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ABSTRACT

This study reviews the phenomena which generally affect water
waves entering a harbor, and discusses the traditional methods of
calculating the effects of the three principal phenomena - refraction
diffraction and shoaling. The utility of harnessing the capability
of the computer to make the required calculations is illustrated.

A computer program is presented which estimates the effocts of
refraction and diffraction as they combine to change the direction
and height of water waves. A unique feature of the program,
referred to as "REDSEA", is that it considers the degree of reflec-
tion from the breakwater in calculating the diffraction coefficients.

The validity of the predicted results is established by comparin
them to experimental data obtained in ccnnection with this study as
well as data from a similar study conducted previously. Applications

of the program tc design and analysis problems are discussed.
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CHAPTER 1

INTRODUCTION

The Coastal Engineer is charged with the task of evaluating the
nature of the sea and designing his structures and facilities in
such a manner that both the coastal environment and his products
may coexist in harmony. While history records the efforts of
Coastal Engineers as long ago as 2000 B.C. with the construction of
the port of A-ur, it is repleat with the failures and shortcomings
of the men involved in the discipline, One of the early failures
involved the construction of the port of Ostia, Italy, about 43 A D.
Soon after its completion, engineers were confronted by unexpected
sllt which began accumulating in the port, and within 75 years the
port was closed by the silt.17

It is not necessary to go so far back into history to find
an example of such a failure, for one of the classic examples of
inadequate engineering along the coast occurred on the California
coast at Santa Barbara. Here beginning in 1927, a breakwater was
constructed to create a harbor for pleasure craft. The brezkwater
interrupted the littoral drift of sand, however, and not only
caused the harber to fill with sand, but caused serious erosion of

the beaches downcoast. Undoubtedly the Santa Barbara harbor would

The citations on the following pages follow the style of the
Journal of the Waterways and Harbors Division, American Society of
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have long since met the same fate as Ostia but for the ability of
modern dredges to keep the harbor open by a process of continuous
dredging.l7

Countless cther examples are readily available, but need not
be cited, for the point to be made is that throughout history, tine
Coastal Engineer has been plagued by the difficulty in forecasting
precisely the effects his structures will have on the balance of

forces which nature has established, Waves, winds, tides, currents,

beach materials, storms, hurricanes, and many other factors interpla

in such a complex fashion that their effects on a structure, and
conversely the effect of a structure on the balance of these forces,
cannot generally be calculated with great accuracy. Furthermore,
the calculations that have traditionally been used to give approxi-
mations are often tedious and time consuming.

To overcome the inability of mathematical calculatioms to
accurately predict a result, modern planners have resorted to the
extensive use of physical models. These models are often quite
elaborate and are themselves governed by various model laws, Ion
general, these models give very good results, provided they are
properly designed and carefully constructed. However on the debit
slde, models are costly, difficult, and slow to build., A thorouga
medel study of a harber construction plan may take months or even
years.

In the last decade the digital computer has emerged as a most

powerful tocd in countless fields of endeavor, and certainly rhe



Coastal Engineer can be counted as one of its benefactors. By
harnessing the power of the computer, the engineer is able cto make
almest instantly the myriad of calculations that formerly were very
painstaking or even out of the question due to their complexity. He
is able to investigate a large number of possibilities in a mere
fraction of the time formerly required to analyze a single design,
While the computer cannot by any stretch of the imagination replace
the sound engineering judgement or experience of the Coastal Enginee ,
nor can it replace completely the physical model, it does have manw
applications in the field of Coastal Engineering and may conplement
engineering judgement and physical model studies, The paragraphs
that follow will discuss one such application of the digital com-

puter to Coastal Engineervring.



CHAPTER II

HARBORS, BREAKWATERS, AND WAVES

General

A harbor is a protected part of a body of water where vessels
may take refuge from heavy seas., More specifically it is a place
where waves coming from the open seas will be sufficiently reduced
in height that vessels will not be endangered. Where natural
harbors are inadequate in size or number, artificial harbors may
be created by constructing breakwaters to protect a body of water,
but regardless of whether a harbor is natural or artificial, the
waves approaching the harbor are not usually stopped altogether,
but instead are merely reduced in height. The problem to bLe sub-
mitted to the digital computer for sclution is "How much will the
wave height and direction be changed under these circumstances?"

