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: WAVE OVERTOPPING:
A COMPARISON OF PHYSICAL AND NUMERICATL
METHODS

by
GARY JOHN MURTON

The overtopping of low-crested breakwater 1s investigated by means of
hydraulic and mathematical models.

A conventional laboratory wavemaker with a wedge-type paddle: is converted
inte an absorbing wavemalker so that it can be used to investigate
accurately wave overtopping of reflective ‘coastal struclures. The
absorption system is achieved by use of a feedback loop added to the
control circuit. The design criteria and implementation of the circuit are
presented in detail. Enhanced contrcl ' software is used to generate
different ’random’ sea states with the same statistical properties.

The absorption system is validated by an extensive series of tests made
possible by the development of automated data acquisition and analysis
software. Particular attention is given to the derivation of incident and

reflected wave spectra. The results- show over 90% success in reducing
reflected waves. It is also possible to establish stable standing wave
patterns over a wide frequency range. The results show significant

improvement over similar existing wavemakers and in effect create an
open-ended channel in the sense that the test structure hardly influences
incident wave conditions.

A closely controlled series of overtopping tests was carried out using the
absorption system to prevent any re-reflections. Equipment and software
were designed to quantify the overtopping rates for the structures used.
The design and implementation of all aspects of the tests is fully
described.

Overtopping tests were carried out on breakwaters with smooth 1:1 and 1:2
seaward slepes. The results are tabulated and plotted in a dimensionless
form which permits comparison with earlier work carried out at Hydraulics
Research Ltd. The range of available data is extended and the new data for
fully-developed sea states shown to be compatible with a linear
extrapolation of the earlier results. It is believed that the earlier
results were obtained using tully developed sea states but this is not
known for certain. The importance of rigorously defining and publishing
both test ceonditions and analysis techniques is highlighted.

In the numerical study the 1-D mass and continuity equations were solved by
a hybrid finite element/finite difference scheme. Whilst a good comparison
is achieved between the physical and numerical tests for breakwater slopes
of 1:2 and less, realistic results are not achieved for steeper slopes.
The reasons for this are discussed and the results presented.

Both sets of model tests add valuable data to an area presently lacking
detailed information.
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- Berm
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CHAPTER 1
1.1 Introduction

Waves incident on a structure such as a breakwater or sea wall are
usually subject to a significant amount of reflection. In the field
the reflected waves generally propagate back ocut to sea and are
eventually lost to the coastal system. The system in effect haslan

open or absorbent seaward boundary.

In a conventional laboratery wave channel the situation is quite
different due to the 'seaward’ boundary being closgd by some type of
wave paddle. The typical paddle is highly reflective so that, in
this closed system, waves reflected by a - model structure are
re-reflected back towards it. This establishes an unnatural system
of positive feedback in whiéh the waves incident on the model are the
sum of the new input from the paddle and the re-reflected waves. The
characteristics of the incident waves are changed in an uncontrolled
way with the wave height increasing until losses in the system
dissipate energy, possibly through an increase of wave breaking, at a
rate equal to the primary input from the paddle. The resonance
resulting from the combination of high reflection and low losses can

lead to water being thrown from the channel.

Recently, due to advances in electronics, it has become possible to
detect this positive feedback and by means of a suitable filter
system to modify the primary control signal in order to remove or

'absorb’ the re-reflected part of the wave train.

An ‘'absorbing’ paddle of this type will allow more contreclled or

accurate laboratory model tests than the conventional paddle.

Few breakwater overtopping model studies have been carried out and
of these fewer still used a randomly generated sea to conduct the

tests.

An accurate assessment of the likely wave overtopping of a particular
breakwater is of prime importance to the coastal engineer at the
design stage. The degree of overtopping permitted will depend upon

the use for which the breakwater is to be designed.




Practical full-scale measurement has so far proved to be a very
difficglt proposition and the engineer is thus very dependent upon
results obtained from laboratory model studies. Use of an absorption
system as outlined above will allow a more controlled approach to the

measurement problem and as. a result much -better data should result.

‘The other problem which confronts the design engineer is, unlike in
many other branches of engineering, the lack of good, well verified

numerical solutions to the problem of wave overlopping.

Mathematical solutions have been derived Tfor the closely related
run—up problem, although these are generally for .the more mild
'beach’ type slope, rather than the steeper breakwaler slope. The
development of a reliable suite of computer programs would reduce the
need for costly model studies as well as increase the knowledge base

of what is still a largely unknown area.

1.2 Scope of Work

The work described in this thesis deals with some of the problems

outlined above.

A 2-D laboratory wave channel with a wedge type paddle, with random
wave generator capabilities at one end, was installed and calibrated.
The calibration was performed with regular waves in order to obtain a
paddle transfer function of wave amplitude to control signal voltage.
Once the dynamic characteristiecs of the paddle were known it was
possible to design an appropriate filter circuit to incorporate into
an absorption system as menticned above. Concurrent with the
development of the absorption system a micro-computer based data

acquisition and analysis system was developed.

A fully compatible suite of programs was written to collect wave data
from up to 6 gauges simultaneously; calibrate the data collected;

sltore the data and perform a variety of analysis options on the data.

The dala was collected from resistance wire wave gauges and passed
through a 12 bit A-D converter for calibration and storage by the

computer,



The analysis package included all the conventional wave data
processing functions such as spectral analyses from fourier
transforms and general statistical analyses for mean, standard
deviation etc; In addition to the analyseq mentioned above, a
program was developed to determine the incident and reflected spectra
from a composite wave train. For this process it was necessary to
simultaneocusly measure the wave train in at least twc different

locations in the channel.

A program'of this type was essential to evaluate the performance of

the wave absorption system in a random wave environment.

Once the wave absorption system had been optimised and fully tested
the facility was used to measure irregular wave overtopping rates
over ’'low-crested’ breakwaters. In this case ’low-crested’ refers to
breakwaters with crests at or just above still water level. The

breakwaters tested had seaward slopes of 1:1 and 1:2.

A system was designed and built to accurately measure the quantity of
wave which ’overtopped’. The tests were all repeated for wvarious
combinations of wave trains which had the same statistical
properties. The random—wave.generation software was modified as part

of the project to allow this to be carried out.

The results obtained were compared in a dimensionless form to results
from earlier studies on similar, although not identical, geometric
arrangéments. The wave absorption system in use allowed much more
operational control over the tests and the incident and reflected
spectra software provided a much more realistic assessment of the

wave conditions present duriﬁg each test.

A 1-D (in space) numerical model of the overtopping process was
developed to provide a comparison with the physical data. The model
was a space—time discretisation of the problem with finite elements
used to solve the space dimension and a finite difference scheme to

provide the time step iterations.
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The model was developed on the same micro—computer as was used for
the model tests data acqujsition and analysis. This multiple use of
a single computer emphasises the flexibility of such a machine and
thus its suitability in a small design office or research
establishment.

1.3 Review of Previous Related Work

1.3.1 Random Wave Generation

The techniques of 1laboratory wave generation have been widely
documented elsewhere (Salter 1984, Buhr Hansen 1975 and others) and
the intention here is not to dwell upon the physical designs of
laboratory wavemakers but to concentrate on the random wave signal

generation techniques.

Until fairly recently the °’normal’ practice in hydraulic modelling
was to use regular waves - usually sinewaves - to investigate coastal
phenomena. For example, a number of investigations into run-up and
overtopping have been carried out with regular waves (Allsop and Ojo
1982, Seelig 1979, Sollit and Debok 1976) but very limited work has
applied random waves to the problem. It is generally considered that
a regular wave study, whilst useful, cannot hope to provide accurate
data for a comprehensive understanding of coastal phenomena. (Kimura
and Iwagaki 1976). 1In 1980 Ploeg and Funke carried out a survey of
wave generation techniques in hydraulics laboratories and found that
more than twice as-many were using regular wave generators rather
than random. A main factor for this was the lack of suitable,

economic computers to produce an appropriate paddle control signal.

An early random wave synthesiser was developed at the Hydraulics
Research Station (Thompson and Shuttler 1972) based upon the addition
of sixteen sinusoids at discrete frequencies and preset phase
relationships. The system was satisfactory although limited in
application and it failed to reproduce accurately extreme maxima
since the maximum wave height was limited to that given by the
sinusecids in phase, Goda (1970) demonstrated that for accurate

simulation up to 50 components sinewaves were required.



The present Hydraulics Research Station (now Hydraulics Research
Limited) method of random wave generation has evolved from an
electro—mechanical system to an analogue signal generatcer and then to
a hybrid analogue/digital system to the technique now used of a
digital synthesiser based around a BBC microcomputer. It is an
advanced . form of the digital synthesizer which is used in the work
presented here and its configuration and implementation are described
fully in Chapter 2.

Funke {1974) describes a similar system used to produce a JONSWAP
spectrum. Other systems developed for ’random’ or pseudo-random’
wave generation include the preparation of a command signal on
digital tape from an analogue signal generator (Webber and Christian
1974). Whilst this system worked satisfactorily it ]acks the
versalility of the on-line computer melhods now employed. Gravesen
et al (1974) recorded a wave record from the ocean and replayed it in
their hydraulic model tests but found that whilst long period waves

were correctly reproduced short period waves were probably not.

Salter (1984) used-superposition of sinewaves claiming that it allows
the user more creativity in the choice of spectrum. The comh
spectrum method allows the generation of bizarre spectra not possible
with the shift-register synthesiser although of how much practical
use 1n hydraulic modelling these are must be in serious doubt.
Kimura and Twagakai (1976) used the Goda method of superposition of
50 composite sinewaves with analogue band-pass Tilters with the gain
to equal the power of the output signal. A later development of this
was to use a numerical filter and fourier tranéforms using the

monte-carlo lechnique for random number generation.

Recently (Tucker 1982) has demonstrated that the composite sinewave
method 1s 'inherently incorrect’ sinece the spectrum produced does not
model a random Gaussian surface and the variance of the signal may be
less than the theory suggests. It is possible= to generate the
Gaussian probability field with random numbers and pass them through
linear filters where frequency response is calculated to give the
correct spectrum (similar to the Kimura and Iwagakai methods). This
proves very expensive in computer Lime. For a solution to the
problem it is suggested thal it is advisable to work i1n Lhe time and

not. the Trequency domain.

i)




1.3.2 Random Wave Analysis

The spectral analysis of a random sea has proceeded in two stages.
Initially a generalised spectral analysis procedure for the spectrum
at a single measurement point was developed. More recently the
emphasis has shifted to the determination of directional spectra. In
a channel facility it is possible to resolve the wave record into
incident and reflected spectra from a composite wave train, with
measurement. at two or more locations. The spectral analysis of a
wave record at a point has been comprehensively dealt with in the
past and is itself the subJect of papers, reports and theses (Tucker
1979, Chae 1976, Wilson et al 1974) and others. The intention here
is to concentrate more on the estimation of directional spectra as

related to the present project.

The analysis of wave records based on a spectral approach originated
in the late 1940’s and 1950’s (Tucker 1957, Deacon 1955) and others.
However, the extreme jaggedness of the resultant spectra led to many
uncertainties of interpretation and diffiéulties remained until Tukey
(1949) deﬁeloped methods used in communications for use with ocean

wave data.

It has always been apparent that interpretation of results will be
open to confusion since all the methods are based on statistical
processes and approximations. The rediscovery of the Fast Fourier
- Transform (FFT) was introduced by Cooley and Tukey (1965). The FFT
is computationally much faster than the conventional covariance
method but has more leakage (Wilson et al 1974). The covariance
function may be obtained from the FF{ procedure (Bingham‘et al 1967).
However, no matter what methods are employed, they are all influenced
by a degree of subjectivity that enters the analysis from a conflict
betweén-degrees of confidence and resolution. It is possible for two
analysts to report different results from identical data sets simply

based upon a choice of certain parameters.



The above subjective interpretation is a 1large factor in the
availability today of a number of different analysis procedures all
pertaining to produce an energy spectrum which is supposedly
‘correct’, As a result of this no standard notation, nomenclature or
'standard’ procedure has developed and the choice of analysis seems

largely dependent upon what the user requires as results!

All the analysis procedures are based on determination of the mean

energy.

E = (pg) J [A(£)2/2) df

(o}

The spectral energy density is then:

S(f) = A(f)2/T, where T, = NAt
The moslt common analysis procedure is by use of the FFT algorithm.
See Chapter 3 for the analysis procedure used in this project.

Other methods have been primarily developed for directional spectra
applications and include such data adaptive methods as the Maximum
Likelihood Method (MIM) and Maximum Entropy Method (MEM). 1t is also
possible to determine low frequency components with a 201 point
kaiser filter operating on the data in the time domain (Munsard and

Funke 1986).

The analysis of directional spectra has developed dues to the problems
of reflections and the need to determine incident wave conditions

more rigorously (Sand 1982).
1.3.3 Reflections in Random Waves

The problem of reflections in laboratory overtopping work has caused
numerous problems in the accurate estimation of the overtopping
discharge for tests using both monochromatic and random waves.
Rayner (1983) found that the overtopping rate was a Tunction largely
dependent  upon the degree of reflleclion allowed. The partial

solulion in the above case and others (Owen 1980)(Allsop 1983) was to







In other work (Seelig 1983, Ouellett 1982) an attempt has been made
to quantify the reflection coefficiept of a test structure and so
make allowances in the generated sea. The reflection coefficient
method is more suitable for wave run-up problems - and breakwatér
stability tests rather than the measurement of -overtopping

quantities.

Other workers have concentrated on the determination of incident and
reflected spectra from wave measurement arrays all measuring
composite wavé trains. The analysis procedures used can discriminate
between incident and reflected wave energy but no account is made for

re-reflected waves.

Various analysis techniques have been proposed. The Maximum
Likelihood Method (MIM) has been widely used (Jefferys et al 1981,
Clarke and Gelding 198l1) for directional wave properties and
determination of incident and reflected spectra. The MIM supposes
that the wave amplitude is small and that the water surface elevation
can be expressed as the superposition of component waves with wave
number, k, and angular frequency; w. The water surface elevation, n,

at the point x and at the time -t is expressed as:

i(kx-wt)
n{x,t) = e z(dk, dw)

The wave number - frequency spectrum s(k,w) is defined as
S{k,w)dk dw = Z{(Dk,dw)ZX(Dk,dw)
where X denotes complex conjugate.

The estimation of direction is made from records at two points as
described by Panicker and Borgman (1974) who also used the Maximum
Entropy Method (MEM). The MIM has the highest resolution power for
the estimatiqn of directional spectrum but was applicable to wave
gauge arrays only. 1Isobe et al (1984) presented an extension of the
method(EMIM) which could be used with mixed instrument arrays. The
MIM is simple to implement and economic with>respect to time but it

is better suited to 3-I directional applications rather than the



determination of incident and reflected spectra. The MEM (Briggs
1984) is a non-linear data adaptive method of spectral analysis which
is capable of generating higher resolution spectral estimates from
shorter data records than conventional FFT methods. REntropy is a
measure of the information content contained in a signal. Maximising
entropy, therefore, maximises the information ¢transmitted in a
gignal. The concept involves finding a spectral estimate which
corresponds to the most random or unpredictable time series whose
extended correlation function satisfies the constraint that it agrees

with known values.

Since the MEM is data adaptive like the MIM, there is no ’'bias vs
variance’ trade off due to finite record length requirements as in

FFT procedures.
The MEM spectral estimate is given by:
S(f) = |A(f)|2Sw(f)

wherg w2({L) or Sw(f)/2A is the white noise variance where & is the

time increment.

The MEM spectrum is much less peaked than the FFT spectrum with a
slightly shifted peak frequency. .

The other main analaysis technique .is based upon the Fourier
transform method. KXajima (1969) first proposed the method, however,
it has been adapted and improved since. Goda and Suzuki (1976)
employed FFT's to determine incident and reflected spectra from two
wave gauges separated by a length AL. The incident and reflected
wave heights are then estimated from the composite wave heights by
energy considerations. Goda and Suzuki showed that the method was
effective in the range outside the condition of the gauge spacing
being even half integers of wavelengths at the peak frequency. They
proposed that for maximum resolution the spacing was chosen using the

guidelines shown overleaf:
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0.05

fmin: AL/Lgayx

0.45

fmax: AL/Lgin

where Lpa, and Lpi, are the wavelengths corresponding to fpj, and

fnax respectively.

Gaillard et al (1980) derive the same relationships for the spacing

to give maximum resolution.
The overall coefficient of reflection is given by:
kR = '/(ER/EI)

where Ej and Ep are the energies of the resolved incident and

reflected waves.

The wave heighté can then be evaluated by: (Goda and Suzuki 1980)

} R
HI =Y (1+KR2) 1'[S

- K =
Hp = _/(1B+K§2) Hg

Where ﬁg is the mean of the significant wave height taken from the
composite waves at the two gauge locations. For ﬁ good estimation of
incident and reflected wave heights the wave gauges are required to
bé away from both the test structure and the wave paddle. (This is
because the composite wave height,lﬁs, used in the above equations

fluctuates in the neighbourhood of a reflective boundary.

Mansard and Funke (1980) extended this method tc use more than 2 wave
gauges for more accurate estimates by use of a least squares method.
.The least squares method supposes superposition of components of

phase and amplitude.

Gilbert and Thompson (1978) proposed a Frequency Response Function
type approach to Kajima's theory. It is this method which has been
adopted here since it lends itself to compatibility with the other
analysis procedures which were used. The method is described fully

in Chapter 3.
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1.3.4 Wave Absorption

There are several flap-type paddles with a wave absorption system
fitted. Thesé include a system at Edinburgh University (Salter 19381
and 1984) and the 3-D wave ba;in at the Danish Hydraulic Institute
(Aage and Sand 1984)r Less common is an absorption system fitted to

a wedge—type paddle.

