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A Mathematical Model of Diffraction by Breakwaters in Random Waves

J V Smallman SR No 174

ABSTRACT

This report gives details of a method to predict diffracted wave heights in
the lee of a breakwater for random waves. It uses a technique whereby the
diffraction coefficients for unidirectional monofrequency wave components
are combined according to a specified incident frequency spectrum and
directional spread. An example of its application, and effect, is given for
a breakwater gap. Some illustrations of the use of the method for the

production of diffraction diagrams are provided for island breakwaters and
breakwater gaps.
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2.1

INTRODUCTION

DIFFRACTION
COEFFICIENTS FOR
RANDOM WAVES

Theoretical

considerations

There are several publications which present diagrams
which may be used to calculate wave heights in the
vicinity of a breakwater (see, for example, Refs 1 and
2). In general the diagrams which are available are
applicable only to undirectional monofrequency waves.
In this report details are given of a method for
predicting diffracted wave heights for random incident
waves, which uses results from numerical models

already developed for monofrequency incident waves
(Ref 3).

The technique which is used to calculated diffracted
wave heights in random wave is based on the idea of
combining spectral components taking into account the
diffraction coefficient for each of them. Details of
the method used is given in Chapter 2, together with a
discussion of the effect on diffraction coefficients
of including directional and frequency spreading in
the calculations. In Chapter 3 examples of diagrams
are presented which allow diffracted wave heights for
random incident waves to the calculated for island
breakwaters and breakwater gaps. The conclusions and
recommendations arising from this study are given in

the final chapter.

The diffraction coefficients for a given breakwater
configuration with fixed incident wave conditions 1is
defined as the ratio of the wave height in the area
affected by diffraction to the incident wave height.

It is usually denoted by K, where,

d



’ (1)

and H, and Hi are the wave heights in the area
affected by diffraction, and the incident wave height
respectively. In (1) it is assumed that H is the
monochromatic wave height, and as a consequence of
that Kd is a function of both the frequency and

direction of the monofrequency incident wave.

In random waves the sea state is usually characterised

in terms of the significant wave height (HS) where,

o 29
H, = 4[f [ s(f,0) do df]* (2)
o o

N

and S(f,0) is the spectral density which is a function
of frequency (f) and direction (©). Extending the
definition given in (1) and (2) the diffracted wave

height at a given location in random waves is given

by,
o 27 1
(H, = 4[0 g K2(f,0) s(f,0) do df]?, (3)

where Kd(f,e) is the diffraction coefficient at that
location for a monofrequency wave with frequency f and
direction ©. Thus, for random waves the diffraction

coefficient is given by

(H) o 27 L
_ ==82d _ 3
& ran =TT, " [g | Xg(E0 st do ae]¥
o 29 N
(J | s(£,0) do df]*. (4)
o 0

This definition is similar to that given in Goda

(Ref 4).



In practise the values of the fuactions Kd and S will
be known for certain discrete values of f and O and

(4) will be approximated by

n m 1
[y Ké(f.,@.) S(f.,0.) a0, Af. J?
(X)) - A7t el - B
d’ran n m N ?
S(f£.,0.) A0, Af, J?
[12=1 JZ=1 (F1005) 295 48, ]

where n frequency and m direction components are being
considered, and Afi and Aej are the width of the ith
frequency and jth direction interval. The frequency
and direction components used in (5) must be selected

so as to fully cover the range of the incident wave

spectrum,

Therefore to calculate the diffraction coefficient in
random waves we need to specify the incident wave
spectrum, and determine the diffraction coefficients
for each of the discrete frequency and direction

components in (5).

A typical spectrum is of the form,
S(f,0) = s(f) G(o),

where S(f) is the frequency distribution of wave
energy and G(©) is the directional distribution of
wave energy which is assumed to be independent of
frequency. The frequency spectrum will normally be
calculated using established formula for deep water
waves such as Pierson-Moskowitz or JONSWAP. A summary
of the formulae which are in common use is given in
Chakrabarti (Ref 5). 1In the present work a
Pierson-Moskowitz spectrum is used to provide examples

of the application of this theory.



2.2 Application to a

breakwater gap

We also require a function describing the directional
distribution of wave energy. Much research has been
done on the choice of a function describing
directional spreading of energy. In particular the
work of Hasselman et al (Ref 6) which resulted in the
formulation of the JONSWAP wave spectrum which uses a
distribution based on cosz(ehqn), where qﬂis the mean
wave direction, to describe the directional spread of
waves. There is some evidence to suggest that the use
of a narrower directional spread, see Mitsuyasu

(Ref 7), may be appropriate in shallow water, but in
the present work the cos?2 spreading function is

retained.