The degree of reduction is a functien of many things: water
depths within the harbor, water depth contours at the harbor
entrance, the direction of approach of the incident wave, the
period of the wave, water curremts, the entrance width, the degree
of wave reflection from the breakwater, and the particular area
of interest within the harbor, to mention only the most important.
Even if all of the variables named are given specific values, it
is a very involved task to arrive at an approximation of the wave

height, If the wave height for a number of points within the



and breakwater designs, the effort required is multiplied accord-
ingly. Prior to the advent of the digital computer, the calculatiois
required might have taken thousands of man-hours, with a correspond -
ingly large possibility for human error. However the inecredible
speed of the computer in making the same calculations reduces the
time required to a few minutes, and virtually eliminates the possi.-
bility for error. A brief review of the phenomena of wave trans-

formation will serve to illustrate the point.

Propagation of Waves into Shoaling Water

The Linear Wave Theory relates the velocity of a progressive

wave to other variables by the formula

C =\/% tanh ZEd (1)
where:

L = wave length

C = wave celerity

g = acceleration of gravity

T = wave peried

d = water depth

In relatively shallow water ( %—< %‘) this equation reduces ro

C = vgd . (2)

it is seen that the wave velocity (or celerity) in conditions of

shallow water is dependent only upon the depth of the water at



the point in gquestion., Now if a wave approaches shallow water at

an angle to the bottom contours, then part of
slowed down before the rest of the wave which
causing the wave to be bent, or "refracted".
constructed perpendicular to the wave fronts,
will be seen to converge or diverge depending
If these orthogonals diverge, the energy
wave is redistributed along a wider front and
recognized that the height of the wave should
these conditions. The energy of one wave per

determined by the equation

the wave will be
is in deeper water,
If orthogonals are

these orthogonals

on the bottom centour .

contained within a
intuitively ..t is
be decreased under

unit width can be

(33

and the energy between two orthogonals a distance bo apart is

given by
vH 2Lb
E=—22
8

where:

E = energy

H = wave height

b = distance between orthogonals

v = specific weight of water

subscript "o'' denotes deep water

()

The assumption is generally made that during the process of refrac-

tion there is no energy transfer between orthogonals, and this

a ..
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From this can be obtained the ratio

g— =] -2 (6)

which is called the refraction coeffiecient, Cr.17

As the wave moves into shallow water, it is also subjected to
a second transformation in addition to refraction, called "shoaling "
The power transmitted by a wave is proportional to the energy of
the wave and the group celerity of the wave, If the celerity
becomes less in shallow water, but the rate of shoreward energy
transfer remains constant, then the wave height must change., The

ratio of the wave height in shoaling water to the deep-water

height is given by

1/2
H -
- {7)
H' 2Kd
o (1 v 21{&) tanh Kd
where:
2T
K = L -

This ratio is known as the shoaling coefficient, Cs.5

The evaluation of the shoaling ceoefficient is simplified by
tables contained in References 2 and 17, which give H/Hé as a2
funection of d/L or d/LO. The evaluation of the refraction coeffi-

cient, however, is much more involved. For several decades two



to engineers. The first method, known as the "wave front method",
is essentially a chart showing successive wave crests, with each
crest separated from the preceeding one by a distance proporticnal
to the wave celerity. Orthogonals to the crests are then drawn,
which determines the distances b and bo' (See Fig. 1). The

second method is similarly a graphical method, except that the
orthogonals are constructed initially, without the necessinty of
first drawing the wave fronts. 3Both of these methods are discussed
in more detail in References 2, 3, 5 and 17, But regardless of
which method is used, the process is time consuming and the accurac

obtained is dependent on the skill of the draftsman.