A wave absorption system was developed in 1970 by Milgram. The
system used a wave gauge to sense the wave as it approached the
paddle which tﬁen moved to absorb the wave. The only crucial
difference between this system and the one used in the present work
is that the waves Tor Milgram’'s system were generated at the oppesite
end of his flume from his absorber. A system like this is of no use

for breakwater tests.

The Edinburgh wave absprbef uses force sensing for the feedback. The
force sensor will be free from the cohtaminations in the water that
affects resistance type wave gauges. Force transducers will also
average across the width of the channel. The water surface elevation
technique used in Plymouth has overcome the problem of averaged
readings by use of two long probes across the paddle front. The
watér surface elevation measurement requires no transfer of pressure
record to wave heights, it is simpler to calibrate and has a much

faster frequency response to reflections.
1.3.5 Hydraulic Overtopping

Accurately estimating the amount of water which will wash over a
coastal structure can be vital to design engineers. Building
seawalls high enough to completely prevent overtopping is often
unacceptable because of aesthetics and costs. Situations also arise
where water on the lee side of a breakwater is perfectly acceptable,

such as outfall protection breakwaters for power stations.
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Overtopping is an extremely complex .coastal phencmenon. Variables
include structure characteristics (shape, weight, slope, roughness,
porosity, berm width, offshore slopes etc.) wave characterics
(height, period etc.) water depth, wind speed etc. Most overtopping
investigations have ignored winds and wave direction in order to

concentrate on the more significant variables.

Related to the investigation of wave overtopping is the phencmenon of
wave run-up. Nagaki and Takoda (1982) investigated the correlation
between run-up and overtopping and found that the correiation was
good. Recént'workrﬁas concentrated on random wave environments but
earlier tests used monochromatic waves which can only provide an
approximation to the random wave situation. Roos and Batt jes (1976)
conducted an experimental study of periodic wave run—up compared with

Hunts formula for run—up height defined as:
R = '/HLO Tan&

where R = run-up height
x = slope
H = Wave height .

from Lo = gT2/2n
R = 4T+/gH Tanx

This predicts run—up depends only upon wave height and wave period.

Ouellett (1982) proposed that other factors important in run-up are
the storm duration and the structural shape of the breakwater. He
predictéd that significant overtopping will occur when SWL ) 60% of
breakwater height. Hamer and Hamer (1982) also concluded that the
freeboard height was the most significant factor to differentiate
run-up from overtopping. Thex tested the hypothesis that the amount

of wave transmission due to overtopping is determined by the ratio:

(Actual run—up; Rc)/(Theoretical run-up,R)
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The calculation of theoretical run-up was based on Hunts formula.
The structures tested had a smooth slope of 1:4. Other
run—up/overtopping related work includes Sutherland et al (1976) who
found that an offshore bar would reduce run-up height. Raichlen and
Hammack (1974), Carlsen (1984} and Mase and Iwagaki (1984) who were
primarily concerned with gentle slopes up to 1:5 which is beyond the
scope of this work. Ahrens (1983) measured run—-up on an idealised
structure up to 1l:1 in both regular and random waves and made an

estimate of the incident spectrum from Goda's method (1976).

Many studies of run-up and overtopping have been conducted as part bf
tests on checks on stability of breskwater armour units designed in
accordance with Hudson's formula as given in the Shore Protection

Manual.

Kimura and Seyama (1984) investigated the statistical properties of
short-term overtopping and made the following assumptions to simplify

the investigation:

1) "Characteristics of an overtopping of zero up-crossing wave from
a sea wall can be approximated by an exisling theory for periodic

waves",

2) "The characteristic of an overtopping is neot affected by
neighbouring waves but can be evaluated only by properties of an

individual wave".

3) "The statistical distribution of wave height can be approximated

as the Rayleigh distribution".

This model was over simplified as Shi Igai et al (1977) had
previously shown that overtopping is a highly non-linear and
discontinuous phenomenon regarding wave height. This is because the
reflected wave energy decreases after a large amount of overtopping
thus the wave height near the sea wall also decreases, hence a larger
subsequent wave is needed for more overtopping and vice versa. Thus
the effects of wave group action should be considered in the

measurement of overtopping discharge.
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Douglass (1984) has produced a paper in which he compares the most
significant recent random wave overtopping experiments of Owen
(1980), Goda (1971) and Battjes (1974) with the design criterion

reccmmended in the Shore Protection Manual.

The Owen method is based upon the experimental derivation of
dimensionless coefficients to quantify the overtopping discharge
depending on a number of variables discussed in Chapter 7. An
example of the design procedure from Owens work will also be found in
Chapter 7.

The one thing that is clear from all the overtopping work so far
carried out is that much more data is required to produce accurate

design charts.
1.3.6 Numerical Modelling

To numerically model the effects of wave pvertoppiné in random seas
accurately, a good model of the sea is first required. This is.used
as the generating function for the overtopping processes to follow.
A regular sea is simply defined with a sinewgve generating funétion

but a random sea is harder to define.

Larsen et ﬁl (1984) describe the use of boundary integral equation
and ’'sponge—layer’ techniques to generate a directional sea in deep
water. The ’sponge-layer’ is to absorb reflections along the model
boundaries. The technique uses a finite difference scheme to solve
the deep water equations in vertical and horizontal cartesian
co-ordinates. Pinkster (1984) reviews this and other similar

techniques with a directional application.

All the techniques are based on the assumption that the real sea
surface elevation is a 2zero mean, stationary, ergodic, random
Gaussian process. The statisitcal properties are independent of
time. On all the models the assumption is made of non-breaking waves
since breaking is known to be a non—conservative process and breaking

point is a mathematical singularity (Wang and Purpura 1974).

15



Any numerical model of overtopping is likely to be an extension of
the closely related run—up problem. Jennings (1978) modelled the
run—up of constant form sinewaves with the method of characteristics.
The method of characteristics is based on a simplified selution to

the Shallow Water Equations given by:

du + Udu = -g an

at ax 9X

Momentum

u(n+ n)] _ -an

Ix at

Continuity

The simplifying assumptions for the methed of characteristics are:

l. that the vertical acceleleration of the fluid particles is

negligible;

2. that the velocity distribution of the horizontal water particle

velocity is uniform;
3. that the bed friction forces are negligible.

The above equations readily lend themselves to adoption for a

finite—difference analysis.

A solution of the equations leads to the formation of +ve, C+, and

-ve, C-, characteristic lines of constant depth.
The disadvantages of the method are:-

1. It is based on an irregular grid therefore there is a need for

interpoclation;
2. The need to determine node positions;
3. A slope approximation is made.
The theory of characteristics does, however, give information on grid
spacing for a finite difference method. Alternative finite

difference methods allow for the inclusion. of slope, inflow and

coriolis terms. (Katapodes 1979).
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The solution of the equations is as follows:

E-Y(Y - W) , u-Q _
YAt Ax

The calculation is performed for Yy, as all the other variables are

known.
Similarly for Y,

+ BLT B oy, (v ouy)
YAt Ax
and for V,
Vo - ¥(Vy — V) + Eqy - B . Y, (W + VR)

YAt Ax

Thus V; and Y, are used to calculate Q,, E;, V; and V, and Y, are

used to calculate Q,, E, V, then:

op-W * A -% . L 1
At : Ax

: Vp -V + Ey - E; = Yy (Vg + V)
At Ax

Yp and Vp are the two unknowns and can be calculated from 1 and 2.

The method is easily adapted for irregulgr profiles as:
dA d

— + _ (A =0

dt dx

o4 (e g2) = g2,
dt dx

fﬂ - f{ - So

dx dx

The above shallow water techniques have been used in a number of
run—up studies including Haugel et al (1984) who used a finite
element solution and Zielke (1984) who modelled short waves with

Boussinesq equations.

18



The other main analysis technique used to date is to model the
Navier-Stokes equations. The Navier-Stokes equations govern the flow
of incompressible fluids with reasconably constant viscosity. In the
cartesian co-ordinate system Newton’s 2nd Law of Motion applied to a

unit mass of fluid element gives 3 equations in x,y and z directions.

Navier—Stokes models have been developed by Daubert et al (1984) who
used a finite different scheme for 2-D flow with non—breaking waves.
Austin and Schleuler (1982) also used the Navier—Stokes equations

with a hydrodynamic code for impacts on coastal structures.

All the previously mentioned methods and others such as Finite
Amplitude Waves (Packwood 1982)(Yamaguchi and Tsuchuya 1976) show
very good results on mild or shallow slopes. The gituation of
breakwater overtopping differs in one important respect. The slopes
of the breakwaters to be considered are not shallow, and the
traditionally used shallow water equations cannot be applied to
regions where vertical accelerations become significant. Such
accelerations are significant when water moves over fairly steep

slopes - above 1:10.

In 1980 Gopalakrishnan and Tung presented a finite element model for
use on s8teep slopes by making an allowance for the vertiecal
accelerations whilst a 1-D problem was retained. It is an extension

of'thié-method which will be presented later.
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The paddle control signal is produced by a BBC model B microcomputer
running wave generation programs written at Hydraulics Research Ltd.
The programs can produce either a regular or ’random’ wave signal as

required.

On line wave data analysis is available via a Hewlett-Packard 98165
microcomputer connected to a Biodata Microlink high speed data
logger. The data 1oggef accepts an analogue voltage signal from a
Churchill Controls Wave Monitor. The analogue signal is converted to

a digital record for analysis.

Other equipment used includes a high speed chart recorder to record
wave records, a digital storage oscilloscope and a Hewlett-Packard

Spectrum Analyser. The general arrangement is shown in Figure 2.2.

The transfer function for the chart recorder was measured at the
gtart of the project and used in the calculation of incident wave
heights from wave envelopes (Chapter 3). The transfer function was
determined by measuring the recorder’s response to sinusoidal signals
of known amplitude at each frequency used in the regular wave tests.
The transfer function relates measured voltage to actual voltage at

each frequency.

WAVE :
— . —_ HSC { A/D | ANALOGUE INPUT
: ‘ MONITOR
WAVE

DATA ACQUISITION
GAUGE l
ANALYSIS
RESULTS
PRINTOUT 6
STORAGE
HP 9816
GRAPHICS
OUTPUT

Figure 2.2 Laboratory Equipment Arrangement
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2.2 Wave Paddle {Plate 2.1)

The wedge shaped wave paddle is constructed from aluminium chanﬁel
sections with a marine plywood shell. - The paddle runs on a single
chrome plated bar 150mm in diameter. A guide rail beneath the paddle
prevents any lateral displacement. The paddle is driven by a double
ended hydraulic actuator with a maximum stroke of 500mm. The
movement of the actuator is contrelled by a Moog Servovalve and the
pogition of the actuator is monitored by a LVDT (Linear Voltage

Displacement Transducer).

The actuator is supplied with hydraulic oil at a pressure of 1800 psi
via an accumulator charged to 90 psi. The accumulator acts as a

reserve when a sudden large demand is required.

The advantage of a‘wedge type paddle is that no waves are generated
in the region behind the paddle, thus avoiding the need for a rear
spending beach. A hydraulic system has certain advantages over an
electrical system, for example, interference is less, an important
consideration especially when the absorption circuit came to be
tested. The response to high power requirements is also better

supplied by hydraulics.

The high noise levels normally associated with a hydraulic systenm
have been eliminated by locating the pump and hydraulic oil reservoir

in a separate room adjacent to the laboratory.

2.3 Spending Beach (Plate 2.2)

The Spending Beach is a low cost solution to the need to absorb as
much wave energy as possible. The slope of 1l:4% was chosen as a
compromise between the degree of reflection permissible and the need
to make full use of the channel space available. Waves with

frequencies between 0.5 - 0.7 Hz produce 5-8% reflection.
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2.4 Wave Gauges

The wave gauge system used in the project is based around a Churchill
Controls Wave Monitor. The Wave Monitor is used to drive wave gauges
positioned in the channel. The gauges work by measuring the current
flowing in a probe which consists of a pair of parallel wires. The
probes used in the channel consists of a pair of stainless steel
wires 1.Dmm in diameter, 300mm long and separated by a 12.5mm gap.
The probe is energised with a high frequency square wave. voltage to
avoid peclarisation effects at the water surface. Each probe can be
energised with a different frequency signal'so that the gauges may be
used close together with no risk of interference between gauges. The
wires dip into the water and. the current that flows between them is-
proportional to the depth of immersion. The cufrent is sensed by an
electronic circuit which provides an output voltage proportional to
. the instantaneous depth of immersion. The voltage is used to drive a

chart recorder and/or data logger.

The output voltage can be calibrated in terms of wave height by
varying the depth of immersion of the probe in still water. The
calibration was done in measured increments (10mm)} with a record made
of the variation in output signal. When the data logger was used the
probe .was calibrated over an B0mm.-range with a least squares
regression analysis. This enabled the 12 bit output from the A/D

converter to be scaled to mm of wave height.

The gauges were calibrated for each series of tests and remained
linear over the whole length of probe provided they were kept clean.
An example of a record taken with a gauge when o0il was present in the
channel is given in Figure 2.3. This variation can be attributed to
changes in the electrical conductivity of the water ‘due to
temperatﬁre changes and/or water contamination. The wvariation of

calibrations over a single days testing was negligible.
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2.5 Paddle Control Signal

The paddle control signal is generated by programs installed in the
BBC computer in the form of EPROMS (see Glossary). Regular wave
generation is a relatively straightforward procedure. For a sinewave
the required frequency is entered and the program uses a ’look up’
table to determine the correct output signal. A user—-defined regular
wave requires the user to input specified ordinates which correctly

define the shape of the required wave.
2.5.1 Pseudo—-Random Wave Generation
2.5.2 Introduction

‘Random’ wave generation takes the form of a computer controlled

synthesiser (Thompson and Shuttler 1972).

The synthesiser consists essentially of a digital white noise
generator with a variable digital filter which creates pseudo-random
output with an energy spectrum that is pre-set by the user. There is
a program to Fourier transform the required spectrum and derive the
coefficients for the filter and other information needed to set up
the synthesiser. All the calculated information to set up the
synthesiser is saved in a file by the Fourier. transform program, for

later retrieval by the wave generation program.

The signal is pseude-random in that it eventually repeats itself.
However, it can be regarded as truly random when the repetition
period is made long compared with the duration of any test.
Alternatively it may be experimentally convenient to use and record
data over a short repetition period so that the spectrum can be

calculated without statistical uncertainty.

The repeatability of the signal has the advantage of giving the user
close operational control over the test programme, in that individual
tests can be carried out at different times or on different
. experimental arrangements with éxactly the same input signals.

Direct comparison between test results is then possible.
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The spectrum synthesiser can be considered to consist of two separate
-blocks:

a. The noise source
b. A variable filter which controls the shape of the noise spectrum

The noise is generated by using a pseudo-random binary sequence
(PRBS) generator based on a shift register with logical feedback of
bits (Binary Digits). The signal is completely deterministic and
will be identical evefy time the noise source is started with the
same bit pattern 1in thé shift register, and is cyclic with a
repetition period which can be determined at will by changing the
logical feedback. During the repetition period it generates a binary
sequence which sweeps out a completely representative sample of the
probability space appropriate to that sequence 'length and has
sufficient of the properties. of random noise to be treated as such
for most purposes. A spectrum in which the repetition peried is equal

to the test 1ength‘will be defined as a ’'full length’ spectrum.

The variable filter acts on the PRBS to produce a digital output
signal with the required spectrum, which is passed to a digital to
analogue (D/A) converter to produce an analogue output. The filter
is of finite impulse response (F;I,R.) non-recursive design which
interfaces to the PRBS generator with great ease, since the 65 stage
shift register which forms the basis of the PRBS generator inherently
retains the required delayed signals. The weightings are thus
applied to the outputs of each shift register stage and the results

summed to produce the filtered signal.

The impulse response defined by the weightings is anti-symmetric;
the weightings on stages 1,33 and 65 are zero and the others are
taken_in symmetrical pairs of opposite sign (the weighting of Stage 2
is equal and opposite to that of Stage 64, 3 with 63 etc). Thus 31

weight values are required to define the filter's response.

The final stage of the synthesiser is a three-pole low pass
'reconstruction’ filter to remove high frequency components resulting
from the sampling process; the cut-off frequency is switchable to

suit the spectrum being generated.
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2.5.3 The PRBS Generator

A software implemented 65 stage shift register is used to generate
the 65 delayed versions of the PRBS; it also forms part of the PRBS
generator.

There are certain preferred combinations of feedback stages which
produce PRB sequences with statistical properties which most nearly
approximate those of a true random signal; ‘these are known as
m-sequences. For a truly RBS the auto-ccrrelation function is zero
éxcept for zero delay, when it is unity. An m-sequence has unit
auto-correlation function for delays of 2P - 1 clock pulses, where n
is the number of active shift register stages used in the production
of the sequence. The auto-correlation function reduces linearly to
zero within one clock period on either side of these points and
remains at zero for ‘all other delays. The sequence repeats itself
after 20 - 1 clock pulses and this figure is called the sequence
length (in bits). The sequence duration is T=2D" - 1 t seconds where
t is the clock period. Every possible state but one of the active
length of the shift register occurs exactly once in each m—-sequence.
The‘one forbidden state depends on the feedback logic used; in the
spectrum synthesiser used here it is all zeros, which is a self
sustaining state. For this reason at least one ’'1l’ must be preset to
the active length (first n stages) of the shift register before the

sequence is started.
2.5.4 Program Configuration

The pseudo-random wave generation is achieved by means of two BASIC
programs; NEWSYN and USERN. Program USERN is used to produce the
paddle control signals but before it can be successfully run a file
of spectral parameters must have been created by NEWSYN. To produce
parameters, NEWSYN must know the paddle transfer function (Wave
Amplitude/Input Voltage). The transfer function was determined
during the initial calibration and setting up the system (see Chapter
5). Once the transfer function has been entered it may be saved in a
file so that it may be automatically retrieved for subsequent runs of

the program.
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2.5.5 Defining & spectrum

The first step in creating a file of spectral parameters is to enter
all relevant parameters such as water depth and model scale a choice

of spectra is then presented:

Moskowitz
Jonswap
Darbyshire
Newman
ISSC

User—defined

The defining equations for the above spectra can be found in Appendix
D.