To find the random wave diffraction coefficients for a
particular breakwater configuration it remains to
calculate the diffraction coefficients for each of the
frequency and direction components. The method which
is employed here to calculate diffraction coefficients
for a breakwater gap and an island breakwater uses an
integral equation technique which is described in

Gilbert and Brampton (Ref 3).

An example of the application of the technique
described above to calculate diffractions coefficients
in the lee of a breakwater gap ia random waves is

given in the following section.

In conventional diffraction diagrams the gap width or
breakwater leagth is specified in terms of the
wavelengths of the incident wave. This allows them to
be used in a more general way than if the gap width
were given in dimensional variables, as both the water
depth and incident wave period would then need to be
specified. A similar approach is used here for random

waves with the gap width being given in terms of the



wavelength corresponding to the peak period of the

incident spectrum.

Once the gap width of interest has been selected it
remains to calculate the diffraction coefficients for
this layout for the various frequency and direction
components. The frequency components in equation (5)
should be selected to cover the range fp/Z to 2fp,
where fp is the frequency corresponding to the peak
period. For a straight breakwater the direction range
will be #90° from the ceatre line of the breakwater.
Typically, 10 frequency and 11 direction components
will be sufficient to ensure accurate results, whilst
maintaining moderate computational effort. Al though
more components may be required where the frequency
range of the incident spectrum is large, or there is
likely to be a significant variation in the
diffraction coefficients caused by a small change in

incident direction.

To provide an example, the method described above was
used to calculate diffraction coefficients in the lee
of a breakwater gap. To examine the influence of
introducing a frequency and directional spread on
diffraction coefficient the following cases were

considered.

a) Gap width one wavelength, normally incident waves

(unidirectional, monofrequency incident waves).

b) Gap width one wavelength, mean incident direction
normal, cos? directional spread (monofrequency

incident waves).

c) Gap width one wavelength at the peak period of the
incident (Pierson-Moskowitz) spectrum, normally

incident waves (unidirectional).



d) Gap width one wavelength at the peak period of the
incident (Pierson-Moskowitz) spectrum, mean
incident direction normal, cos? directional

spread.

The results from these tests are presented in Figure 1
as contours of equal diffraction coefficients.

Figure 1(a) shows the wave height coefficients
obtained for unidirectional monofrequency incident
waves. It can be seen that the values of wave height
coefficient are symmetric about the centre line
through the gap, as should be expected for normally
incident waves. The largest values along any line
parallel to the gap also occur along this centre line.
At distances in the lateral direction greater than one
wavelength from the gap centre the wave height

coefficients are less than 0.3.

The effect of introducing a directional spread of the
incident waves can be seen by comparing Figures 1(a)
and 1(b). The most significant feature is that along
the gap centre line the effect of directional
spreading is to decrease the wave height coefficient.
This decrease will be due to there being less energy
in the direction of normal incident, when compared
with 1(a). There is however more energy penetrating
into the areas either side of the centre line outside
the immediate vicinity of the gap. This will be due
to energy being directed aloag other directions than
normal, and influencing the diffraction coefficient

through the directional spreading.

The diffraction coefficients for normally incident
waves without any directional spreading for a
Pierson-Moskowitz spectrum are shown in Figure 1(c).
It can be seen that the line of equal diffraction
coefficient are much close and more sharply defined

than either 1(a) or 1(b). This will be a feature of
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DIFFRACTION
DIAGRAMS FOR
RANDOM WAVES

most of the energy being directed along the centre
line through the gap. At most locations the
diffraction coefficieat is higher than for cases (a)

or (b).

For the case with a Pierson-Moskowitz incident
spectrum with a cos? directional spread about the mean
normal direction the results are shown in Figure 1(d).
As should be expected the effect of introducing
directional spreading, whean compared with 1(c¢), is to
decrease wave heights at most locations, and to
broaden the:contours of diffraction coefficients. The
general shape of the contours is similar to those in
1(b), but the values of wave height coefficients at
most points are slightly higher. On comparing the
results from 1(d) with 1(a) it can be seen that for
this case using the monochromatic diffraction
coefficients instead of the random diffraction
coefficients would result in wave heights in the lee
of the breakwater being slightly overestimated. This
should not be generalised to other breakwater
configurations and incident spectra, as each situation

will have differeat characteristics.

In this chapter we present diffraction diagrams for
random incident waves for both a breakwater gap, aun an
island breakwater. These are primarily intended to
provide examples of the type of diagrams that can be
produced using the method outline in the previous
chapter. All of the diagrams preseated are for a
Pierson-Moskowitz incident wave spectrum with cos?2
directional spreading about a specified mean

direction.
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CONCLUSIONS AND
RECOMMENDATIORS

Diffraction diagrams for breakwater gaps of one and
two wavelengths (corresponding to the peak period of
the incident wave spectrum) are given in Figures 2 and
3. In both figures diffraction coefficients are given
for mean incident directions of 0%, 30°, 45° and 60°.
In all cases the characteristic pattern is displayed
with the coatours of equal coefficients forming in the
shape of a parabola around the gap. The axis of this
parabola being along the extension of the incident
wave direction. As a result of this the maximum wave
height on a line parallel to the breakwater will
always occur along the line of the incident direction

continued into the lee of the breakwater.