Diffraction of Waves

The third and final change in wave form as it might enter a
harbor is due te¢ the phenomenon called diffraction. Wave diffracti m
occurs as part of a wave is "cut off’" as it moves past an obstruc-
tion such as a breakwater. The portion of the wave passing b>eycnd
the obstruction and any wave reflected back from the obstruction
act as an energy source and cause waves of a circular pattern in
the lee of the obstruction. The classical treatment of this
phenomenon, which owes its origin to the study of polarizea light,
is described by Putnam and Arthurlé and Wiegell7. Their analysis
shows

Ct

n=<¢ikK C/g)eik cosh kd - F(x, @) (8)



where:

~iky cos(@+00)

F(r, ©) = f(o) o 1kT cos(@—eo) + f(ag') e (9)
g = Y4kr/n sin[(96+9)/2] (21)
g' = - Vikr/n sin[(eo—e)/ZJ (1Ll)
, o .
£(0) = —1-3“-5- == (12)
) w © dt
., (@ _i.2
£(o')= £ e (13)
J e e dt
and
n = distance from still water level to surface
a = wave amplitude
1 = y-1
r, 8 = radius vector and vectorial angle respectively of polar
coordinate system
t = time

Equation (12) may be rewrlitten (Ref. 4)

f(o) = 1+ {o dmt? R
2 2 2
e dt + e dt
---m o
a g B
= igl lii + cos m 1/2 t? dt-1 [ sin 1/2 m that (14

Jy

o]
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Useful functions in solving this equation are the Fresnel integrals

which are defined8 as

X
Cix) = cos(uz)du (15
o
and
X
S(x) = sin(u?)du (16
o

Tabulated wvalues of these Fresnel integrals thean permit the svalua-
tion of (12) and (13), which in turn permit the calculation of the
wave height at any point In the vicinity of the breakwater.

The second term of equation (9) represents that portion of
the diffracted wave which is caused by the reflected wave from tne

breakwater. In general, tables of diffraction coefficients . have

y ty -2

[Zo N ah

been calculated assuming 100% reflection from the breakwater.
Yet the experiments that havé been conducted to verify the diffraction
theoryla as well as breakwater comnstruction practice, use structures
that probably come closer to 0Z reflection than 100%. This dis-
crepancy is pointed out and discussed by Silvester and Liml5 althouga
there is no single instance in the literature where the degree ot
reflection is used to determine the diffraction coefficient.

Several practical considerations have probably dictated this
rather careless treatment of the reflected portion of the diftfracrzac
wave in the past. First, this term is significant only in the

zones immediately in front of the breakwater and near the tip of
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the breakwater. Further inside the harbor this term generally be-
comes insignificant as can be demonstrated with the computer
program to be presented in this study. Secondly, diffraction co-
efficients traditionally have been determined by design engineers
from charts and tables such as those in References 2, 4 and 17.
These charts and tables are of necessity somewhat unwieldy as they
stand. If many sets of these were to be constructed, with each set
representing a different coefficient of reflection from the sreak-
water, the result would be a disproportionate inc¢rease in the
volume of published diffraction tables, with little increasze in
accuracy. However where the diffraction coefficilent is calculatec
mathematically, as it is readily donme by computer, it is a simple
matter to include a percentage of this term equal to the per:cent
reflection from the breakwater. Detailed discussions of the theory
of water wave diffraction are contained in References 3, 4, 7, 13,

14 and 17.

Combined Effects — Diffraction of Waves in Shoaling Water

The theory of wave diffraction is based on the assumption tnat
the water depth in the region of diffraction is constant. As one
might imagine, it would be a rare harbor indeed that might have
water of a constant depth througheout its reach. If the theory
does not apply to actual conditions, then how do we estimate wave
attenuation under actual conditions? The U.8. Army Coastal Engi-

neering Research Center describes what has been done in practice



for several decades.2

1. Construct a refraction diagram shoreward to :he
breakwater,

2, Construct a diffraction diagram carrying the
successive crests shoreward three or four wave length

3. With the wave crest and wave direction indicated by
the last shoreward wave crest determined from the
diffraction diagram, construct a new refraction
diagram to the breaker line.