NEWSYN calculates the peak frequency, fm, of the chosen spectrum and
then uses a frequency interval of fm/8. 16 ordinates are calculated
with the maximum frequency at 2fm. The first 3 ordinates are set to

Zero.

After selection of a spectrum the transfer function is entered
manually or from disé and the program calculates the parameters
required by USERN (filter weightings etc). The calculated
parameters are stored to disc and the model and prototype parameters
can .be displayed on the screen. NEWSYN was modified to NEWSYNP to
suit the needs of this projeét, 3o that the model and prototype
paramefers could be output. to a line printer (see Appendix A) to

produce hard copy output.
2.5.6 Spectrum Generation

USERN is "Loaded" and "Run" to generate the spectrum. It will ask

for a filename created by NEWSYN and display the parameters.

The shift register must now be initialised. A choice of shift
register length and initial state is offered. The default state is
all zeros except the first stage. Any state is available and hence

it is possible to start and restart a sequence from any position.
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The signal can now be started with the Gain control and filter set at

the positioné indicated on the display.
2.5.7 Software Modifications

In the course of the absorption and overtopping tests various
modifications and improvements were made to the wave generation
programs. In the spectrum general program NEWSYN a routine was added
to calculate the optimum probe spacings for the frequency response
analysis used. The spacings were calculated based on the theoretical
peak [frequency from the spectral definition and by wmeans of a

*look-up’ table for wavelengths.

The other major alteration was to develop a routine in USERN to allow
any possible feedback connection sequence to be chosen for the given
sequence length. The choice of feedback connecticn allows different
full length sequences to be used for comparison in the overtopping
tests (see Chapter 7). Each °'full length' sequence of the same
length will have the same statistical and spectral properties but

will produce a different time series record.

2.6 Data Acquisition

The data collection is achieved with a Biodata Microlink. The
analogue output veltage from the Wave Monitor is sent to the
Microlink where it is converted to a digital record and passed to the
Hewlett-Packard for stcorage and analysis. Various routines and
programs were developed for data acquisition. The software
development is described in Chapter 4.

The Microlink is a modular system with a main f}ame containing the
circuitry necessary for complete IEEE-488 bus operation and a number

of modules which transfer data between the bus and the input devices.
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The analogue voltage signal from each channel of the Wavé Monitor is
sent to a single_ended input module known as an AN-1 module. The
modules have continuously variable Gain and Offset controls allowing
accurate calibration to the signal source. The AN-1 has a full scale
of 10.0 volts (i.e. 0-10V, +Bv etc).

Bach AN-1 module has a different SECONDARY ADDRESS (see Glossary)
associated with it which is set with switches on the AN-1’s circuit
board. The SECONDARY ADDRESS allows each module to be uniquely
defined. Hence ihdividual modules can be addfessed from the computer
within the data collection program. Each module must be sent a SKIP
or RETURN flag bit from the computer to determine whethef or not it

is included in the data collection routine.

A SKIP flag implies that the module is to be excluded from data
collection. A RETURN flag indicates that this module is the final
module in the scan. (Means that SKIP flags need not be sent to
modules to the right of a RETURN module}. If no SKIP or RETURN flag

is sent the system default is to include the module in any scén,

The analogue signal is converted to a 12 bit digital record by an A/D
converter module. The digital signal is passed to the computer via
the IEEE interface bus.

The rate of data acquisition is software controlled. the user can
choose any logging rate from 32us to 255s. The data is sent to a
software buffer prior to storage on disc. The acquisition rate is
controlled by a High Speed Clock (HSC) mcdule. The HSC module has a
Trigger Facility which enables data acquisition to commence by
activating a switch which can be remote from the computer and
Microlink. The trigger facility is especially useful during
calibration of the wave gauges. It also allows the user to observe
the whole length of. the channel and commence data acquisition

simultaneously.
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Equation 3.1 was used to calculate the wave 1éngths of the sinewaves
used in the regularlwave tests. The calculation was performed by a
program "WAVELEN", written to calculate wave lengths and wave numbers
by an iterative technique to determine the wavelengths which caused

nodes or antinodes to be formed at the paddle front.

Approximations for Deep Water:

Equation 3.1 shows the influence the relative depth d/L has on the
propagation of waves. ' The application of the adjective "deep" or
"shallow" to gravity waves depends upon the length of the wave being

transmitted.

The approximation "deep" is governed by the following test:

If d/L » 0.5 then Tanh [ 2md
L

3.2.1 Fluid Particle Motion

These are two methods of following the motion of fluid particles.
The Eulerian approach is to concentrate on a fixed point in space and
note the changes in time. The Lagrangian approach is to travel with
the fluid particles and record their spatial wvariations. The

lagrangian equations will be used here.

The horizontal, x’, and vertical, y', displacements of a particle

” 3.3)
-

about its mean position (;. ; ) are given by:

E
I

' = -h Cosh [27 (y+d)/L] Sin [ 2nm [
2 Sinh (2md/L) [

=l x|
e L

G
1]

=X
—3| t

' = -h Sinh [27 (y+d)/L] Cos [ on [
2 Sinh (2md/L)
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Given that there will always be an antinode (full or partial) at the

wavescreen, there will also be an antinode at the paddle if:

Lg = 1Ly ' (3.5)
1,2,3, .-cc..n N
half the the distance from the mid-stroke of

where I

In

the paddle to the wavescreen

and Ig = 'wavelength of generated wave.

A node will be formed at the paddle if

Lg = IL, - EE _ (3.6)
2 .

N
N2

™

N

Figure 3.2 Antinode at Paddle Front
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where A; are the maxima taken from the wave envelope and B; are the

minima taken from the wave envelope then:

Incident wave height Hy = (A + B)/2 _ (3.7)
Reflected wave height Hp = (A - B)/2 (3.8)
Reflection Coefficient ¢ = (Hg/Hp) x 100 (3.9)

When the chart recorder was used the results were scaled by the chart

recorder transfer function as described in Chapter 2.
3.3.2 Free Second Harmonic Wave

The procedure described above is a simplification of the real
situation. The waves produced by a sinusoidal paddle motion do not
have the ideal constant fprm which would be expected. As the waves
propagate they slowly change fbrm in a periodic way, which depends on
both the wave steepness H/L, the relative water depth d/L, and the
undisturbed water depth. There is then a temporal variation of the
-surface elevation at different points along the channel. One reason
for the irregularities is that a paddle cannot exactly produce the
variation of the particle motion which corresponds to a progressive

wave of constant form.

This phenomenon has been investigated by a number of people including
Goda (1967), Le Méhauté et al (1968) and Iwagaki and Sakai {(1970).

An analysis of the changing wave profile suggests as a crude
explanation that a smaller wave is travelling down the channel
superimposed on the main wave, but with a somewhat smaller speed.
Theoretical considerations show (Fontanet 1961) that to the lowest
approximation the pericd of this wave is T/2 (where T is the period
of the main wave). This wave is called the ’free second harmonic

wave’.

Including all terms to second order the surface elevation n can be
written as the superposition of a second order Stokes wave and a free

second harmonic wave.
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~ REGULAR WAVE TEST
DATE = 4-12-84
WATER DEPTH = 1.00 m
WAVE GAUGE—SET OUTPUT = 5.00
PEN RECORDER RANGE = 50 mV

GENERATOR SETTINGS
FREQUENCY = 0.7 Hz

- FILTER = ©
GAIN = 0.30
WAVE ABSORPTION IN OUT

ENVELOPE MAX (Hmax ')
4.0,4.0,3.9,4.0,4.1/4.0,4.0,4.0,3.9,4.0

Hmax= J5.99 Smax= 0.05

" ENVELOPE MIN (Hmin ")
3.5,3.5,3.5,3.5,3.4/3.5,3.5,3.5,3.5,3.5

Hmin= J3.49 Smin= 0.03

PEN TRANSFER  SCALE
HI=(3.99 + 3.49)/2% 0.961 * 15.28 = 56.00 mm

HR=(3.99— 3.49) /2% 0.961 * 15.58 = 3.74 mm

REFLECTION COEFFCIENT=HR/HI*100 = 6.7 %
WAVE HEIGHT(HI) /INPUT VOLTAGE= 0.07 m/Volt

FIG 3.6 REGULAR WAVE TEST DATA SHEET
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3.4 Random Waves-: The Energy Spectrum

3.4.1 Introduction

The analysis of a random wave record is a more complicated procedure
than the regular wave analysis. Over the years no definitive
approach to nomenclature and procedure has been developed. The
intention here is to adopt the convention used at the Institute of

Oceanographic Sciences (IOS) and by Bendat and Piersol (1971).

There are two basic types of analysis for random wave records. The
wave by wave approach or analysis by energy spectrum. The former is
the more straightforward but limited in applications. Since the
advent of ’cheap’ computing the energy spectrum approach has. gained
almost universal use and all the information available from a wave by
wave analysis is available via the energy spectrum. The wave by wave
record is a good check on the coding for the energy spectrum approach
and can provide a quick 'first impression’ before a more detailed

analysis ié undertaken.
3.4.2'Wave Record - Time -Domain
A wave by wave analysis of the record only yields limited data but is

very quick. The available information and definitions are given

below:

Mean zero up-crossing period T,

The time between successive up-crossings of mean water level (MWL).
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) Wave Steepness

The parameters calculated can alsc be used to calculate a value for

wave steepness defined as:
Wave Steepness = Wave height/wave length
3.4.3 Energy Spectrum

The study of wave statistics connected Qith the energy spectrum of
surface elevation is made on the assﬁmption that sea waves are a
random Gaussian process. The many approaches to producing an energy
spectrum were discussed in Chapter 1. The technique used here was to
produce a variance density spectrum via a Fast Fourier Transform
(FFT). The FFT algorithm was taken from the HP Numerical Analysis
programs and adapted to accept up to 4k (4086) of data instead of the
1k (1024) for which it was written. A full description of the FFT
process and the energy spectrum has been produced by Tucker (1979).

The variance density spectrﬁm. calculated from data recorded at one
location within the channel, will be referred to as a ’'point’
spectrum.

3.4.3.1 Fast Fourier Transform

The FFT algorithm used is a Radix-2 FFT. In this the sequence length

is given by:
N = 2t

where N is the number of data points and t is an integer. For a 4k
data set t = 12.

The data set is split into two complimentary arrays. The even points
{i.e. the 2nd data point, 4th....) are put into the real array and

the odd points into the imaginary array.

_ n/2-1 n/2-1
The FFT is defined as X(Fy,T) = Xy = L xpp  W2RK - WK Loxppyy o))
m=0 m=0 ’
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For k = 0 to N/2-1
and W=e~127/n i= /-1

The values are returned as a real and imaginary pair with a frequency

interval of
Af = 1/(NxDt) where Dt is the sampling interval.

It is common to apply some kind of window function to the data to
produce a smooth estimate. The window function used here is the
Cosine Taper Window. The equations for this window and others can be
found in Appendix D. The efféct of the window is to reduce the
variancé of the tapered data relative to the original data. The
smooth estimates should be multiplied by 1/0.085 to retain the
correct .variance. Examples of spectra from the same data set with

and without windowing can be seen in Figs 3.8 and 3.9.

In order to remove the energy at 0 Hz it is usual to transform the

data to have a mean value of zero.
The cut-off frequency:is defined as

Fout = (&f x N)/2

3.4.3.2 Variance Density Spectrum

The variance density &k is defined as

Gl = Gy (Fy) = ﬁ%ﬁ; | X(f¢ T) |2
= B 12 = B e x| (3.12)

N

where k = pAf and Xp¥ is the complex conjugate of Xj.

The raw estimates of variance density need to be smoothed in some

manner since successive values are essentially uncorrelated.
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3.4.4 Smoothing

There are two types of smoothing available. Frequency smoothing or
segment averaging. The method used here is segment averaging. In
this case q slices of a time slice of length, T,», are averaged
together such that T, =n qT,.' where T, is the original record length.

The final smooth estimate is then given by:
G =L 1a,, +é g (3.13)
k = a kis K2y seerans kq ) . .

where ék' q is the raw estimate at frequency f} of the gth time

slice.
The bandwidth will be approximately /T .

The normalised standard error in calculating the spectrum, er, is

given by:

er = vl/q ‘ (3.14)

3.4.5 Variance Density Algorithm

The main steps in the algorithm used for calculating a variance

density spectrum are listed below:

Transform data to have mean value zero.

Taper the data ﬁsing the cosine taper data window.
Compute Xy using the FFT routine

Compute Gy.

Adjust estimates by 1/0.875 to correct for tapering.

S DD W

Smooth estimates by segment averaging.

Examples of Variance Density Spectrum are given in Figures 3.8 and
3.9. ’
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3.5 Statistics from Spectrum

It is possible to estimate various wave statistics from the spectrum.
The significant wave height ﬁé is the most statistically stable of

these and is given by:
Hg = 40 = 4 M, (3.15)
where ¢ is the variance of the spectral estimates.

If higher order statistics are calculated then an estimate of the
zero—crossing period can be obtained, although it has been found
(Goda 1974) that this can be up to 20% too low compared to the

physical situation.
Other statistics calculated include:

. Spectral width parameter = (MM, — M,2) (MJM,)
where My ,M, and M, are Spectrél Moments defined by:

Mn = f:fn G(t) df

where M;, denotes the nth moment and n is an integer

[- 3
Spectrgl peakedness parameter = Eoz [ f(a(t)]2 df
0

Spectral mean frequehcy = centroid of spectrum
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The following list is a list of typical input parameters and

parameters calculated for a variance density spectrum:

Record Size 4096
Sampling Interval 0.15
Record Length 409.6 S
Cut off Frequency 5 Hz
Discrete frequency interval 0.00244 Hz
Normalised Standard Error _ 15.6%
Bandwidth : ' 0.1001 Hz

No. of raw estimates in smooth estimate 41

Frequency Resclution 0.049 H=z

Table 3.1 Energy Spectrum Parameters

3.6 Random Waves : Frequency Response Function Method (FRHH)
3.6.1 Introduction

As previously mentioned, in a laboratory wave channel a proportion of
the eﬁergy of thg waves is reflected back along the channel towards
the wave generator. Hence, in random waves, it is necessary to ‘have

a means of measuring the incident wave spectrum and the reflection
coefficient. This can be done by simultaneocusly recording the water
surface elevations at two points x and y separated by a distance, s,
in the direction of wave propagation and calculating the
cross-spectrum. A number of techniques were reviewed in Chapter 1.
The incident spectrum and reflection coefficient can be calculated
from the cross-spectrum. This approach was used by Kajima. The
calculations are achieved with a FFT in preference to the correlation

functions originally used.
3.6.2 Cross—spectrum
The cross-spectrum is given by:

A
Gyy(£) = 2_Nf

Kt Vi | | (3.15)

where Xy * is the complex conjugate of Xy.
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Thus it is possible to obtain the cross—-spectrum from FFT's of the

two data sets at x and y.
The cross spectrum will be a complex pair often written as
Syy = € + iq | (3.16)

For the subsequent analysis the spectra at x and vy, Syx and Syy are

calculated in the same way as described in the previous section and
Sxy is calculated as above,

3.6.3 Frequency Response Function

For waves in a channel the frequency response function, H, is given
by:

H=e kS = cos(ks)-isin(ks) (3.17)
where k is the wave number: k = 2n/L

since a particular wave component only undergoes a phase change of ks

radians between x and y.
3.6.4 Incident and Reflected Spectra

The situation is represenlted schematically below:

H(f) >
, r(t)
H(f) <

Fig.3.10 Schematisation of Laboratory Refllections
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No assumption has been made about any correlation between the waves
in the two directions. If I, H, X and Y are the fourier transforms
of the waves in the two diféctions and of the waves recorded at x and

vy then:

I + HR (3.18B)
HI + R (3.19)

H

That is the transform at x is equal to the transform of the incident
spectrum at x added to the freqﬁency response of the transform of the

reflected spectrum at Y.

A full expansion of all the following complex algebra can be found in

Appendix B.

From (3.17), (3.18) and (3.19)

I¥L = (-HY)¥(X-HY) /(1-H2) (1-H2) (3.20)

R¥R = (Y-HX)*(Y-HX)/(1-H2) (1-H?) (3.21)
Hence

Sii = (Sgx * Syy ~— 2c Cos(ks) - 2q Sin (ks)/4 Sin?(ks)  (3.22)

Spr = (Sgy * Syy - 2c Cos(ks) + 2q Sin (ks)/4 Sin2(ks) {3.23)

" The reflection coefficient p{t) is given by
e2(f) = Spr/Sig : ' (3.24)

The functions Si; and S, are singular at

Equations (3.22) and (3.23) are those used in the computer program to

derive incident and reflected spectra.
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3.6.5 Measurement

The physical measurement of incident and reflected spectra is made b§
three wave gauges located in the channel. The three gauges measure
water surface elevation simultaneously. The spacing of the gauges
must be known and an optimum spacing strategy can be used to obtain
maximum resolution around the point of most interest (modal

frequency). The strategy used is outlined below.
3.6.6 Wave Gauge Separation

The gauges must be separated so that the peak frequency does not
occur when ks = o, n=0,1,2 ... since at these values sin?(ks) tends

to infinity.