Similar diagrams for island breakwaters of length one
and two wavelengths are given in Figures 4 and 5.
These again display some typical features. For
example, there is again a parabolic shape to the
contours of equal wave height coefficient. 1In both
cases at relatively short lateral distances from the
breakwater the wave height coefficient become equal to
one. That is, diffraction effects have become small
and the incident wave height is being maintained. It
should also be noted that such breakwaters only offer
good shelter in their immediate lee, and that this

varies considerably as the wave direction changes.

1. A method has been developed for the calculation of
diffraction effects in random waves. Examples
have been given of the use of this technique for
predicting wave conditions in the lee of the

breakwater gap, or an offshore breakwater.

2. Diagrams, such as those shown in Figures 2 and 3,
will be useful tools for the engineer involved 1in

the design of island breakwaters. Similar



5

ACKNOWLEDGEMENTS

diagrams could easily be produced for different
incident frequency spectra, directional spreading

functions and breakwater configurations.

3. Consideration should be given to the production of
a series of diffraction diagrams which could be
routinely used by engineers (similar to those in
Refs 1 and 2) in sitg:Fpecific studies. One
possibility is that such diagrams could be
generated by the engineers themselves using the

present model implemented on a micro-computer.

The work described in this report was carried out in
Dr S W Huntington's Maritime Engineering Department.
The author would like to thank Dr A H Brampton for his

help and advice.



6

REFERENCES

US Army Corps of Engineers. Shore Protection

Manual, 1984,

Weigel R L, Oceanographical Engineering.

Prentice-Hall, 1964,

Gilbert G and Brampton A H. The solution of two
wave diffraction problems using integral
equations. Hydraulics Research Report IT 299, May
1985.

Goda Y. Random Seas and Design of Maritime
Structures. Chapter 3.2. Uaiversity of Tokyo

Press, Japan, 1985,

Chakrabarti S K. Unification of two-parameter
energy spectrum models ASCE Journal. Waterway,
Port, Coastal and Ocean Engineering, 112(1),
pl73-177, 1986.

Hasslemann K et al. Measurements of wind wave
growth and swell decay during the Joint North Sea
Wave Project (JONSWAP). Dtsch Hydrogr Z A(8)
Suppl, 1973.

Mitsuaysu H. Directional spectra of ocean waves
in generation area. ASCE conf Directional Wave
Spectra Applications. UCLA Los Angeles, September
1981.

10



FIGURES.






peaJds Jeuol§adlp pue poldad (p)
101

'Jllﬁnllq 00

uoiydaJip a1buis yyim peadds polsag (9)
e | e

1
101 0 101 702 10%€-

A\ AN NN

LN N ]

TR NI\

\
Ly \ vo m.oro.cﬁo o 1o (/.o

ll—lll- 0.0

|4||J|II|J|||L 00

0 £0 20
ﬁ \
\ / \ / —{10€
» \PANIN A
| /1] U,
peaJsds jeuolo3dip yyim potdad abuis (q) 1 uojydaJtp 3jBuis pue polsad buis (e)
102 101 10t 0 J01- 102~ T0€-

/

\

/

/I w// N

1ot
NN

/

f L/
\ 2,/ \m\.o \ /

N N
. 10¢€

10

Effect of frequency and directional spread on diffraction coefficients for

breakwafer gap of one wavelength, normal incidence

Fig 1




J0¢

409 Uol433J1p Juapiou) uealy (p)

102 101 0 101~ 702 10€-
— poenent ] 0°0
/ \ \
// 50
™ / 701
NADY] )
[HN /
N.04 A \ £0 102
/ 10€
” 10 /
/ 1 0%
»0€ Uol4d3J41p juaphoui uedly ()
7027 701 w 101~ J02- J0¢-

1070

101

0

£0

107

10€

10

T0¢€

107

101

Alllmll.'

o5 UOH33JIP JudpDUl URBW {3)

1

ol

102~

10¢€-

e —— S ———— 1 0°0
\ // \3 ,, ,/ N.7._ 0l
\ ///\\\

FV\ 0 /A " m.O\ 02
\\ / . ///-\ \\ L oe

| \
h o'y

<0 UO1§33p Ju3pIU] Uea (2)
10¢€ 102 100 T qe- 1020 0%

Illjll._ 00

/

y

Y

|

\

\

A\

101

\

W

\

\

N\

€0

A

270

)

\

N

10y
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