This procedure represents the state of the art today. Clon-
sidering the work that would be involved to estimate wave height
and direction under conditions of wvarying tides, varying wavs
periods, varying wave directions, varying breakwater locations and
varying breakwater reflection coefflcients, it becomes obviocus that
a thorough investigation represents a monumental task. Anc yet
such an investigation is often warranted because the safety of
harbored vessels, currents within the harbor, littoral drift,
equilibrium harbor shorelines, and conditions of seiche are all
influenced by the wave height and direction within the hartor.

Furthermere, the question arises as to the wvalidity of rchis
technique of evaluating the combined effects, since it does seem
to lack somewhat in precision. The literature describes onlv one
study which has been done to evaluate the combined effects. 'This
study was done by Mobarek in 1962 in a wave tank 6 feet by 17 feet.

Even though Mobarek notes the serious limitations imposed by his



equipment and strongly suggested that more experiments on 4 larger
scale be conducted, there do not seem to have been any furzher

experiments,

Summary

In summary there are three principal phencmena which affect
the height of water waves entering a harbor: refraction, shoaling,
and diffraction. Of these three, two also affect wave direction:
refraction and diffraction. Any one of these three can be readily
evaluated using techniques that have been available to engineers
for a number of years, However, it is a very time consuming proces
to evaluate the combination of these effects simultaneously, and
furthermore there is a need of further evidence that the method
currently employed by engineers does give good predictions. If
the digital computer could eliminate the tedious, time consuming
task of predicting wave attenuation in a harbor, and if the compute
predictions could be verified in a large scale medel, it would be
a worthwhile effort. This was precisely the objective of the stucy

to be described in the paragraphs to follow.



CHAPTER IIT

A COMPUTER PROGRAM

General

The task of assembling a computer program to solve the simul-
taneous refraction-diffraction problem does not entail any concepts
or theories that are new, On the contrary, the problem will be
attacked much as it had been before the age of the computer. The
gsame principles discussed in the previous chapter will constitute th
basis for the computer solution. The computer pregram will be refer ed
to by the acronym REDSEA, derived from "refracion and diffracion -
simultaneous effects approximation.”

Fortunately REDSEA did not have to be written without the benef t
of the work of others who had found applications of the computer to
wave phenomena. In 1967, Fan, Cumming, and Wiegel4 published
"Computer Sclution of Wave Diffraction by Semi-Infinite Breckwater,"
which included a computer program that would evaluate the diffractio
coefficient based on the theory previously discussed except that 1(Q
reflection was assumed. A second computer program which would cal-
culate the effects of refraction and shoaling was published in 1969
by Orr and Herbich12 in "Numerical Calculation of Wave Refraction by
Digital Computer.' REDSEA represents essentially a combination of
thege two programs, aleng with a provision to include the effects of

wave reflection from the breakwater. Both of these older programs,



as well as REDSEA, are written in the FORTRAN IV computer language.

Refraction Program

The refraction program of Orr and Herbich begins with the
establishment of a rectilinear coordinate system superimposed over
the body of water, with the origin of the coordinates to the seaward
side of the area of interest. A grid of evenly spaced lines is then
oriented with the grid lines parallel to the coordinate axes, and th-
bottom topography is registered by noting the water depth at eacr
grid line intersection. Other information submitted to the computer
includes the angle of wave approach and wave period.

The second step in the refraction calculation is to conpute and
record within the computer memory bank the celerity of the given
wave at each of the grid intersections. With this information the
computer is caused to calculate the path of a wave orthogonal from
a given starting point and with a given starting direction. This
is done by calculating the grid coordinates of the intersection of
the wave crest and the orthogonal at a given time increment which
must be specified by the program user. A single orthogonal is trace.
in this manner until it reaches the limits of the grid system or the
shoreline. At each of the points thus plotted along the orthogonal
trace, the coefficients of refraction and shoaling as well as the wa o
direction are calculated using mathematical techniques described in
the refraction portion of REDSEA (Appendix 1) and in Reference 1:.

The useful information which the computer may be called upoun to



deliver are a serles of points along an orthogonal, with the cocrdi-
nates, wave height, and wave direction for each of these points, Th
program user may specify as many orthogonal starting points as may
be desired, and this will cause the computer to give the complete
trace of each orthogonal, so that the wave pattern in the area ofl

interest may be determined.