For maximum resolution around the peak frequency the spacing of two

of the gauges (gauges 1 and 2 were used) was chosen as ks = om
- 2

Hence s = o
2k
The spacing of gauges 2 and 3 was chosen so that sin [ZEJ > ¥ in all
2

cases.

The third spacing (gauges 1-3) is the sum of the other two spacings
and hence a check on the data and the assumptions made about the

separations could be kept.

An example calculation for the wave gauge separations for the random

seas produced can be found in Appendix C.

The theory and subsequent computer program have been thoroughly

tested with the random wave tests on the absorption circuit board.
The effects of different spacings and the resolution of the technique

is fully described in Chapter 6 where results from the absorption

tests are presented.
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3.7 Program Configuration

The program, in addition to calculating variance density spectra at x
and y, incident and reflected spectra and a reflection coefficient,

also offers substantial graphical output.

All four spectra can be plotted singly or in any desired combination

and a reflection coefficient graph hay be plotted if required.
A brief description-of the program can be found in the next chapter.

Program output can be féund in Appendix A.
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CHAPTER 4

SOFTWARE DEVELOFMENT

4.1 Introduction

In order to analyse and interpret the results from the physical
overtopping studies and to aid the development of the absorption
system a comprehensive set of wave data collection and analysis
routines was written. The programs were written to be flexible
enough to cope with a variety of different test configurations and to
be sufficiently ‘uéer—friendly’ to allow any number of users rapid
access to the interpretations. For this purpose, a comprehensive
documentation of all programs, together with sets of instructions,

has been compiled.

The programs have been written for the Hewlett—Packard 98168 in HP
BASIC 2.0 with extensions APZ2.1. The advantage of a microcomputer
based system over a mainframe lies in the mobility of the equipment
and the ease to which data acquisition and analysis can be

implemented.

Wherever possible use was made of the screen defined softkeys. Up to
10 possible answers may be displayed and labelled on the screen and a
single key press is all that is required to select an option. For
example two keys could be labelled ’Yes’ and ’'No’ and when the
questions is displayed a positive answer is given by a single press
of the ’'Yes’ key rather than typing YES ’ENTER’. Use of the softkey
facility greatly increases efficiency and reduces the possibility of

typing errors.

4.2 Data Acquisiticn

The_data acquisition program was written in a very general form which
will allow it compatibility with a wide range of possible data types,
provided that the data is logged by é MICROLINK data logger. The
program has software control Bvep both the sampling interval and the
size of sample required. In addition, it can select any number of
"modules from the MICROLINK as required and control the multiplexing

(simultaneo&s scanning of all active modules) facility.
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Throughout the development of the software the aim has been to
eliminate the possibility of any_ambiguity in the interpretation of
results. From each test, a Masterfile is created by the program.
All useful data acquisition parameters such as the date, logging
rates, etc, are stored in this file on disc. When the analysis is
perfofmed, the analysis program input is only the Masterfile. In
this way data entry errors can be eliminated, and analysis proceeds

much gquicker,

The digital data is collected sequentially in either 8 or 12 bif form
(i.e. 0-255 or 0-4095 respectivély). The collection starts from the
left side of the Microlink and scans all the active modules (see
Chapter 2) from left to right up to the last active module. The data
is collected by the computer in a sequential buffer file. Thus, if
five gauges are being used to each collect 2048 data points the
buffer will hold 2048 x 5 = 10240 data points of which the points
from module one, for example, will be every fifth starting at one,

i.e. 1, 6, 11 etc. and sc on for each module.

Once data collection has finished the data is calibrated and stored
onto disc in separate data files for the data from each wavegauge.
The calibration relates the digital record to the analogue input by

an appropriate scale factor (see below).

With this system once all parameters (logging rate, data file names,
etc) have been entered and the data acquisition started with the
trigger switch (see Chapter 2) no user interaction is required until

a data analysis is required.

It is possible that the analogue input signal may have gone beyond
the range of the analogue input module (The AN-1, see Chapter 2) and
hence the A/D converter. The AN-1 modules have a 10 velt full scale

range, adjustable as required, i.e. 0-10V,+5V etc.
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An error trap routine has been incorporated within the acquisition
'program which will note all occurrences where the data may have been
élipped at either end of the scale. Thus, with 12 bit conversion if
a 0 or 4095 is recorded a message will appear on the printed output
to indicate the extent of any truncation. It is then up to the user
to decide whether this truncation is' acceptable or not with regards

to the analysis to be performed on the data.

To help users not familiar with either the Hewlett-Packard or the
Microlink, a 'Help’ routine has been included in the program which
provides 4 pages of instructions and hints for the data acquisition.
Any part of ’Help’ routine may be printed out on request. A copy of
'Help’ is included in Appendix A.

4.2.1 Wave Data Acquisition

When the data acquisition program is used to collect wave data the
analogue input modules are connected to the Churchill Cpntrolé Wave
Monitor {see Chapter 2). Each wave gauge needs to be calibrated

-separately' - as described earlier - to establish a relationship
between mm wave height and the digital signal. The calibration of
the digital record to mm wave height is in the form of a least
squares regression analysis. For each gauge, B readings are taken,
in 10mm increments from -30mm to + 40mm with Omm at still water
level. The least squares regression analysis of the digital output
compared to the theoretical values of mm of surface elevation
provides the calibration to mm wave height as well as checking the

linearity of the probe.

4.3 Wave Data Processing

Since all the data acquisition and analysis is performed on the same
machine very 1little data processing 1is required. The data
acquisition program stores the data as a digital record of the
surface displacement in mm from the still water level. The wave data
analysis routines can use the data in this form. However, a library
of data processing routines have been written to allow the user some
flexibility in data types and rapid access to certain pieéés of

information.
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The progfams in the library include programs to; perform spectral
analysis on voltage rather than wave height records, read and/or
print data files, edit the contents of masterfiles and calibration
routines for the wave gauges. Appendix A details a more

comprehensive list of data processing programs.

4.4 Wave Data Analysis

All the routines written for the menu-driven wave data analysis
software package can process up to a 4k (i.e. 4096) data set. A 4k
data is seen as a sufficiently long record fer accurate analysis.

(Bendat and Piersol 1971).

As a pre-requisite to all the more advanced statistics offered, a
general statistical analysis is carried out. The: statistics
calculated are: mean, variance, standard deviation, root mean square,
skewness and kurtosis. A brief glance at such values as the mean can
highlight any possible errors in the data and avoid wasting time with

a detailed analysis.

Other more advanced statistical routines are then made available (see

Appendix A for details of statistics available).

A ’point’ spectral analysis routine as described in Chapter 3 is alseo
available in the package although its function is duplicated as part

- of the main Frequency Response Function analysis.

The Frequency Response Function method was also fully described in
Chapter 3.  The program written, in addition to computing the
incident and reflected spectra also produces the 'point’ spectra for
both gauge locations. TUse of the pfogram provides nearly all the

required information for detailed interpretation.

Other programs which are on the same menu are the program to
calculate the overtopping discharge from the breakwater tests (see
Chapter 7) and a program: toc calculate the times and number of

overtopping waves in a lest.
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4.5 Graphics

Whenever possible; use has been made of the excellent graphics
capabilitiés of the HP system and a number of graphics routines have
been written to aid the interpretation of results. A further menu is
used to determine the location of the output; screen, plotter, etc.

Presentation quality is available.

4.6 Regular Wave Reflection Program

A program, the logic for which was descriﬁed in Chapter 3, was
written to help analyse the results of the regular wave tests., The
regular wave tests were used both to calibrate the paddle and then to
test the absorption system. The program calculated a wave envelope
from the digital record. To try and eliminate any unwanted values
which may be in the data, such as from mains spikes, values outside
30% of the mean of maxima and minima were discarded. The 30% value

was chosen after careful scrutiny of chart records.

The results from the program were compared to a manual analysis of a

chart record and found to be within + lmm.

4.7 Programming Considerations

In order to keep the dynamic memory (i.e. array memory) as large as
possible, all the analysis programs are written as subroutines which
are loaded into memory from disc if required, and removed once they
have been used. Careful allocation of array space was also

maintained.

The graphics programs are written is a combipation of HP BASIC and

HPGL (Hewlett Packard Graphics Language).

For the more complex programs 'HELP’ routines have been built in, the
routines can be called if a user is uncertain as to the program’s
operation or function. Pages from the 'HELP' routines can be output

on the printer if required.
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Although BASIC is a non—compiled language the analysis is fairly
quick. The results are all presented in -a non-ambiguous form on the
printer with clear labels and all the input information such as date,
test number etc. clearly shown. Large quantities of data can thus be

processed with no problem of confusion of data.

The 'HELP’ routines are given in Appendix A, together with the

statistics offered and the execution times of the main programs.

4.8 Program Flowcharts

Simplified flow diagrams are given in Figures 4.1 -~ 4.3 for the main
data acquisition and analysis programs. Where necessary a brief

description of subroutine function is also given.

4.9 Quality Assurance

All the programs have been extensively tested and wherever possible
the results compared to a manual analysis. Checks were made at all
stages of the development with diagnostic information printed'out if
necessary. All the program output contains details of the input

parameters to provide a check on the results.

Cross—checking of resuits wherever possible also helps verify the
computer analysis. The extensive graphical output also helped to
validate the results of some of the more complex programs such as the

Frequency Response analysis.
A comprehensive wave data acquisition and analysis suite has now been

‘compiled with a high degree of confidence in the software. The

system is also very user-friendly.
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CHAPTER 5

CALIBRATION AND OPTIMISATION OF THE PADDLE

5.1 Introduction

Only basic construction of the wedge wave paddle and channel facility
had been completed at the onset of the project. Initially, =a
calibration and optimisation of the paddle was undertaken and over
the first 8 months or so a number of operating problems were

encountered and shags in the system ironed out.

5.2 Paddle Dynamic Characteristics

The dynamic characteristics of the paddle need to be known for the
generation of random waves as mentioned earlier. The procedure is to
determine a Transfer Function of wave amplitude to input wvoltage.
{Equations (5.1 to 5.3)]. The simplest prdcedure is to produce'a
whole series of monochromatic waves with different input voltages for
" various depths of water in the channel. The results from each test
series can be then used to produce the Transfer Functions needed for
random wave generation (see Chapter 2). For the purpose of this
investigation the following conventions were used., This convention
avoids the ambiguities in changing from amplitude to height preﬁent

in the regular and random Hydraulics Research software.

5.3 Conventions

The amplitude in volts ‘of the sinuscidal paddle control signal is
known as an input voltage, defined as' the voltage amplitude i.e.

Input voltage = 2 means a 2V signal.

The 1input wvoltage is related to Wave Amplitude where the wave
amplitude is half the total peak-trough height.

The Stroke Length used to calculate the theoretical transfer function

and used in the absorption circuit board tests is half stroke or

stroke amplitude (see also Chapter 7).
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5.4 Test Procedure

The method of analysis to determine incident and reflected wave
heights from a wave envelope has already been discussed (Chapter 3).
The practical test procedure was to mount a wave gauge onto the
trolley above the chanqel. The envelope of the wave 'motion was
produced by a slow moving traverse forward i.e. in the direction of
wave propagation, and back over a 1llm section of channel, The
results were recorded to a chart recorder for subsequent analysis.

Later a computer program was written to analyse the wave record.

Sinewaves with frequencies from 0.1 Hz up to that frequency which
caused the waves to break were generated, incremented in steps of
0.1 H=z. For each test series the wave gauge was calibrated to
provide a relationship between m wave height in the channel and
inches on the chart recorder (inches were uéed simply because the
chart paper was scaled in inches). A typical test series would
require 1% hours of laboratory work and a further 1) hours manual
analysis time. The computer analysis reduced the analysis time to a

couple of minutes.

To determine the dynamic charactéristics of the paddle the tests were
repeated with 5 different input voltages (gain) and 3 different water
depths. .The gains used (see Glossary and Chapter 2Z) were 0.40, 0.80,

1.00, 2.00 and 3.00 which cover the expected range of random wave
heights up to 220mm.

The test were all carried out with the spending beach at the opposite
end of the channel to the wave paddle. The spending beach was
described in chapter 2.

5.5 Results

A complete set of results from all the tests can be found in a

separate report.
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A comparison of the Frequency vs. Reflection Coefficient graphs
{Figures 5.1, 5.2, 5.3), where the Reflection Coefficient is given as
a percentage and measured with the wave envelope theory described in
Chapter 3, shows that the overall characteristics of the channel are

very similar at all depths of water.

The transfer function graphs of Frequency vs Wave Amélitude (Figures
5.4, 5.5, 5.6) suggest that within the range of general scatter of
the results the paddle characteristics for a given depth of water are
linear. The transfer function curves all reach a peak at around 1.0
Hz and then a higher frequency wave abpears to produce. nc increase of
wave height. The upper limit of any  particular test series was

determined by wave breaking.

The transfer function curves at 1.00m and 0.80m water depth give very
similar results, but the 0.60m depth curve, although the same. shape
shows Qaves of much smaller amplitude. This is attributable to the
smaller area of paddle front immersed in the water at a lower depth,
since all tests were conducted with' the paddle moving about its

" mid-stroke position.

The results were used -to produce the following Transfer Function for

the generation of random waves in 1.0m and 0.8m of water.

Frequency Hz Transfer Function m/v
0.1 .003
0.2 .0055
0.3 .010
0.4 .013
0.5 .016
0.6 .023
0.7 .031
0.8 .036
0.9 .038
1:0 .0?0
2:0 040

Table 5.1 Measured Paddle Transfer Function
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W= 4d/y where b
d_

G, = H/g where H

5 —

n = H/gT2 where g —
T._

]

For a xlv signal s
so here W = 0.88/1

The values of Gg are

submergence of paddle at mid-stroke

water depth

wave height

paddle stroke

acceleration due to gravity = 9.81 m/s?

wave period

0.02 n
0.88

found from Figure 5.8.

This leads to the fellowing results:

Frequency %
1 .001
.2 .004
.3 .008
.4 .016
.5 .025
.6 .037
T .050
.8 .065
.9 .083

1.0 .102
2.0 . 102

Gz

.18

N N = e e

.37
.60
.80
.10
.50
.70
.90
.95
.00
.00

Theoretical

h/m

.0036
.0074
.012
.016
.22
.030
.034
.038
.039
.040
.040

Measured

h/m

. 003
.0055
.010
.013
.016
.023
.031
.036
.078
.040
.046

(56.1)

(5.2)

(5.3)

Table 5.2 Comparison of Measured and Theoretical Transfer Function

The measured transfer function is lower than the theoretical for all

frequencies below 1.0 Hz. At 1.0 Hz and above the two are identical.

The lower measured transfer function can be in part attributed to the

non—perfect frequency response of the paddle to the dgmand signal.

The theory also does not account for losses due to leakage. around the

paddle. The diffference is, however,

the reasons mentioned above,
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5.7 Hydraulic System Problems

Whilst the determination of the dynamic characteristics of the paddle
were uhder wéy a number of technical problems arose with both the
hydraulics and the wave paddle. The main problem was the tendency at
the paddle to not run smoothly on its bearings at low amplitudes and
frequencies. The effect of this was to cause ripples.in the tank
which in some cases were larger than the waves the paddle motion

produced.

At -first it was thought that the problem was one of insufficient
lubrication, but, whilst increased lubrication eased the problem it
did not solve it. The final solution was to substantially increase
the stiffness of the paddle by the addition of extra bracing. The
structural meounts for the bearing shaft were also increased in size

and the support frame for the whole system stiffened.

The increased stiffness of the system almost completelf solved the
problem and now it is possible to run the paddle smoothly for all but
the smallest wave amplitudes (<10mm). A solution to the problem
whilst time consuming, was important for an efficient system;
especially when the absorption circuit board came to be installed and
tested, as smal; movements were typical of adjustments to account for

wave reflections.

Additional problems with faulty valves and a broken pump also
occurred. The replacement or repair of a valve, although simple, was
éime consuming. All the problems together interrupted the smooth
flow of work and introduced a slight mistrust of the equipment which
took a while to dispel. The system has since given many months
trouble-free operation and hopefully all the initial problems have

been ironed out.
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CHAPTER 6

A WAVE ABSORPTION SYSTEM

8.1 Introduction

The problems associated with the hydraulic modelling of waterwaves in
a laboratory channel have been discussed in some detail by Svendsen
(1985}, so difficult is it to reproduce accurately a particular set
of conditions that experimental data must be interpreted with great
care. ‘Phenomena which give rise to experimental errors include:
transients, mass-transport, free second harmonics, instabilities and
reflections. Another cause of errors in hydraulic models is that
re-reflection can make it impossible to test a highly reflective
structure in a conventional wave channel. Where tests are possible
the results may be highly misleading. Traditional methods of dealing

with re-reflections were reviewed in Chapter 1.

Recently, as a result of advances in electronic measurement and
control, it has become possible to equip a laboratory wave channel
with an absorption system. In addition to generating the required.
incident waves, the paddle has an additional feedback loop to cause
it to move in such a way to cancel out or absorb ény reflected waves
which reachvit. The paddle is then, in effect, making waves equal
and opposite to the reflected waves. Two such systems were reviewed
in Chapter 1. -

A different system, based on water level detection at the paddle
front has been designed and used in this project. This system 1is
ideal for conversion of an existing, conventional wave generation

system.

5.2 Design Criteria for a Wave Absorption System

The theoretical basis for the absorption system was outlined by
Gilbert (1978) and summarised below. The essential physical

requirements are:-
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A means of detecting the reflected waves as they approach the

paddle.

iiL A means of making the paddle generate waves that are, in
effect, equal and opposite to the reflected waves to cancel out
the reflected waves at the paddle front. The paddle must also

maintain the capability to generate the incident waves.

