]. According to the wave dispersion rela-
tionship

%thanhzlﬂ
the wave length of such a wave is & 1.56[m| with d /A =
0.514 (deep water conditions). This results in the tank
being ten wavelengths long. The phase speed, ¢ = %,
of these waves is 1.56[m/s|, and the group velocity ¢, =
1¢=0.78[m/s].

Three different grids were used to compare the effects
of refinement and to check for convergence, referred to
as coarse, medium and fine. The cell dimensions for the
initial coarse mesh were based upon the expected free
surface elevation and on the phase speed of the wave.
The remaining two meshs’ dimensions were iterative re-
finements of the coarse mesh. As the main area of in-
terest is the wave’s free surface, extra mesh refinement
is used in this region. This area of refinement extended
from +0.1[m] around the SWL. The mesh distribution
in this area was uniform, the areas above and below this
region, extending to the NWT bottom and top opening,
have a stretched geometric distribution along a distance
of 0.7[m] (fig.4). Mesh dimensions for the three dif-
ferent meshes are as follows; For all grids, the domain
is split into two regions, one with a distance of a sin-
gle wavelength, A from the paddle. This region allows
mesh motion. The other region, making up the rest of
the mesh is stationary (fig.4). This is was chosen after
advice and correspondence with CFX support. It was
said that mesh motion, by its very nature is a diffusive
process and will lead to unsatisfactory results. Mesh mo-
tion is needed in the region near the paddle to facilitate
the piston motion. CFX does not have an explicit two-
dimensional solver, so When modeling two dimensional
simulations it is recommended that the domain is set to
one cell thick and symmetry conditions placed on either
side. The modelling advice suggests that the thickness of
this cell should be comparable to the size of the smallest
cell.

The physics for the simulation were held constant.
Homogeneous multiphase, with second-order transient
and coupled volume-fraction solution were used in the
solver control. The only parameter to vary over the three
simulation runs was the time step. This was to ensure
that the CFL remained constant. In adherence to rec-
ommendations by CFX support, the CFL number was

A= (48)
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Figure 4: Grid layout corresponding to table 1

Table 2: CFL number

Coarse Medium Fine
At[s] 0.04 0.02 0.01
CFL 1.56 1.56 1.56
maintained between 1-2.
Atu
CFL=— 49
Ar (49)

The paddle motion was ramped up over two seconds,
as such, the fully developed wave train should have trav-
elled the length of the flume at the group speed, ¢, of
0.78[m/s] thus taking no less than 22[s]. This was one
of the criteria examined when looking for the suitability
of CFX in handling free surface waves. Isosurface plots
with the volume fraction = 0.5 at every 1 second time
interval are shown in figure (5). It shows how the waves
travel down the flume for the three grids. The vertical
dotted line is placed at intervals of 14 (1.56[m]).

4.1 Wave making results in CFX

Upon implementation of the aforementioned settings,
the coarse mesh (fig. 5a) showed large damping of the
progressive waves in the flume. The wave height de-
creased considerably and this decrease persisted over
time. Also, there seemed to be an unexpected increase
in the wave length of the generated waves. A wave of
period T = 1][s] was expected and under the water depth
conditions, a wave length of 1.56[m] was anticipated. As
can be seen, (fig. 5a) shows the wave crest getting pro-
gressively further apart.

The medium mesh (fig. 5b) doesn’t show as severe
damping of the free surface elevation as the coarse mesh,
but there is still some damping persistant. Again, the
waves generated seem to be of a longer wave length than
expected. This can be seen looking at the distance the
wave crest deviated from the vertical lines. These lines
are at one wave length A = 1.56[m] intervals.



Propagation of wave train with T=1(s] (Amplitute x10), h=8[m, A = 1.56 [m]
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(a) Coarse mesh

Propagation of wave train with T=1(s] (Amplitute x10), h=8[m], A = 1.56 [m]
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(b) Medium mesh

Propagation of wave train with T=1(s] (Amplitute x10), h=8[m], A = 1.56 [m]
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(¢) Fine mesh

Figure 5: Wave train propagation over time for coarse, medium and fine mesh

Propagation of wave train with T=1[s] (Amplitute x10), h=.8[m], A = 1.56 [m]
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Figure 6: Wave propagation through flume with fine mesh over
20s, with time increasing in the Y+ axis direction. Lines show-
ing both group velocity and phase velocity also shown

The last refinement was that of the fine mesh (fig. 5c).
This shows a little improvement in capturing the free
surface elevation when compared to the medium mesh.
Overall, the fine mesh is very similar to the medium
mesh results. This suggests that CFX is converging,
but not on the expected answer. Upon closer analysis
of the free surface from the fine mesh, the damping of
the waves is more apparent (fig. 7). The expected wave
amplitude of 0.08[m| does not materialise. There is a
steady decline in wave amplitude which plateaus at 4
wavelengths. There seems to be a shift in wavelength
also in these simulations. The wave flume expected to
have exactly 10 fully developed waves after 20 [s] this
was not the case and there were only 9.5 full waves in
the flume.

In order to absorb waves, you must first be able to
make accurate and precise waves. This did not prove to
be the case in ANSYS CFX. There was persistant damp-
ing in the flume and an anomaly where there seemed to
be a shift in frequencies that resulted in longer wave-
lengths in the flume.

Current work includes investigation into other com-
mercial CFD codes and feasibility studies are underway.

5 Conclusions

In conclusion, this paper has presented the fundamen-
tal theory behind the wavemaking process. It has pre-
sented the hydrodynamic coefficients of added mass and
damping for four different paddle shapes. Two of these
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Free surface comparison of t = 19[s] and t = 20 [s]

19 [s]
o088t : 20[s]

I I I I I I I I I i
156 312 468 6.24 7.8 9.36 10.92 1248 14.04 156

Figure 7: Free surface from fine mesh at 19 [s] and 20 [s]. NB
the shift in wave peak from time step 19[s] to 20[s] and also
the fact that each peak is no aligned with the predicted wave
length position

novel shaped wavemakers have been discussed how the
choice of geometry can effect the wave absorption espe-
cially in conjunction with tuning frequency. It has shown
the there is potential for improved absorption when the
both the geometry and the tuning frequency of a wave-
maker/absorber can be adjusted. Results from a solid
moving boundary in ANSYS CFX were presented and
the CFD simulations do not match the expected results.
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