Diffraction Program

The program to calculate the diffraction coefficient presentad
by Fan follows very closely the mathematical theory which was dis-
cussed briefly in the previous chapter, and which is discussed in
greater detail in Reference 17. The original program by Fan however
not only involves some computer techniques which have since been
superceded, but is partly written in MAP computer language which is
not generally used by engineers., For these reasons the diffractiun
program was rewritten for this study, although many of the mathemat-
ical procedures presented in Reference 4 were retained.

This newer diffraction program is presented as Subroutine "DIFFF'
in the REDSEA program, and requires as input information a wave leagt a,
a wave angle with the breakwater, a coefficient of reflection from
the breakwater, and the transposed rectilinear coordinates of the
point for which the diffraction coefficient is desired. Fromn rhis
information, the parameters for diffraction calculations are deter-
mined. The Fresnel integral values are evaluated through the use o1

a series eXDansion.13 The variables used in subroutine DIFFR ars



acronyms from the mathematical procedures previously mentiovned, and
the steps involved in Subroutine DIFFR may be readily related to the

steps in the mathematical procedures,

REDSEA

REDSEA is a combination of the Orr and Herbich refract:on pre-
gram and subroutine DIFFR. In the simplest terms, the technique use
in REDSEA is to initiate orthogonals as in the refraction ptrogram.
Then as each point along an crthogonal is located, the refraction
and shoaling coefficients are calculated as before. TFollowing this
the coordinates of the point are transformed into coordinates used
in the diffraction coefficient calculations, (see Fig. 2) and a wave
length at that point is calculated according to the relationsaip

L =CT (18}

With this information a diffraction coefficient is calculated and
the wave height at that peint becomes the product of the shoaling,
refraction, and diffraction coefficients. A wave orthogonal is
terminated when 1t reaches the breakwater, the limits of the grid,
or the shore. The orthogonals thus plotted are termed "primary"
orthogonals for future reference.

Once all of the primary orthogonals have been plotted, the con-
puter program initiates a second series of orthogonals in tte lee CI
the breakwater, which will be termed "radial'' orthogonals.

The orthogonals of this series all start at the breakwater tif

but differ from each other in the direction each takes initially.
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first radial orthogenal a direction fifteen degrees clockwise from

the breakwater line. FEach successive radial orthogonal is assigned

an initial direction fifteen degrees clockwise from the precezding o e,
and the initiation of radial orthogonals is continued until finally u
orthogonal is propagated out of the lee of the breakwater, at which
point the problem is stopped.

Several problems are encountered in implementing the basic plan
for REDSEA however, First, in order to calculate a diffraction
coefficient, the angle between the wave orthogonal and the htreakwate
must be known, and yet if refraction takes place between the ortho-
gonal origin and the breakwater, the angle will not be knowr until
the orthogonal is propagated to the breakwater, To overcome this
problem, an approximation is made in REDSEA. TFor all of the primary
orthogonals, the angle between the breakwater and the wave crthogora
is taken as the wvalue of that angle at the orthogonal origir. In
other words, any change in direction due to refraction between th=z
origin and the breakwater is neglected., The error introduced by
making this assumption is small since diffraction coefficients will
generally be near unity except in the lee of the breakwater,
and a small variation in the angle of incidence will have little
effect. However in the lee of the breakwater, this angle is wverv
important, and for this reason the assumption is not carried on to
the radial orthogonals. Instead, the wave angle of the last orthogot zl

passing the breakwater tip is taken as the angle of incidence for the

- - - . - A e s - -~ . . . . - . o



breakwater. A similar problem is encountered in calculating the wa e
height in the protected zone, for if the wave height was changed ty
refraction before a wave reached the breakwater tip, then this change
would influence the wave height in the lee., Since the radial ortho-
gonals are initiated at the tip of the breakwater with an initial
refraction coefficient of unity, any changes that might have pre-
viously cccurred in the height would not be accounted for uniess
specific provision were made. In this case the rvefraction coeffizic it
of the last orthogonal passing the breakwater is recorded, and a.l
wave heights in the breakwater lee are increased or decreased in
proportion to this value.