The first requirement is met by mounting a wave gauge on the paddle
front. The design of the paddle wave gauge is discussed later. The
-second requirement is met by incorporating a second feedback loop in

the control system, as represented schematically in Figure 6.1.

The physical characteristics of the paddle measured as part of the
initial calibration of the wavemaker system were used to design the

filter characteristics of the absorption system.

: _Siginal
Generator
) Additional feedback loop
VC (t) v f (t) \L
SRRRE{ IR
vie (1) :
v () .o (0 | Waves
( ¢ p I Reflected Incident
| 1 I a, (xt) a; (x.t)
J T |
v(ty [ Error —{ V0T J——oro]
signai !
| |
e Xm 7\] Wave
Drive : gcuge
Paddle

Figure 6.1 Schematic Representation of Absorbing Wavemaker
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6.3 Wave Absorption Theory

In a conventional wavemaker the primary control signal. ve(t) is
supplied directly to the servo system (i.e. v (t) = vé(t)) so that
the paddle displacement xp(t) is effectively proportiomal to v (t)
over the frequency range of interest (0-1 Hz). To incorporate
absorption vo(t) is compared with the filtered output from a wave

gauge vp(t) and the difference signal vé(t) supplied to the servo

system. Figure 6.2 summarises wavemaker systems,
a) Idam with Tero reflection .
Carrtrol signal : Al

a | W 5
Ve e :
Yma
b) C th with refloct!
LY _I ot A'
> w: 7
Ve abacltl f
< = Wave gouqge
Yud [+ Ap
-
©) Absorting
Ve At
Ao ] =

- Wave qougs

¢

Figure 6.2 Block Diagrams of Wavemaker Systems

6.3.1 Design of the Filter

The dynamic characteristics of a constant parameter linear system can
be described by a weighting function. If f(y) represents the
weightihg function of the filter and y(t) is the input variation in
water surface elevafion, as measured by a gauge located at x=x;, the

output from the filter is defined by the convolution integral:
ve(e) = [ £r) ytr) ar . (6.1)

For present purposes it is more conventional to describe the filter
in terms of its transfer function F(s) where F(s) is the Laplace
transform of f{T) (Lynn 1982).
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That is:
F(p) = [ p(myesT ar ' (6.2)

where s 1s the ’complex frequency’. The filter will be stable only

when F(s) has no poles in the right hand half of the complex s plane.

Transfer functions provide a conventional link between the input and

output of any linear system. Thus for the filter:
Vi{s) = F(s) Y(s) _ (6.3)

where Vg(s) and Y(s) are the Laplace transforms of vg(t) and y(t)
respectively. With more complex expressions, greater clarity can be
achieved if dependance on the paraneter s is assumed. Following the
convention thal capitals denote functions of the compléx variable s

rather than of time, equation (6.3) reduces to:-—
Ve = FY ' (6.4)

Similar relationships can be used to describe the -overall performanpe
of the wavemaker. If aj(xp,t) represents the temporal variation in
water surface elevation at x; due to incident waves as they propagate
away from the paddle, with an ideéal conventional wavemaker and no

wave reflection or re-reflection:

Ay = WV, ) (6.5)
where W is the transfer function of the serve—contrelled paddle
system relative to the point x,;. In these circumstances a wave gauge
at xp would simply record:-

y(t) = a;(xp,t) , (6.6)

See Figure 6.2a.



In practice the paddle motion is unlikely to match the precise water
particle motion beneath the required waves and this will lead to the
generation of a complex mixture of unwanted wave components. These
include the free second-harmonics previously mentioned (Chapter 3)
and a disturbance in the immediate vicinity of the paddle which
increases in magnitude in proportion to the degree of mismatch
between the actual and ideal paddle motions. Typically, the
sitﬁation is further complicated by the presence of reflected waves

ap(x,t) so that a gauge at xy records:

y(t) = ay(xgt) + ap(egt) - | (6.7)
or Y = A; + Ap (6.8)

where aj; and A; incorporate both the unwanted components and the
re-reflections of reflected waves from the paddle. Thus, to give a
more realistic description of a conventional wavemaker, equation
(6.5) should be extended to:

Ay = (W + U)V. + QAL - (6.9)

where U represents that part of the conventional wavemaker's transfér
function that produces the unwanted waves and displacements, and ¢ is
a transfer function which takes account of the phase delay between a
reflected wave at Xp and its re-reflection getting back to that

- point.

In an absorbing wavemaker linked to a wavegauge, the input to the
filter is defined by equations (6.7) and (6.8). The output from the
filter is used to modify the input to the conventional paddle control
system (Figures 6.1 and 6.2). Thus Vo is equation (6.9) changes to

’
Vo, where:

= Vo~ F(A{ + Ap) | : (6.10)

To achieve the desired absorption characteristics, the value of F in
equation (6.10) must make A; independent of A, when the resulting
value of Vé is substituted in equation (6.9). By carrying out the

substitution it may be shown that:
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A; = W+ WV + (@ - F(W+ U] Ap (6.11)

1+ P(W+ U)

Thus, the incident waves will be independent of the reflected waves
if:

- F(W+1U) =0 (6.12)
i.e. if
F- 9 (6.13)
WU

Substituting this value of F in equation (6.11) gives:

Ay = W+ U (6.14)
: 1+

To avoid zeros in the denominator of equation (6.14) the distance Xm
to the wave gauge should be less than a quarter wave-length of the
highest frequency wave. The ideal solution is to make xy zero which,
in practical terms, means mounting the wave gauge on the face of the
paddle. When x5 = 0, ¢ = 1 so that:-

ap = Wr UV (6.15)

2

By comparison to equation (6.9}, which is the corresponding
expression for a conventional wavemaker, it can be seen that not only
has A, been eliminated as required, but the output, A;, for a given
input, V., has been halved. The absocrpticn system used here was
modified at the output stage to double A; to correspond to the
conventional system. In this way it was possible to switch

absorption in or ’out’ without a change in the paddle’s
performance. The effect of wave absorption on paddle characteristics

can be seen in the next chapter.
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6.4 Practical Implementation

The dynamic characteristics of the paddle at 3 depths (1.0m, 0.8m,
0.6m) were determined in the previous chapter. The design of the
filter for the absorption feedback loop was based on those results.
The values obtained were for |W(f)| at the three depths at 0.1 Hz
frequency intervals from 0.1 Hz to the limit imposed by wave
breaking. It is clear from the scatter of the results that the
design of the filter must of necessity be something of a compromise.
The strategy adopted in the investigation was to neglect any
influence of U not embraced by the empirically determined W(f), which
included an assessment of phase lags, and to design the filter on the
basis that:

Equation (6.16) was obtained by substitution of ®=1and U =0 into
equation (6.13).

The output level of the filter could be adjusted by means of a gain
control on the circuit board. This enables the characteristics to be

matched empirically.

The estimated loop gain {F(f) W(t)| of the absorption circuit with
the filter adjusted to give optimum performance at 0.6 Hz is shown in
Figure 6.3, where each curve is based on the measured |[F(t)| of the
filter and the average IW(t)ifor-a particular combination of f and d.
Given that the objective was to achieve a loop gain of unity at all
frequencies, Figure 6.3 <clearly indicates that the filter
characteristic was far from ideal. Some of the likely effects of
this lack of perfection can be predicted by substitution of & = 1 and

= 0 in equation (6.11) and rearranging to give

w 1l - Fw
A = [ ] v + [ A, (6.17)

1 + FW 1+ Fw
With perfect absorption FW=l and equation (6.17) effectively reduces
to equation (6.15). If, as in the present investigation, the circuit

is modified to avoid the ’halving’ introduced by perfect absorption,

equation (6.17) can be changed to:
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a = f_ 2 ] o+ L] AL : (6.18)
1 + FW 1 + FW

In either case, the first term on the right hand side of equations

(6.17) or (6.18) defines the primary input from the wavemaker. If

FW > 1 the contribution will be smaller than with perfect absorption.

The second term on the right hand side of equations (6.17) or (6.18)

defines the proportion of A, that is re-reflected by the paddle. If

FW < 1 the paddle will not fully absorb the reflected waves.

Conversely, if FW > 1 the paddle will over compensate for the

reflected waves so that A; ‘effectively contains -a negative

re-reflection of A.. Estimates of |(1-FW)/(1+FW)| based on the data-
given in Figure (6.3) and neglecting small phase errors are shown in

Figure (6.4). These indicate that in the present case, for

frequencies from 0.5 Hz tb 1.3 Hz and the three depths of water

considered, the height of a re-reflected wave component might be
expected to be less than 10% of the corresponding reflected wave

height. Thus, even with the less than ideal loop gain defined by
equation {6.5), the absorption system can be more than 90% effective

in.amplitude terms and more than 99% effective in energy terms over a
significant frequency range.. To retain the full benefit of this

performance, the primary input from the wavemaker must be defined by
equation (6.18) rather than (6.19).

The above analysis is incomplete due to the neglect of U, non-linear
éffects and various small phase errors. All the tests using the
wavemaker fall into the 0.5 Hz to 1.3 Hz range and the performance of
this *first trial’ absorption filter can be seen in the next chapter.
No insuperable problems are. foreseeen in the event of a need to
improve the‘filter characteristics. To prevent HF stability problems
é lowpass filter was incorporated in the circuit. The filter is
shown in Figure 6.5. The relatively flat top indicates that this

filter is unlikely to alter the system’s performance.

6.5 Physical Implementation

" Implementation of the absorption systém involved mounting a wave
gauge on Lthe face of the paddle. Twin wire resistance gauges linked
to the wave monitor were used (Chapter 2). So that the gauge would

average out at least some of the variation in water surface elevalion
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which might occur across the width of the channel, two probes
connected in series were used. (Plate 6.1). The probes were mounted
one third the way across the channel from both walls. Eaéh probe was
constructed from two 500mm lengths of !.5mm diameter stainless steel

wire separated by a 15mm gap.

All the wires were supported by a common frame which caused them to
project vertically down through the water surface in a plane from the
face of the paddle. The combined signal from the two probes was fed

to the standard wave monitoring equipment.

A slight complication arises from the use of a wedge-type paddle in
that the motion of the paddle face has both horizontal and vertical
componenfs. Thus, if a wave gauge is rigidly attached to the paddle,
steps must be taken to ensure that the vertical movement of the gauge
is not interpreted as 2 reflected wave component. This problem was
overcome by'mounting the gauge support frame on wheels which ran
along the top of the channel sides. The frame was attached to a pair
of vertical rails fixed to the paddle face which allowed the gauger

to move horizontally with the paddle without change of elevation.

6.6 Operation of Absorption System

The filter and ’mixer’ circuits needed for the wave absorption system
are contained on a printed circuit board. Modifications were made to
the original design to adjust the performance of the filter to match
equation (6.18) rather than equation (6.17).

The absorption circuit board is located in the Keelavite Hydraulics
control box. It is switched ’in’ and ’'out’ via a contact switch on
the front control panel. When it is switched ’out’ the circuit is
completely bypassed and the absorption circuitry has no effect on the
control system. When absorption is switched 'in’ the demand voltage
is 'mixed’ with the feedback voltage from the wave gauge and the

‘corrected’ voltage used to drive the paddle.
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It is not advisable to switch the wave absorption 'in' when an
external control signal is present. The inclusion of a feedback
signal at this time may well require the paddle position to be
radically different from the existing position. This would cause the
paddle to jump to its new position in the shortest possible time.
The sudden, violent movement could cause serious damage to the

system.

To use the wave absorption facility the paddle must be stopped at the
mid-stroke position. With the wave monitor output set to the correct
level (see next section) the absorption can now be switched ’'in’.
The paddle can now be used in the conventional manner. To switch
'out’ the wave absorption the opposite procedure must be adopted.
Turn the external signal to zero, wait for the paddle to stop moving

(this will occur when the water calms) and switch absorption ’out’.
6.7 Calibration and Optimisation

The present wave absorption system is not provided with any means of
direct, analytical calibration. Although whilst under test this is
perhaps not critical, for general purpose use this does impose

certain limitations on the system.

At present, to set up the system for optimum performance, the output
level of the filter gain is increased until the paddle becomes
unstable. The instability is caused by too great a feedback signal
(see above). A level just less than instability is used as the
optimum setting. Although this direct procedure produces the correct
calibration it is unrealistic to expect to have to carry out this

procedure every time the absorption system is used.

Once the system has been set up, the need for further adjustment is
only likely to arise due to a change in-the voltage output from the
paddle wave gauge. Any change in voltage signal will affect the

absorption systems efficiency in one of the two ways described above.
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6.7.1 Calibration

Since any variation in calibration is likely to be related to changes
in the wave gauge output this is the best area to obtain a
calibration. A ldgical way to calibrate the absorption system is to
run the system as described above, but with the output level of the
w;ﬁe Monitor below its maximum. From a still water calibration of
the paddle wave gauge a datum point can be obtained. For subsequent
use a repeat calibration can be performed and any necessary
adjustment to the Wave Monitor output level made. The correct
adjustment will return the level of the wave gauge output signal to
that measured for the original calibration. This level is relatively
easy to obtain, and with a little experience can be achieved quite

quickly.

During the optimisation of the absorption system a gauge calibration

was carried out which established the following relationship:

Wave Monitor Output level 8.00 (Range 0-10.00)
10mm water level change s 0.300 v Wave Monitor output.

6.8 Sensitivity

A check on the sensitivity of the wave absorption system to changes
in wave gauge voltage was made. An assessment of how critical the

calibration of the system is could then be made.

For a regular wave of constant voltage gain, the 'set-output’ control
on the Wave Monitor was decreased in steps. The effect on wave
height in the channel was then noted. As would be expected a
decrease of, for example, 20% of the Wave Monitor voltage output
corresponded to a 20% increase in wave height. This is consistent

with the theory outlined above.

6.9 Appraisal of Wave Absorption System

To test the effectiveness or otherwise of the system a comprehensive
test program was conducted. Regular and random waves were used. The

results of thesé tests are presented in the next chapter.
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CHAPTER 7

TESTS ON WAVE ABSORPTION SYSTEM

7.1 Introduction

To fully appraise the performance of the wave absorption system a
comprehensive test program was conducted. Both regular and random
waves were used. The methods of analysis for the various wave trains
have élready been discussed. (Chapter 3). Wherever possible the
tests were all repeafed for both absorption ’'out’ and Yin®, in some
cases it was not possible to repeat a particular test with wave
absorption ’‘out’® due to ‘the wave instability wunder resonant
conditions. The causes of this were discussed in chapter 3 and will
be dealt with later. High and low degrees of reflection from the
spending beach end of the channel were used with wavescreens
constructed for this purpose (see below). Graphical output similar
to that presented in chapter 5 for regular waves was used. for
interpretation. The'random wave analysis used the Frequency Response
Function analysis for determining incident and reflected wave spectra
from a composite wave train'reéorded at two or more locations in the

channel, as described in chapter 3.
7.2 Wavescreens

To enable the tests to be performed with different amounts of wave
reflection, provision was made for mounting a screen of vertical
timber slats across the channel near the toe of the spending beach
13.94m away frdm the paddle mean'position. The base of the slats
located into an aluminium channel section and the tops were bolted to
a frame running horizontally above the channel (Plates 7.1 and 7.2)}.
This arrangement allows for convenient changes of wavescreen slat
combination with no need to drain the channel. More importantly, the
vertical slat arrangement 1is independent of water  depth or wave

height as an influence over the reflection coefficient.
Various slat combinations were tested, and at the outset of testing _

the various combinations were arbitrarily given the numbers listed in

Table 7.1 to distinguish them from each other.
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Wavescreen Number Slat Arrangement

0 No screen

1 Full screen 150mm slats

2 150mm slats, 2 and 5 missing

3 150mm glats, 3, 4 and 6 missing

q ~ 150mm slats 2 and 5 only‘in‘place
5 75mm slats, alternate with gahs.

1 in place.
Table 7.1 Wavescreen Combinations

The 150mm slats were numbered 1 to 6 across the channel with‘l on the
left hand side of the channel facing in the direction of wave

propagation.

With a full (i.e. No. 1) wavescreen there was still wave transmission
through the gaps between the slats and the reflection coefficient of
this *full’ wavescreen was typically in the region 60-70%. If the
maximum level of reflection had been increased to 100%'maﬁy more of
the regular wave tests would have had to be abandoned when wave

absorption was 'out’.

Only the results obtained with the tests with either none or a ’full’
wavescreen are presented here since all the other wavescreen

combinations led to results in between these two ’'extremes’.

The formation of nodes and antinodes in .a closed channel was
discussed in Chapter 3. An antinode must always be formed at the
"full’ wavescreeen. In both sets of tests (regular and random),
frequencies were chosen to introduce the effect of both nodes and
antinodes at the paddle front. (In the random tests the frequency

was chosen to be the peak spectral frequency).
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7.3 Regular Wave Tests

7.3.1 Introduction

The regular wave tests were conducted in the same fashion as

described in Chapter 5 for the optimisation and calibration of the

paddle. In this case the tests were repeated for both wave
absorption 'in' and ‘'out’ and with high and low degrees of
reflection. The wave envelope program (Chapter 4) was used for
analysis.

In addition to the basic series of tests additional frequencies other
than 0.1 Hz increments from 0.1 Hz, were calculated to introduce the
effect of nodes or antinodes at the paddle front. A third wave
gauge, in a fixed location 2.3m from the paddle mid-stroke position,
was also used. The gauge was connected to the. HP spectrum analyser
to provide information about the 'cleanness’ of the waves produced.
The regular wave spectra obtained from thé wave gauge connected to
the spectrum analyser have been plotted in two ways. The first plot
shows the spectrum at a suitable scale to include the wvariance
density associated with spectral peaks without truncation, the second
is the spectrum plotted at the largest scale available on the
spectrum analyser (40mV full scale voltage). The second type of
graph, whilst not showing the peaks clearly, give a much better

impression of any high frequency noise in the signal.