REDSEA was written with as few limitations as possible within
the established framework, and has been used to simulate coaditians
in a 6 ft x 12 ft wave tank, as well as a bay half a mile wide. a
thorough understanding of the program may be gained by a study cor
the complete program in Appendix II, along with the descrip=-ion c¢f
the variables in Appendix III and Figure 3.

As is illustrated in the REDSEA printout in Appendix IIT, the
program produces information which is divided into two sections.

The first section is a recapitulation of the water depth data as

it was recorded within the computer, and it is included in the data

printout primarily to facilitate the detection of any errors in rais
information, The second section is a detailed account of the REDSEA
prediction for the conditions given, and is self-explanitory. 1t

should be noted that as many problems as are desired may be tun at o ¢



time by adding a separate problem data card for each set of wave

conditions following the Water Depth Cards., (See Appendix 1I)



CHAPTER 1V

LABORATORY INVESTIGATION

General

Although REDSEA is capable of predicting wave height and
direction, the only data avallable to check these predictions i3
that from Mobarek's small tank. Since equipment is now available
at Texas A&M University to conduct better tests on a larger scale,
it was decided to conduct experiments with waves under conditions
of simultaneous diffraction and refraction which would perwnit the
comparison of predicted wave heights and directions with actual

conditions.

Equipment Description

The wave tank used in the experiment (Fig. 4) is 86 faet
long, 32 feet wide, and has a water depth of 2 feet. The wave
generator is capable of producing waves of heights ranging up te
6 inches, and periods ranging from 1.28 to over 12 seconds. For
ease of measuring, however, all testing was conducted at the
maximum height and minimum period. The wave generator consists
of a metal plate, hinged at the bottom and extending the width
of the tank, which is driven by an electric motor through a
variable diameter pulley transmission.

Wave absorbers in the breakwater lee consisted of horsehair



86’

WAVE GENERATOR

|‘_ 8.8"_"

+ X
5 10 15 20 25

P"V"'VVV‘
+ D BREAKWATER X )
+F

+

+
+

+ 4+ + +

4+ 4+ +
+
+[+ H+ ++ +
+|+ |+ +{+ +
++ |+ |+ +
+{+ H+ +{+ +
4+ [+ P+
+]+ H+ ]+ +

.(
+++++ 4+

+

T

20

25 1

— WAVE ABSORBER
+ DATA POINT

SCALE: 1 IN=IOFT
FIG. 4 WAVE TANK PLAN



of the breakwater was constructed by placing horsehair and 2
porcus metal mesh between layers of expanded aluminum reinforcing
mesh, This absorber was supported at a 30 degree angle from the
horizontal and gave 22% reflection of the wave used in the experi-
ment, This reflection coefficient was determined by measuring the

wave envelope in front of the absorber and applying the formula

Hr Hmax - Hmin

—— T —————(——————————— L

H H + H . (1)
i max min

where Hr = hejght of reflected wave, Hi = height of incidenr wave,
Hmax = maximum height of emnvelope, and Hmin = minimum height of
envelope.

The bottom of the wave tank is of finished concrete, and tne
desired irregularities in the bottom were fabricated from plywoud
and aluminum sheeting. The breakwater was made of concrete cindex
blocks weighted on top to prevent overturning by the wave forces.

Wave heights were measured by a battery of wave probes
operating on a capacitance bridge principle, and gave water surriace
location to accuracy of plus or minus .005 feet. Six of taese
probes were used in the tests and the results were recorded elec-
tronically on standard recording paper. (Fig. &)

The shape of the irregular tank bottom is shown in Figures
> and /., This particular beolttom shape was cnosen to give a
gsufficiently irregular topography so that the wave refracticon would

distinctly appear, and the relative depths were likewise chosen to
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FIG. 6 TYPICAL

WAVE HEIGHT DATA
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FIG. 7 EXPERIMENTAL BREAKWATER AND
BOTTOM




Test Procedures

Tests were conducted in the wave tank to determine the change
in the height and direction of the waves due to the effects of tae
breakwater and the irregular bottom. The wave heights were
measured behind the breakwater on a grid with a two foot interval,
and the height of the incident wave was measured simultaneously at
a point eight feet from the end of the breakwater and eight feer
in front of it. (See Fig. 4). Generally data were taken at six
points simultanecusly: the incident wave and five data points
behind the breakwater., At times however it was not pessible to
use all of the data point gages which were suspended in the water
from a moveable probe rack visible in Figure 7.

Due to the reflections from the end and sides of the tank,
waves could not be run continuously in the tank to permit the
collection of continuous data. Instead, a series of seven waves
was propagated into the area of interest and hejght data was taken
continucusly until the water began te quiet again. The only data
considered however, were the data from the fifth, sixth, and sevent.
waves. From Figure 6, it can be readily determined where :he
reflected waves began to affect the recorded wave heights. After
each series of waves, the water was allowed to become calm before

any further data were taken.

Laboratory Results




incident wave height are presented in Table 1, The incident wave
height was found tc remailn constant at 0.4% feet throughou: the
testing. A sample of the recorded wave height data is shown in
Figure 6, and the wave helights as they were taken from the data,
as well as the reflected waves, are demonstrated in this data

sample.

3l
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CHAPTER V

ANALYSIS

Comparison of Wave Height Data to REDSEA Prediction

Wave heights were measured at eighty two data peints in rhe
wave tank, and the corresponding wave height coefficients are tak-
ulated in Table 1. The predicted wave height coefficients for the
same eighty two points from a REDSEA printout are shown in Table 2,
and the values for each of the points is compared in Figure 9. Since
REDSEA values of the wave height coefficient correspond to points
on the trace of an orthogonal and do not fall directly on the data
points, the REDSEA values for the wave height coefficients given in
Table 2 and Figure 9 are the result of a two way linear interpolatior
between the four closest REDSEA orthogonal points,

It should also be noted that the incident wave in the experinent
is not truly a deep water wave for it has a d/L0 ratio of 0,238,
which gives a shoaling coefficient as 1t approaches the brea<water »f
0.93, as may be determined either from the REDSEA printout in
Appendix IT or the tabulated values of H/Hé in Reference 17, Since
the wave height coefficient represents the ratio of the attenuated
wave height to the deep water wave height, the ratio of the experimen
attenuated wave height to the experimental incident wave helight is

predicted by dividing the REDSEA wave height coefficient at any pcint

by the shoaling coefficient of the incident wave. Also the predicted

cal
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values in Table 2 were determined from a substantially more destailed
REDSEA coverage than the one reproduced in Appendix II (altkough octl
represent a prediction for the experimental conditions), and any s14;br
discrepancies between the values in Table 2 and those in Appendix TI
may be attributed to this. The more detailed coverage was cbrained
by decreasing the DELT specified (see Appendix II) and by decreasing
the radial orthogonal angle increment from fifteen to five degrees.
This more detailed coverage is not included due to its much greater
length.

The difference between the predicted wave height coefficients
and the actual values is depicted graphically in Figure 9. The
average error between the two values is 13.0% and the extreme error

was 337,

Sources of Error

It should be pointed cut that some of this error is undoubtedly
due to the difficulty in determining the true height of the attenuate i
wave. Although it was noted previously that the location of the
water surface ac any particular point could be determined te an accur::y
of within .005 ft, it was not possible to determine the attenuated
wave height nearly so accurately due to the reflection of waves with-
in the experimental tank. Although the fifth, sixth, and seventh
waves of a series were used to determine wave height, these waves
often varied from an average height for the three by as much as 5%

individnailvy. Tt 1s eatimated that the wave heiechts used to compil:



Table 1 are limited in accuracy to within 15% due to this inter-
ference by reflected waves,

Several other possible sources of error existed withia the
experimental arrangements, although they probably contributed con-
siderably less error than the reflected waves. One additiosnal
possibility was the nature of the bottom irregularities. As noted
they were constructed of plywood (3/4 inch) and aluminum (L/8 inc:z)
sheets. Although the irregularities were braced at several locatic
it was noted that some of the larger pieces would flex by as much a

1/2 inch as waves passed over them, and this may have contributed s

me

errors. Additicnally, it was noted that as waves passed through =th.

breakwater lee zone, some water passed between the ceonstruction ‘ol
in the irregular bottom structures, and this likewise may have zl:e

the wave height somewhat.