In addition to the wave gauge measurements the paddle actuator stroke
length was measured for each test. This allowed the relationships

between paddle movement and wave amplitide to be determined.

As in the previous tests (Chapter 5) all quantities are, where

applicable, amplitudes rather than crest-trough heights.
7.3.2 Results

Figure 7.1 illustrates the effect of wave absorption on the transfer
function of the ratio of Wave Amplitude/Input Voltage against
Frequency described in Chapter 5. It can be seen that with the small
levels of reflections from the spending beach the absorption circuit

has little effect on the waves generated.
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The difference in the two curves can be explained by reference to
Figure 6.3. Here it is seen that at 0.6 Hz the loop gain is unity
and in Figure 7.1 the ’*in’' and 'out’ curves are coincident, below 0.6

Hz the loop gain is less than unity and the waves with absorption

in' are greater than with absorpfion 'out’. The opposite is true
above the loop gain is greater than unity. Figure 7.2 illustrates
that the reflection characteristics are very similar whether wave

absorption is active or not.

The problem of resonance is highlighted in Figure 7.3 in which the
parameters are the same as those in Figure 7.1 but with the incident
waves largely reflected by tﬁe full screen rather than absorbed by
the spending beach. The high peaks in the absorption ’out’ curve
occur where the distance between the screen and paddle was an integer
multiple of half wave lengths for the given frequency. In these

circumstances the partial standing wave has anti-nodes at both the

wavescreen and the paddle. The low points in the absorption ’out’

curves correspond to situations where there was an anti—node. at the

wavescreen (as must always be the case) but a node at the paddle.

The differences are highlighted in Figure 7.4 wﬁich shows all tﬁe
various node/anti-node combinations plotted separately. Figure 7.4

can be better understood with reference to Table 7.2.

N - Node, node formed at paddle
A - Anti-node, anti-node formed at paddle
N/I - Non-Integer, Intermediate position between node or

antinode at paddle.

Table 7.2 Notation used on Figure 7.4

¥ ’

The reflection characteristies for absorption in or ’out’
illustrated in Figure 7.5 remain broadly similar with reflection

coefficients beween 50% and 70%.
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The general form of Figure 7.3 can be explained with recourse to
linear wave theory, water particle motion and the actuator stroke
length measurements. At a node, where to a first approximation, the
water surface has no vertical motion, the particle motion is
primarily horizontal, whereas at an anti-node the particle motion is
primarily vertical. Thus, in circumstances where an anti-node should
form at the paddle, the paddle should have little or no horizontal
motion once the required waves have been established. If the paddle
continues to have a significant horizontal motion, an additional
unwanted motion will be imposed on the water and the incident waves
will continue to grow until sufficient energy is dissipated either by
breaking or by some other means. In the presenf tests energy was
dissipated both by leakage through the screen and on the spending
beach. This enabled the resonance peaks of the absorption ’out’

curve to be defined for low-amplitude control signals.

In circumstances where a node should form at the paddle, the
horizontal motion of the paddle should increase to match the
increased excursion of the water particles once the standing wave has
formed. If the paddle’s motion does not increase, the reflection (or
more precisely the re-reflection} will effectively reduce the height
of the incident waves. Hence the low peints in the absorption ’out’®
curve. With the absorption system 'in' the paddle was able to make
automatic adjustments of the type described above. Figure 7.6 gives
an indication of how much the motion of the paddle had been altered
once steady-state conditions were reached in the tests with a full
wavescreen, Thus, by comparison with its motion without absorption,
the stroke of the paddle was changed by around 70% at those
frequencies which caused nodes or anti-nodes to form at the paddle.
Figure 7.7 shows the three cases of nodes, anti-nodes or iﬁtermediate
points at the paddle separately to illustrate the different paddle
motions. This is as would be expected with an approximately linear

system given the level of reflection from the wavescreen.
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A plot of Wave Amplitude/Paddle Stroke Amplitude vs frequeﬁcy, Figure
7:8 further illustrates the point made above., It is also intéresting
to compare the two curves for wave absorption 'in' and ’out’. When
wave absorption is ’out’ the paddle stroke is a constant determined
by the amplitude of the contrel signal. The high and low points in
the curve are due to the effects of resonance and the formation of
anti-nodes or nodes at the paddle as discussed above. When
absorption is 'in’ both the wave amplitude and paddle stroke can vary
depending on the water particle motion discussed above. The two
curves are very similar which suggests the system is essentially

linear.

Examples of regular wave spectra for each of the three conditions of
node, anti-node, or intermediate point at the paddle are given in
Figures 7.9 — 7.20 for the full wave-screen. In each set it can be
clearly seen how the wafe'absorption system, whilst retaining the
same spectral peak amplitude, greatly reduces the level of high
frequency noise in the signal. This reduction could be readily

detected by visual observations of the tests.

" The 1imitatioﬂs of the present system are highlighted in Figure 7.3
where the absorption ’in’ curve can be seen to exhibit a systematic
oscillation that is éenerally out of phase with the absorption ’out’
curve. A good smoothed fit to the absorption ’'in' curve is provided

by the corresponding curve in Figure 7.2.

7.4 Random Wave Tests

7.4.1 Introduction

The random wave test results were analysed by means of the Frequency
Response Function method of analysis which was described in Chapter
3. In a simjlar fashion to the regular waves the effect of
half-integer wavelengths in the channel was 1investigated The
wavelength was based on the spectral peak frequency. All tests were
carried out using full length sequences (see chapter 2} for a range
of wave spectra with different significant wave heights and peak
frequencies (see above). Wavescreens were used as before to brovide
various degrees of reflection and all tests were repeated with the

absorption system both ’in’ and ’out’. Table 7.3 lists some of the
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parameters used. On all examples of incident spectra the
'theoretical spectrum’ has been plotted. The ’theoretical spectrum’
is calculated by the Hydraulics Research wave generation program
NEWSYN (see chapter 2).

The nomenclature in use for wave spectra at present is very confusing
with spectra derived from single or multiple wave gauge meausrements.
In the subsequent discussion the following nomenclature is used to

try and keep super and subscripts to an acceptable level,

Si; - Incident Spectrum calculated from estimates made by the
three pairs of gauges 1-2, 2-3, 1-3.

Spp - Reflected Spectrum calculated from estimates made by
the three pairs of gauges 1-2, 2-3, 1-3.

S44 - 'Point’ Spectrum measured at gauge 1.

522 - 'Point’ Spectrum measured at gauge 2.

S449 - 'Point’ Spectrum measured at gauge 3.

Si2 - Incident Spectrum estimated from measurements from
gauges 1 and 2.

S,3 - Incident Spectrum estimated from measurements from
gauges 2 and 3.

S:3 - Incident Spectrum estimated from measurements from

gauges 1 and 3.

Random Wave

ﬁém fzzs HRL Separation of Gauges
File nuame Gain setting 1-2m 2-3 m 1-3m
volts
RAN. 97 .970 1.71 5.27 1.729 5,580 7.309
RAN. 1B5 .185 1.79 5.99 2.032 5.277 17.3089
RAN.1 . 100 1.86 6.75 2.024 5.285 7.309
RAN, 25 .250 2.08 9.42 2.539 4.770 7.309

Table 7.3 Random Wave Parameters
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7.4.2 Analysis Procedure

Three wave gauges, spaced'as shown above, were included in the data
acquisition scheme outlined in Chapter 2. The test length was
determined to include a full length sequence (Chapter 2). The
results of the tests were first analysed with the conventional
software for single gauges. The results from the single gauge
analyses were used in verifying the new Frequency Response Function
software as well as highlighting the problems which arise from just
using single gauge analysias. A twenty second segment of the time
history was also plotted as a check on the correct operation of the
-wave gauges. (Any attenuation due to water contamination would be

apparent in the time history).

The results from each pair of gauges (i.e. 1-2, 2-3, 1-3) were then
used in conjunction with the Frequency Response Functiqn analysis
program to obtain estimates of incident and reflected spectra. Each

complete analysis took approximately 25 minutes.

The tests were repeated for each of the four cases (i.e. no

wavéscreen/full waveacreen for wave absorption 'in’ énd_'oqt’).
7.4.3 Random Wave Results

Table 7.4 summarises the results from the single gauge analysis.
Figufes 7.21-7.22 are examples of the spectra produced from a
composite wave train for each of the four situations mentioned above.
Figure 7.23 is a 20 second example of the wave time history. From all
the single gauge analysis it is clear how impossible the task of
appraising the wave absorption systeﬁ would be. No real information
can be gained from the various spectra except that the wave

absorption facility changes the situation!

The Frequency Response Function analysis is all the more powerful and
beneficial in quantifying what is actually happening in the channel.
A typical set of results from the tests are preéented in Figures 7.24
- 7.30. The four permutations of test are each shown in Figures 7.24
- 7.27 with the incident spectra, S;; from the Frequency Reéponse
Function analysis compared to a single point spectrum - S;,. With no

wavescreen the two spectra (S;j; and §;;) compare well, as would be
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expected with such small degrees of reflection. When the full
wavescreen is present however, the effect of the formation of partial
nodes ‘and anti-nodes is cearly visible as peaks and troughs in the

graphs. .

The most revealing of the graphs however, are the incident and
reflected spectra shown in Figures 7.28 - 7.30. The effectiveness of
the absorption system is clearly illustrated by the similarity of the
two absorption ’in’' incident wave spectra (the two lowest curves in
Figure 7.28 and shown at a greater scale in Figure 7.29). This
despite the fact that the corresponding reflected wave spectra are
quite different. Indeed, the absorption 'in’, with no wavescreen
curve can hardly be distinguished from the frequency axis of Figure
7.30, whereas the absorption ’in’ and full wavescreen curve is the

second highest.

The advantages.of an absorption system are highlighted by the lack of
similarity in both magnitude and shape of the two absorption 'out’
curves compared to the similarity of the two absorption ’in’' curves
(Figure 7.28).. Due to the presence of strong multiple reflections
and re-reflections, the highest level of variance density for both
incident and reflected waves were achieved when the ’full’ wavescreen
was in use. This is as would be expected and it might be thought
possible to counteract this effect by simply reducing the primary
input from a non—absofbing wavemaker. However,. in practice the
required correction would be far from simple due to the changes in

spectral shape.
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Test No.

10

11

12

64

Gauge No. ﬁsmm
1 95,02
2 100.56
3 101.82
1 78,

2 79.08
3 80.65
1 115.18
2 112.01
3 114.23
1 90.97
2 90.02
3 93.64
1 95.54
2 35.11
3 104.55
1 75.43
2 77.89
3 78.05
1 115.08
2 116.75
3 116.82
1 30.26
2 90.61
3 83.10
1 159.84
2 161.61
3 151.87
1 98.90
2 103.11
3 94,05
1 183.11
2 169.00
3 165.04
1 113.85
2 102.57
3 108.00

Table 7.4 Results from Single Gauge Analysis

I Y R R S R T e T T o T i o T T S B R e N R R R S i T

T,s

.832
.811
.886
.897
.898
.899
.918
.918
.959
.041
.038
.052
.807
.834
.888
773
.844
.814
.899
.945

.016
.073
.013
.654
716
.685
. 869
.872
770
.738
.891
.869
.022
.933
.094

111

L915 |

fp Hz

.439
.439
.439
.439
.439
.439
.391
.391
.391
.391
.391
.391
.439
.439
.439
.439
.439
.439
.391
.391
.391
.391
.391
.391
.537
.391
.537
.433
.488
.537
.439
.391
.537
.391
.439
.381

Absn? WAVESCREEN Sea

ouT

IN

ouT

IN

ouT

IN

outr

- IN

ouT

IN

out

IN

RAN,

RAN,

RAN.

RAN.

RAN.

RAN.

09

09

.08

.09

.09
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Test Incident Reflected Composite Theoretical Wave
Number fp/Hz Hgi/m fp/Hz Hgp/m fp/Hz Hg/m fp/Hz Hgj/m Absn?

1 .439 .100 ©.391 .025 .439 .098  .475 .097 ouT

2 .439  .081 439 .02} .439 .079 .475 .097 IN
3 .391 .115 .391 .038 .391 .114 .439 .100 OUT
4 .381 .093 .391 .031 .391 .091 .439 .100 IN
5 .439 .098 .439 .025 .439 .095 .475 .097 OUT
6 .488 .084 .488 .054 .439 .077 .475 .097 IN
7 .391 .117 .391 .036 .391 .116 .439 .100 OUT
8 .391  .097 .331  .041 .391 .090 .4339 .100 IN
9 .439 .131 .439 .096 .b37. .16l .47 .097 OUT
10 .439 .08B9 .433 .063 .488 .101 .475 .097 IN
11 1439  .139 .439 .101 .39t .176 .438 .100 OUT
12 .391 093 .391 .066 .391 .108 .433 .100 IN

Table 7.5 Random Wave Test Results
7.4.4 Effects of the Gauge Spacing

As discussed earlier the Frequency Response Fﬁnction method of
analysis is not wvalid if sin(ks)=0. (Chapter 3 and Appendix C). The
method of obtaining maximum resolufion with 3 gauges was also
discussed. Figures 7.31 - 7.34 show the three estimates of incident
spectrum, S,,, S35 and S;; for a particular test. The graphs cover
the ﬁermutatibn of test configuraiton as mentioned earlier. A

theoretical spectrum is overlain in each case.

It can be readily seen that in the areas where each pair of gauges
provides a valid analysis the 3 curves are very similar. Thus an
estimate of variance density from any pair of gauges at a particular
frequency is ’correct’ By use of all 3 curves it is possible to
obtain variance density estimates at all frequencies in the range of
interest (0-1 Hz) which enables estimates of spectral moments to be
made and hence a value for the significant incident wave height iéi

can be obtained from Esi = 4 /m, (Chapter 3).

The estimations of variance density also compares well to the
theoretical when little reflection is present or wave absorption is

in’.
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7.5 Conclusions

The test results show that the wave absorption system installed in
the control loop of the paddle is very successful in eliminating the
presence of re-reflections in the channel. Also it has been shown
that good absorption characteristics can be achieved with a less than
perfect filter design. If required, even better results could be
obtained by use of a more complex filter.

The wave channel facility with wave sabsorption 'in' is in effect
'semi-infinite’ in length i.e. the location of the paddle (or channel
length) is not a factor in the test results obtained from a
reflective structure. This fact will be exploited to investigate
overtopping with a higher degree of operafional control and accuracy

than has been previously possible.

7.6 Recommendations to Improve Wave Absorption System.

Apart from the less than perfect filter design discussed in Chapter &
the other main area for potential improvement lies in the calibration

of . the system.

A recommendation for a future absorption system would be to
incorporate the tuning potentiometer (INVERT/NORMAL) on the front
panel of the hydraulic system controls and show the output level of
the potentiometer with  a meter similar to the Error/Position meter
used for hydraulic control After an initial calibration, the meter
could be scaled in terms of absorption efficiency. At the start of a
test the potentiometer could be adjusted as necessary. A calibration
by meter would be much more convenient as the paddle wave gauge is
relatively inaccessible, and adjustments made from the wave gauge
calibration require a degree of subjectivity which a meter could

eliminate quickly and effectively.

The design of the paddle wave gauge could also be improved with a
more solid chassis which would eliminate some of the vibration
problems which cccur with small paddle movements at low frequencies._
It would also be possible to allow for the vertical paddle movements
in the design of the filter and thus, the wave gauge could be rigidly
fixed to the paddle front. ' '
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CHAPTER 8

WAVE OVERTOPPING

8.1 Intreoduction

Accurately estimating the amount of water which will wash over a
coastal structure can be vital to design engineers. Building
seawalls or breakwaters high enough to completely prevent overtopping

is often unacceptable because of aesthetics and costs.

In practice it 1is very difficult to prevent perfectly wave
overtopping. Therefore, a breakwater must be designed based on the
concept of allowable wave overtopping, on the premise of a
cost/aesthetic trade-off with 'unacceptable’ conditions to the lee of
a breakwater. '

What is ’unacceptable’ will depend upon the' use for which the
structure is intended. Clearly more overtopping will be acceptable
for a breakwater, such as the one in Plymouth Sound, the function of
which is to protect large vessels at ‘anchor than for a breakwater to
protect small crafts in a marina. Another important consideration is

the provision of calm water for the berthing of ships.

A number of previous studies of wave overtopping were reviewed in
Chapter 1. As recently as 1984 Douglass concluded that "Better data

is sorely needed” in his review of irregular wave overtopping rates.

The tests performed here are intended to compliment the existing data
and in particular a comparison to Owen (1980) is presentéd. The test
parameters {see Section 8.2) were chosen to provide data on ’'low’
structures beyond the regions previously examined {’low’ refers to

the crest elevation above still water level s.w.l.).
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where R, = Crest elevation above s.w.l.
dp = Berm Elevation . |
dg = Water depth
M = Breakwater slope
Wy = Berm width

Due to limitations of time or space {(or both) various physical and
structural parameters have not been investigated. Some of the
parameters are listed below with a brief description of their

influence on overtopping discharge.

i. Seaward slope off the toe of the breakwater. A steeper slope

will increase fhe overtopping discharge.

ii. Berm breakwaters. A submerged berm will decrease the

overtopping discharge.

iii. Angle of wave attack. Owen (1980) found- that maximum

oﬁertopping discharge occurred with waves at 15° to the normal.

iv. The foughness of breakwatér slopes. The Shore Protection
Manual (1984) states that a rip-rap slope will only have 40% of
the run-up for a given wave compared to a smooth slope. Hence

the overtopping dischafge would be decreased.

v. Slope permeability, A porous slope will give lower overtopping
rates (Weggel 1978).

The simplified breakwater profiles used in the overtopping tests had
seaward slopes of 1.1 and 1:2, a smooth slope and horizontal crest
{(Figure B8.2). A range of test parameters is given in the next

chapter,
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3.3 Maximum Overtopping Discharge

In order to be able to design equipment to measure the wave
.overtopping discharge an estimate of the maximum discharge expected
was needed. The equipment could then "“be designed to cope with

discharges up to the expected maximum.

Some of the more recent work (Owen 1980} has suggested that the
overtopping discharge over a breakwater can be calculated from

dimensionless coefficients derived from the results of hydraulic

model tests. The published coefficients were used to calculate the
maximum overtopping discharge expectled. The calculation is shown
below,

Test Parameters

Slope 1:1
Crest Elevation 0.05m
Significanlt Wave Height 0.20m

Mean zero-crossing period 2.0s

The dimensionless freeboard R¥ is defined as:

R .
¥ - o]
R (8.1)
T, v ghg
The dimensionless discharge Q¥ is defined as:
Q
Q* Z ———
. 8.2
\ngﬂs) ( )

Coefficients A and B are found from Figures 8.3 and 8.4 respectively

{Owen 1980) such that:
A = 0.0076

and
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The dimensionless discharge, Q¥, is thus defined as:

Q¥ = Ae BRX (8.3)
From (8.3) we obtain:

o¥ = 5.309 x 10°3
rewriting equétion (8.2) we obtain;

Q= Q*r g, . | | (8.4)
From equation (8.4)

0.021m®/s/m run
21llitres/second/m of breakwater crest.

o
1}

The design of the overtopping equipment cutlined below was based on a

maximum expected overtopping discharge of 21 litres/second.

8.4 Design of Breakwater and Overtopping Measurement Equipment

8.4.1 Breakwater

As mentioned above, a simplified breakwéter was used in the tests.
The seaward slope Qas smooth and two slopes of 1:1 and 1:2 were used.
The breakwater was constructed from X' marine ply. In order to
locate the breakwater securely within the channel it was constructed
to lie between two side panels (Plate 8.1). The side panels were
then clamped to the channel sides. The above technique avoided the
problem of having to drill holes into the channel sides. Throughout

the overtopping tests no movement of the breakwater was detected.

The basic shape shown in Plate 8.1 has a seaward slope of 1:1. The

1:2 slope fitted onto the existing structure. (Plate 8.2).

In order to try and prevent the side panels having an effect on the
wave climate they were tapered facing the direction of wave
propagation (Figure 8.5). The two side panéls occupied less than
1.5% of the channel width. During the overtopping:tests no effects

due to the side panels could be detected visually.
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8.4.2 Measurement of the Overtopping Discharge

In the area directly behind the breakwater a pond was formed bounded
by the breakwater, the °’spending’ beach and the end of the channel.
Any waves which ’overtopped’ flowed into this area. To accurately
measure the overtopping discharge the pond had to be 100% watertight.

To ensure this the pond was lined with plastic sheet fixed around the
borders of the channel.

To measure the ovértopping discharge an overflow weir system designed
to cope with a maximum discharge (as calculated in 8.3) was

constructed.

Within the watertight pond behind the breakwater a weir with two,
parallel, one metre crests was located (Plate 8.3). The two crests
were perpendicular to -the breakwater crest. The flow over the weir
went down a 4" pipe which ran through a hole in the waterproof liner
and the ’'spending’ beach and out of the chanmnel area to a collection

suinp {see below).

To try and prevent reflections within the stilling area behind the
breakwater which would possibly prevent accurate measurements of the
overtopping discharge, the weir was profiled. Two tapered ends,
(Figure 8.7, Plate 8.3) helped the flow of water around the ends of
the weir. The calmer the water the less the risk of water feturning
over the breakwater. Observations of the tests showed that the
profiled weir was successful in preventing any water being returned

to the main area of the channel.

BREAKWATER WEIR
WAVE |
PROPAGATION _)
WER ||| T
PUMP
O=
SUMP

Figure 8.7 Profiled Discharge Weir
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As mentioned above, the water flows over the weir and into a pipe
system. The pipe system exits from the channel and discharges the
water into a rectangular channel set into the floor of the hydraulics
laboratory. At the end of the channel was a sharp-crested
rectangular weir (Plate 8.4). On the downstream side of the weir was

a sump, lm deep, 2m long, 0.75m wide.

The water flowed over the weir and into the sump. A submersible pump
in the sump returned the water to the wave channel to try and keep
the water level in the channel constant.

'
A wave gauge monitored the flow over the weir (Plate 8.4). The wave
gauge was included in the data acquisition system of Wave

Monitor-Microlink-HP computer.

The computer program DISCHARGE was written té analyse the data
collected from the wave gauge associated with Lhe weir. The program
used the standard weir eQuation‘(Herschy 1985) to calculate a mean
overtopping discharge as well as the total test discharge. The
instantaneous discharge at each sampling interval was calculated and

the mean discharge found from all the instantaneous wvalues.

8.5 A Count of the Overtopping Waves

Allsop (1978) and Owen (1980) published graphs of the percentage of
waves overtopping (% of total waves in record) against the
dimensionless freeboard (see 8.3). In order to make the same
comparison here a computer program, OVERTOP, was written to calculate
the number of waves which overteop during a test. A wave gauge
mounted on the breakwater crest was included in the data acquisition

system to facilitate this.

The overtopping waves were detected in the digital record in the
following manner. The program counted a separate wave as a block of
numbers starting and finishing with zeros. For example a part of the

digital record may look something like that shown below:

0 0 721 890 650 221 15 O O O 100 9 17 O O
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The program OVERTOP interprets the above piece of digital record as
containing two waves. One wave begins at 721 and ends at 15, the

second wave starts at 100 and ends at 17,

The program was checked against visual observations and found to be

accurate.

8.6 Incident and Reflected Spectra

By making use of the Frequency Response Function analysis described
in Chapter 3, the incident wave conditions were calculated for each
test and hence the sea state defined more rigorously than was

previously possible.

An‘array of three gauges spaced according to the criteria set out in
Chapter 3 was used to obtain information over the whole frequency
range of interest (0-1Hz). One of the three gauges was positioned
directly over the toce of the breakwater. A check on mean water level

could then be made.

The three gauges were located and spaced as shown below:

GAUGE 1 GAUGE 2 GAUGE 3 GAUGE 4

|[< 1.18 m *o.ao%{‘

—

Figure 8.6 Wave Gauge Locations

where S; is chosen to have maximum resolution at the spectral peak
frequency and S, is -chosen to have maximum resolution at the
frequency at which the analysis with S; is not valid. (See Chapter 3

and Appendix C).
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The determination of incident and reflected spectra allowed a
comparison of the measured reflection coefficient with the reflection
coefficient calculated from the surf similarity parameter (Shore
Protection Manual 1984}, - The method of determining reflection
coefficient values from a surf similarity parameter is explained in

the next chapter.

8.7 Wave Spectrum Generation

The Hydraulics Research Ltd software for random wave generalion was
used to produce the random wave spectra for the overtobping tests.
Spectra were chosen to test the absorption system when nodes,
antinodes or partial nodes were formed at the paddle front (see
Chapters 3 and 7) and the effect these situations had on wave

overtopping.

The wavé spectrum generation program USERN was modified to provide
the user with a choice of possible feedback connections for a given
sequence length. (Sequence lengths and feedback connections were
described in Chapter 2). Table 8.1 details some of the possible

feedback connections available for various sequence lengths.

By a change in feedback connections, different complete or 'full’
(i.e. all possible shift register positions) spectra can be generated
with the same statistical properties, up to 4 for each sequence
length was possible. The overtopping tests were carried out with
different ’'full’ length spectra to investigate whether wave
overtopping was influenced by the precise wave train, or
statistically stable for a ’random’ sea. The results of this are

discussed in the next chapter.
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Sequence length

set one

set two

Feedback from stages

set three

set four

2 ONLY ONE CONNECTION PATTERN POSSIBLE (1,2)

3 (1,3) (2,3} (1,3) (2,3)

4 (1,4) (3,4) (1.4) (3,4)

5 (2,5) (3,5) (1,2,3,5) (2,3,4,5)
6 (1,6) (5,6) (1,2,5,6) (1,4,5,6)
7 (3,7) (1,7) (6,7) (4,7)

8 (2,3,4,8) 1,2,7,8) (1,6,7,8) (1,3,5,8)
9 (3,4,6,9) (4,9) (5,9) (3,5,6,9)
10 (3,10) (7,10) (2,3,8,10) (2,8,9,10)
11 (2,11) (2,5,8,11) (1,3,7,11) (2,3,5,11)

Table 8.1 TFeedback Connections for 'Full-lLength’ Spectra

8.8 Tests on Wave Absorption System

Throughout the wave overtopping tests a continual wmonitering and
appraisal of Fhe wave absorption facilty was undertaken. It was
hoped that any, as yvet undiscévered. anomaiies in the system would be
highlighted during the course of a comprehensive series of tests. In
fhe event, no problems were encountered, other than the need to

maintain a close scrutiny over the calibration of the paddle wave

gauge (see Chapter 5).

As mentioned in 8.7, spectra were chosen to produce nodes, antinodes

or partial nodes at the paddle front to test fully the system.

The majority of the overtopping tests were conducted with wave
absorption 'in’, however, a small number of tests were performed with
absorption ’out’ for a comparison. The effect of no wave absorptioﬁ

is discussed in the next chapter.
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8.9 Test Procedure

For each single overtopping test a random sea was generated in the
channel. A 2k (i.e. 2048) data sample was collected for storage and

analysis from the following five wave gauges:-

3 in the channel for Frequency Response Function Analysis and the

calculation of wave statistics.

1 on the breakwater crest to couqt the number of waves

overtopping.

1 at the sharp-crested weir to measure head to calculate the

overtopping discharge.

The sampling interval for each test was chosen in order to create a
test length equal to the repeat length of a given spectrum. This

ensures statistical stability in the analysis.
For example:

If the repeat time for a given spectrum was 4 mins 57 secs, = 297

secs, the sampling period, At, was

_ 297

At = Z548

= 0.145 secs

The results from the overtopping tests are tabulated and illustrated

graphically in the next chapter.
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CHAPTER 9

WAVE OVERTOPPING TEST RESULTS

9.1 Introduction

Presented here are the results of over 100 wave overtopping tests
carried out on two breakwater profiles with various crest elevations
above still water level. The crest elevations used were all ’low’.
("Low' in this instance is used to signify close to or at mean water
leﬁel). Previous model tests on such structures havé,not considered

the combination of parameters used here.

Space precludes the full presentation of more than a few tests. The
results are, however, fully tabulated. Unless otherwise stated, all
the results shown are for a Pierson—Moskowitz spectrum with the wave
absorption system 'in’, Figure 9.1. A number of tests with the wave
absorption ’out’ and a different spectrum were performed for

comparison and they will be discussed where appropriate.

9.2 Breakwaters

The two breakwater profiles used in the overtopping tests had a 1:1
seaward slope and a 1:2 seaward slope. Both breakwaters had a crest
0.90m above the channel bed, which was horizontal. No berms were
considered. Crest elevations above still water level varied from
0.10m to 0.04m. The lower limit on crest elevation was the lowest
possible crest elevation for which the weir and pump arrangement

could cope with the overtopping discharge which resulted under the

test conditions.

No attempt was made to test with a breakwater at anything but
perpendicular wave attack. Owen (18982) suggested that the maximum
overtopping discharge occurred with a wave attack of 159 to the

perpendicular.
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9.3 Results
9.3.1 Wave Spectra

Shown here are examples of the incident and reflected spectra
calculated for each test (with the three gauge array) derived using
the Frequency Response Function method described in Chapter 3.
(Figures 9.2 - 9.5). Figures 9.2 and 9.3 are with the 1:1 slope and
Figures 9.4 and 9.5 are the 132 slope.

A comparison of all the spectra calculated in a single test overlain
is given in Figure 9.6. The X-Spectrum and Y-Spectrum on Figure 9.6
are the so called ’point’ spectra measured at the two discrete
locations in the channel. Figure 9.6 indicates that the peak
frequency of the incident spectrum is higher than that of any of the
'point’ spectra. This may be due to the effects of the reflected
waves on the ’point’ spectra and the péssibility that the gauges may

be located at nodes or antinodes from the reflection patterns.

Figure 9.7 is a plot of the Incident Spectra from both the 1l:1 and
1:2 slopes together with the theoretical spectrum. It can be seen
that the 1:2 slope result especially gives an incident spectrum very
similar to the theoretical. The result from the 1:1 slope is not as
good but the similarity is clear. The difference in peak energy is
of the 6tdér of 10% for the 1:1 slope and 5% for the 1:2 slope. The
peak frequency shift noted above is also evident here. A slight loss
of high frequency components is alsc noticeable. The loss may be due
to either the resolution of the Frequency Response Method, or the
inability of the wave paddle and/o; absorption system to react as
accurately in .the higher frequency range. A decrease in the
performance of the wave gauges is another source of potential

variation.

Figure 9.8 shows the increase in reflected energy with the 1:1 slope
breakwater (see next section). The implication of similar incident
spectra with different degrees of reflection will be discussed in
Section 9.4.
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To investigate the influence of the spectral shape on the overtopping
discharge a small number of tests were performed with a Newman
spectyrum with the same signifiant wave height as the
Pierson-Moskowitz spectrum shown in Figure S.1. The peak energy
level of the Newman spectrum was 30% greater than the
Pierson—Moskowitz spectrum. The incident and reflected spectra from

such a test are illustrated in Figure 9.9 and 8.10 respectively.

The Newman spectrum compared'to the theoretical Newman is given in
Figure 9.11.  Again the shape and scale are very similar, with again
a similar loss of the higher frequency energy to the

Pierson-Moskowitz spectra.

The effect of the different spectral shape on the overtopping

discharge is discussed in Section 9.3.4.
3.3.2 Wave Reflections

From the data obtained on the .incident and reflected spectra
calculated above, it 1is possible to determine the reflection

coefficient, p, defined as:
e2(f) = S.r/Sii (9.1)

where S;i and S,, are the ipcident and reflected spectral estimates

at frequency f respectively.

The Shore Protection Manual gives estimates of wave reflections from
breakwaters defined in terms of a surf similarity parameter, L, given

as.

1

Cot © ‘/Hsi/LO

where © is the slope of the breakwater structure under consideration,
Hgy 1is the incident significant wave height and I, the deep water

wavelength defined as:

Lo = g12/2m o (9-3)
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For each test the reflection coefficient has been calculated with the
two methods described above (i.e. surf similarity and
Incident/Reflected} at the peak frequency and a comparison shown in
Tables 3.1 and 8.2.

The results agree very well in all cases, with approximately 85%

reflection from the l:1 slope and 60% from the 1:2 slope.

The results from the Frequency Response analysis were also used to
plot Frequency vs Reflection Coefficient graphs over the whole

frequency range of interest.

Examples of these graphs are shown in Figures 9.12 and 9.13. It can
be seen that in both cases (1:1 and 1:2 slope) the reflection
coefficient varies over the frequency range of interest {0-1Hz). The
minimum reflection being at around 0.6Hz. Towards either end of the
scale the reflection increases. At the low frequency shown there is
very little difference in the degrees of reflection from either

breakwater slope (approx 90%).

The shape of the reflection coefficient graphs .obtained compared well
with the results obtained earlier during the optimisation of the wave

absorption system (Chapter 7).

When wave absorption is ’out’ the degree of reflection and the
calculation of reflection coefficient is complicated by the presence
of re-reflected (and higher order) waves. In most of these cases the
values of reflection coefficient calculated from the Frequency
Response Method do not correspond well to the values predicted by the
Shore Protection Manual. (The tesis with wave absorption 'out' are

marked ¥ in tables 9.1 and 9.2;.

This inaccuracy is probably due to the Hyi not being a correct
incident significant wave height with wave absorption ’'out' due to
the presence of re-reflections in the direction of wave propagation.

Hgj in each case is calculated from Equation 3.15.
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In every case of wave absorption 'out’ the Shore Protection Manual
method with the surf Similarity parameter under-estimates the degree
of reflection compared to the values calculated from the Frequency

Response Analysis.

The wvalues of the reflection ceoefficients from the surf similarity
parameter in the tables below are calculated from the graph published

in the Shore Protection Manual

Test No. Hgj; T, L, L e e
) {graph) % (Frequency
Response) %
1 .184 1.3 2.80 4.64 80 81
2 .150 1.37 2.90 4.42 79 81
3 .150 1.47 3.37 4.74 81 - 80
4 .170 1.36 2.890 4.12 16 92
5 .160 1.30 2.84 4.86 75 85
6 .090 1.38 2.97 5.74 88 85
7 .090 1.36 2.89 5.867 . 86 82
8 .090 1.50 3.51  6.24 89 g1
g . 100 1.32 2.72 5.22 85 87
10 .100 1.44 3.24 5.69 BB 38
11 .100 1.33 2.76 5.25 ' 85 88
12 .100 1.41 3.10 5.57 86 87
13 .090 1.3¢ 2.80 5.58 86 B7
14 .100 1.37 2.93 5.41 85 88
15 .090 1.39 3.02 5.79 87 a0
16 .090 1.36 2.89 5.67 86 a3
17 .100 1.35 2.85 5.34 85 88
18 100 1.41 3.0 5.57 83 85
19 .099 1.3 2.80 5.32 82 84
20 .096 1.38 2.97 5.56 81 85
21 .098 1.33 2.76° 5.47 81 85
22 .099 1.38 2.97 5.48 82 85
23 .098. 1.38 2.97 5.51 83 85
24 .098 1.38 2.97 5.51 83 85
25 .099 1.33 2.76 5.28 80 84
- 26 .104 1.44 3.24 5.58 86 81
27 .099 1.31 2.68B 5.20 85 . 80
28 .103 1.43 3.19 5.57 86 81
29 .099 '1.34 2.80 5.32 .8 - _ 84
30 .099 1.34 2.80 5.32 85 84
31 099 1.37 2.93 5.44 85 B3
32 .097 1.36 2.89 5.46 85 83
33 .096 1.3¢ 2.80 5.40 85 81
34 .061 1.40 3.06 2.25 47 65
35 .099 1.46 3.33 1.83 35 70
36 .123 1.16 2.10 4.13 75 44
37 .120 1.22 2.32 4.40 78 56
38 . .088 1.12 1.96 4.72 80 46
39 .142 1.23 2.36 4.08 75 43
10 .104 1.9 6.18 7.71 90 80
41 .070 1.93 6.1B 9

.34 95 74

Table 9.1 Reflection Coefficient values for 1l:1 Slope
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Test No. Hgj T, Lg L P o)
(graph) % (Frequency
Response) %

1 .140  1.72 4.62  2.80 . 60 69
2 L1300 1.64 4.20 2.77 58 68
3 .128 1.75 4.78 .2.98 65 66
4 .128  1.87 4.35 2.84 59 58
5 .120 1.56 3.80 2.74 57 64
6 .123 1.62 4.10 2.82 61 67
7 .073  1.53 3.65 3.45 70 63
8 .049 1.34 2.80 3.69 72 75
g9 .138 1.5 4.27 2.1 58 62
10 .140 1.7 4.36 2.72 58 66
11 .136 1.60 4.1  2.65 57 63
12 .13¢ 1.65 4.27 2.75 59 65
13 .138  1.70 4.51 2.79 GO 62
14 L1366 1.64 4.20 2.71 58 G5
15 .070  1.50 3.51 3.45 71 70
16 .055 1.39 3.02 3.61 72 73
17 J137  1.72 4.62 2.883 59 68
13 .135 1.66 4.30 2.75 59 66
19 .13¢  1.56 3.80 2.60 55 58
20 .134  1.64 4.20 2.73 58 59
21 .133  2.73 4.67 2.89 62 58
22 .14 1.60 4.00 2.60 55 60
23 .086 1.59 3.95 3.31 68 6S
24 .055 1.40 3.06 3.64 70 72
25% .123 1.30 2.64 2.26 45 53
26% .123  1.35 2.85 2.35 48 61
27% .073  1.22 2.32 2.75 58 69
28% .066  1.30 2.64 3.08 64 72
29 .105 1.99 6.18 3.74 74 71
30 .014 1.99 6.18 3.74 74 72
31% .124 2.08 6.75 3.860 71 64
32 .130  2.11 B6.95 3.57 71 75

Table 9.2 Reflection Coefficient Values for 1:2 Slope
9.3.3 Wave Hecords

Included here are some examples of the waye records measured during
the overtopping tests (Figures 9.15 to 9.18). A comparison of the
trace collected from the gauge placed over the toe of the breakwater
{gauge 3) with the traces from the two gauges placed offshore shows
how localised the effects of overtopping and reflections are, on the

composite wave lrain.

Tables 9.3 and 9.4 detgil a comparison of some of the relevant
parameters calculated at each gauge location. Figure 9.14 shows the
location of the wave gauges in the channel for the P-M spectrum and

the 1:2 breakwater slope.
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l[< .18 mﬁko,so n;/‘l

—

Figure 9.14 Location of Wave Gauges

On the 1l:1 slope breakwater, table 9.3 shows that the significant

wave height, Hg, measured in the time domain, over the toe of the

breakwater is considerably less than the significant wave height

. offshore. The zero-crossing period decreases as the waves approach

the breakwater. It is likely that this phenomenon is due to the
pattern of nodes and anti-nodes formed by reflection from the
breakwater. The same large decrease is not apparent in the tabulated
results from the 1:2 slope probably due to the decrease in refléction

from this shallower slope.

The calculation of ﬁ; "from spectral moments (Chapter 3} also

exhibited this phencmenon.

The results from table 9.3 (1:1 slope) illustrate the problems
involved in evaluating all the relevant parameters with confidence
and consistency between workers. Owen (1980), for example, makes nco
mention of where the wave statistics were measured {or how). Thus a
blot cf the percentage of waves in a test overtopping could vary by
as much as 20% depending upon whether the total number of waves in
the test was measured offshore or at the breakwater toe. The
dimensionless parameters, R¥ and Q¥ can be up to 25% different when
using the results from either gauge 1 or géuge 3 (see table 9.5)
(section 9.3.4).

All the calculations performed for the tests presented herein used
the zero-crossing period measured over the breakwater toe. The other
statistics such as significant wave height were derived from the

estimates of incident and reflected spectra from the 3 gauge array.
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In all the tests a time domain ‘wave by wave’ analysis of the wave
records agrees within + 2mm to the spectral estimate of significant

wave height via a FFT and the use of spectral moments ({see Chapter
3). '

Gauge 1 Gauge 2 Gauge 3
Test Hgm T,s N Hgm T,s N Hgm Tys N
No
1 .129 1.805 155 .133 1.520 164 .093 1.376 181
2 .121 1.502- 165 .136  1.669 149 .089 1.335 184
3 .116 1.664 149 116  1.517 164 .089 1.502 166
i} .133 1.510 164 .132 1.590 155 .098 1.503 188
5 132 1.562 158 .129 1.565 159 .098 1.443 173
6 .118 1.717 144 .131 1.462 169 .097 1.328 188
7 .136 1.668 148 .130 1.465 . 170 .098 1.411 176
B .132 1.619 154 .125 1.500 166 .094 1.336 187
g .132 1.634 152 .126 1.475 169 .096 1.365 182
10 .128 1.617 153 .126 1.486 168 .093 1.348 180
11 .134 1.672 148 . 129 1.516 164 .093 1.361 183
12 .128 1.590 156 .124 1.493 166 097 1.348 185
13x  ,193 1.601 154 . 201 1.559 160 . 133 1.338 186
14x  .194 1.713 145 .203 1.531 162 .149 1.465 181
15%  .195 1.677 148 .202 1.488 167 . 149 1.465 170
16 .192 1.543 162 .200 1.411 177 .166 1.363 182
17%  .210 1.709 145 .219  1.661 - 150 .158 1.298 192
Table §.3 Wave Statistics from 3 Wave Gauges, 1:1 Slope.
Gauge 1 Gauge 2 Gauge 3
Test Hgym T,s N Hgm T,s N Hgm T8 N
No
1 146 1.717 144 .099 1.392 178 .140 1.717 145
2 .116 1.555 160 .122 1.696 146 . 130 1.642 152
3 115 1.583 157 .109  1.650 151 128 1.753 142
4 .113 1.599 . 156 . 126 1.800 138 128 1.669 149
5 .112 1.517 162 .124 1.628 151 .120 1.557 159
6 . 118 1.478 167 .122 1.665 148 .122 1.615 154
7 .074 1.477 168 .075 1.598 155 .073 1.527 163
B .048 1.350 184 .051 1.480 168 .049 1.340 184
9 .133 1.570 159 .138 1.758 141 .138 1.654 151
10 .134 1.665 159 . 130 1.722 .144 .141 1.671 148
11 .140 1.488 167 .132 1.684 147 .136 1.602 154
12 .134 1.601 155 L1327 1,695 147 .134 1.651 151
13 .131 1.502 165 .135 1.660 150 .138 1.704 146
14 . 130 1.546 160 .133 1.615 154 .136 1.644 151
15 081 1.417 170 .074 1.534 162 .070 1.499 166
16 .056 1.358 184 .056 1.445 172 .055 1.387 178

Table 9.4 Wave Statistics from 3 Wave Gauges, 1:2 slope
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Gauge 1 Gauge 3

Test No R¥ Q¥ x 1074 N% ¥ Q¥ x 10—+ N%
1 .01720 3.861 71.5  .02423 5.932 59.1
2 .01657 3.245 49.7  .02285 5.220 39.6
3 .01732 3.161 31.8 .02535 5.598 26.9
4 .01716 3.425 . 43.5  .02352 5.343 37.2
5 .01716 3.205 40.1 .02333 5.526 33.9
6 .07134 3.068 45.1 .02497 5.349 37.7
7 .01665 2.795 35.1  .02387 4.639 28.1

Table 9.5 A Comparison of the Dimensjonless Parameters
Calculated al the Breakwater Toe and 1.98m Offshore

In the tables above (9.3-9.5) the following notation was used:

Hg ~ significant wave height

T, - zero up-crossing period
- number of waves in record

N% - percentage of waves in record overtopping breakwater
- test with wave absorption *'out’

*
@ - reflection coefficient
9.3.4 Overtopping Discharge

For each test the overtopping discharge was measured with the
sharp-crested weir as described in the previous chapter. The results

from the tests are shown in Tables 9.6 and 9.7.

The relationship between overtopping discharge and breakwater crest
elevation above still water has been plotted on Figures 9.21 - 3.22.
The plots are of dimensionless discharge, Q*, vs dimensionless
freeboard, R*, as defined in Chapter 7 and given again below for Lhe

sake of convenience:

l?C

R¥ = — /5 (9.4)
HS 2m
J%ﬁg on
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where R. is the crest elevation above still water level
ﬁs is the significant wave height
S

is the wave steepness given by:

S = /I (9.6)
for Ly = gT%/2n (9.7

The results show that provided the wave record is a ’'full’ spectrum
rather than a part of a long sequence (’full’ spectra and sequence
lengths were fully described in 'an earlier chapter) the overtopping
dischafge measured, is the same, no matter what the‘wave patterh'is.
The above result holds true for both the 1:1 and 1:2 slope
breakwaters, at all the crest elevations above still water level
tested.

Examination of the results from a test where the sequence length was
'long’ compared to the test length highlights the problem of defining
accurately the test parameters. The calculated overtopping
- discharges from many tests with different portions of the same long
sequence (also statistically the same spectra as when a full sequence
was used) are quite variable. Thus, as would be expected, different
parts of the sequence give different discharges. The reéults do,

however, lie on the same, albeit in different parts, line.

This emphasises the importance of accurately defining the test
parameters. To obtain 'statistically correct’ results you should use

full length sequences from the chosen spectrum.

Figures 9.13 and 9.20 are plots of the wave record measured with
gauge 4, placed on the breakwater crest. The record shows the time

and magnitude of the overtopping waves.

An estimation of the overtopping discharge, Q, was alsc made by
calculating the flow over the crest wvolumetrically. Figure 8.20
shows a part of the wave overtopping record and a computer program
was writlen to calculate the area of water contained within the

record.
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This was converted to a volume by assuming the wave crest was
perpendicular to the breakwatér over the whole width of breakwater.
A comparision of the two methods of calculating the overtopping
discharge for some of the tests is given in Table 9.8. The results

agree favourably.

The volumetric method may be a poSsible technique for the measurement
of full—sgale overtopping discharges. The main assumption to be made
is that the waves are strictly one-dimensional, thus the profile must
be assumed to extend uniformly over the whole -width of the
breakwater. In a full-scale environment an array of wave gauges
would be needed to more accurately measure the wave profile over the

breakwater crest.

Test No. Full or Partial Hg Q of x 1074 *
Sequence (F/P) m wi/s/m
1 F .130 .00401 9.166 .01958
2 F . 150 . 00456 9.105 .01809
3 F . 150 .00431 8.029 .01689
4 F .170 .00471 8.495 01723
5 ¥ . 160 . 00556 11.003 .01350
6 F .090 .00109 3.428 . 02266
7 F 090 . 00964 3.240 .02359
8 F .090 .0004 1.521 .02157
9 F .100 .00015 2.566 .02312
10 F . 100 .00049 1.408 .02114
11 F . 100 .00148 4.286 .01431
12 F .099 00257 7.9325 01517 .
i3 F 096 .00289 8.875 .01491
14 F .098 .00262 B8.171 .01526
15 F .099 .00287 8.550 .01487
16 - F .098 .00287 T B.624 .01475
17 F .098 .00293 8.830 - .01478
18 F .093 . 00306 8.452 .01523
19 F .104 .01550 42.031 .01096
20 F . 099 02160 67.939 .01240
21 F .013 .02460 68.159 .01114
22 F .099 .02440 74,742 .01208
23 F .099 .02610 79. 8980 .01207
24 F .099 .02570 76,890 .01179
25 F .097 . 02560 79.033 .01205
26 F . 096 .02430 76.762 .01226
27 P .061 .00249 11.857 .01842
28 P .099 .00326 9.081 .01373
29 F .123 . 00651 18.558 .01565
30 F . 120 .00438 12.162 .01503
31 P .088 .00597 24.818 .01924
32 P .142 . 00795 18.558 01377

Table 9.6 Overtopping Discharge from 1:1 Slope Breakwater
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Test No. Full or Partial Hy Q o* x 1074 R¥

Sequence {F/P) m m?/s/m
1 F . 140 .00190 0.323 . 01586
2 F - L130 . 00092 1.156 .01721
3 F .128 .00157 2.848 .01625
4 F . 128 .00120 2.290 01706
5 F . 120 .00142 3.008 .01889
(3] F .123 .00143 2.921 .01799
7 P .073 . 00037 1.335 .02470
8 P .049 . 00602 .142 .03435
9 F .138 .00158 2.822 .01037
10 F . 141 .00321 5.546 01015
11 F .136 .00334 6.240 .01078
12 F .134 .00343. 6.301 .01054
13 F .138 .00342 5.908 .01006
i4 F . 136 .00329 5,982 .B10650
15 P .070 .00078 3.027 . 01606
16 P .055 .00017 .879 .01958
17 F .137 .00601 . 10.036 . 00799
18 F .135 .0520 9,418 . 00834
19 F .134 .00477 9.258 . 00890
20 F .134 .00481 B.901 .00849
21 F . 133 .00477 8.432 . 00808
22 F . 141 .00472 B.491 .00846
23 P .086 .00163 4.845 .01093
24 P .055 . 00042 2.271 .01551
25 F .123 .00190 4,829 .(01396
26 F . 123 .00177 4.324 .01344
27 P .073 .00012 .5156 .01929
28 P .066 . 00002 . 1044 .01908

Table 9.7 Overtopping Discharge from 1:2 Slope Breakwater

Q (weir) 'Q (volumetric)
m3/s/m m3/s/m
.006010 .006439
005196 .007077
.004771 . 005566
.004810 . 004907
.004765 .004574
.004722 .004242
.00163 .001270
.000420 .000358
.00190 .00180
.001767 .002775
.000121 .000361
.000200 .000369
. 005966 . 005966
.004365 .004643

Table 9.8 A Comparison of Overtopping Discharge Measured over
a Sharp—Crested Weir and Volumetrically over Lhe Breakwater.
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Figure 9121 shows how the results compare with previous test data
{Owen 1980). The insét box contains the results of the present

study. The tests results inside the box are shown in full on Figure
9.22.

The results presented here compare well with Owen’s test results and
extend the validity of his discharge curves much closer to a crest
elevation approaching still water level. The scatter of results from

the pfeéent study is shown on Figure 9.22.

The results from the 1:2 slope breakwater are less scattered, perhaps

due to the lower levels of reflections present.

As mentioned earlier, a number of tests were performed with a Newman
spectrum with the same significant wave height as the

Pierson-Moskowitz spectrum used for the majority of the tests.

Table 9.9 compares the overtopping discharge measured from the two

different spectra at the same crest elevation.

Q (P-Mn®/s/m Q (Newman) m®/s/m
0.00334 0.00436
0.00343 0.00587

Table 9.9 A Comparison of Overtopping Discharge from

two different spectra

The Newman Spectrum produced approximately 30% greater overtopping
discharge than the P-M spectrum. If the two spectira are compared
{(Figure 9.23) it is seen that the peak energy level of the Newman
Spectrum is approximately 30% higher than the peak energy level of
the P-M Spectrum, even though the significant wave heights are very

similar,

From the limited tests pefformed with different spectra it could,
perhaps, be suggested that the overtopping discharge is more
accurately related to peak wave energy, rather than significant wave

height. More tests would have to be conducted to verify this theory.
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The percentage number of waves overtopping in the regular wave tests
is naturally 100% and thus the results, of regular wave tests cannot

be related to any results on Figure 9.25.

9.4 Wave Absorption

The beneficial effects of the wave absorption system have already
been seen in Figures 9.7 and 9.11 where it was seen that the Incident
Wave Spectrum remains close to the theoretical spectrum for different
degrees of reflection. The closer correlation to the Shore

Protection Manual estimates of reflection coefficient with. wave

’ ?

absorption ’'in’ was also discussed in Section 9.3.2. Thus the wave
absorption system enables a more accurate model of the full-scale

situation to be created.

Figures 9.26 and 9.27 illustrate the difference made to the incident

spectra with wave absorption 'in'. The incident spectrum with wave

absorption ’in’ is smaller than for absorption ’out’ due to the
elimination of re-reflections (and higher orders). The loss of high
frequency components with wave absorption ’in', as noted earlier is
also seen again. The high frequency loss suggests that-the wave
absorption system may npt be as responsive or accurate at the higher
frequencies - this may be a mechanical problem with the wave paddle
or a software problem in the wave absorptidn circuit board. This
agrees with the regular wave tests on the absorption system in
Chaptef 7 where a loss is noticed in the higher frequencies (Figure
7.13. "~This is also consistent with the loop gain of the systenm
discussed in Chapter 6. An alteration of the filter on the circuit

board may help to solve the problem (gsee Chapter 6).
A comparison of Figures 9.28 and 9.29 shows the effect the wave

absorption system has on the wave spectra measured at discrete

locations within the channel.
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