REDSEA Prediction for Mobarelk Wave Tank

As an additional check on the validity of its predict:ons, the
REDSEA program was used to predict wave heights in the Mobarek rank
and the results of this prediction were compared to the data given
by Mobarek for a laterally sloping bed and a wave period of 0.6&
seconds. The experimental and predicted values are presented graph
ically in Figure 10. Inspection shows that at higher wave heighr
coefficients, the correlation between the two values is similar i:

that of the present study, with an average difference of approximer

10%. 1In the regions of lower wave height coefficients, however, th

1S

ad
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correlation is not as good and the predicted values are substantial vy

smaller than the experimental values.
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CHAPTER VI

CONCLUSIONS

REDSEA Capabilities

REDSEA is capable of predicting the wave height and directioan
under the combined influence of refraction and diffraction by a
semi-infinite breakwater. The wave heights obtained from a REDSEA
prediction have been demonstrated to be accurate to within 3% of
actual values cobtained in laboratory investigationm, and although
the wave direction prediction has not been carefully analyzed, it
does coincide generally with the actual pattern observed during
tests. REDSEA predictions are extremely fast by comparison with
methods used in the past. For ianstance the time required t¢ execut:
the program presented in Appendix II on the IBM 360-65 computer
system was roughly 10 seconds. The program is very flexible
within its intended framework, and may be used te give rapid esti-
mates of the results of variation of breakwater location and design
It may also be used to study the results a variety of wave cenditio s
on existing or proposed structures, The scope of study is complete
flexible, as REDSEA is equally well adapted to model studies or :o

prototype conditions.

REDSEA Limitations

The REDSEA program should not be used without a thorough



4._

-

should be recognized that it is intended to apply only to semi-

213

infinite breakwaters or breakwater gaps of five wave lengths or mos
There is assumed to be no wave generation within the zone oI study,
and likewise the assumption is made that there will be no water
currents effecting the waves. These assumptions may be invalid uncer
actual conditions.

Another factor that tends to reduce the size of the waves as
they might enter a harbor is friction with the bottcnn,5 and this
is not taken intc account by the preogram. Abrupt depth changes,
breaking waves, percolation, reflection from shores, and many otne:
factors may likewise influence the wave height and pattern, yet wer=

not considered as REDSEA was written.

Possible Extensions and Improvements

Enumberable possibilities exist for the extension and Improvenant
of the work done in connection with this study. The most worthwhil=:
extension would probably be the comparison of REDSEA predictions wich
additional data that might be taken under a variety of conditions.

In wave tank experiments there should be a mecre suitable provision
for wave absorption to permir taking continucus data. This wou.d
remove much of the possibility for human error in determining the
true wave height at any particular location. The comparissn of a
REDSEA prediction with data taken under field conditions would con-
tribute greatly to the validity that might be attached tc a REDSEA

prediction.



Subroutine DIFFR offers much area for investigation, for the
technique used in handling the diffraction of the reflected wave
seems theoretically correct, yet it has never been handled it chls

fashion before, nor has its validity been tested in the laboratorw.

Summary

In summary, it may be stated that the REDSEA program offers =a
fast and accurate method of predicting wave heights and pat:terns as
they are influenced by simultaneous refraction and diffracticn.

The versatility of the program extends from small wave tanks to
large harbors, and the accuracy of its wave height coefficient
predictions has been confirmed in the laboratory. The REDSEA pro-
gram opens the door to efficiency in breakwater design and  ocation
by providing the engineer with a means of determining results in a
matter of seconds, rather than months. It may prove to be a valu-
able supplement to the physical model, although it lacks the
flexibility to replace them. The REDSEA program is not intended

to replace the experience and sound judgment of the Coastal Engi-
neer, but rather to assist him in exercising his responsibilities

to soclety and to the coastal environment.
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APPENDIX I

NOTATION

wave amplitude

perpendicular distance between orthogonals
wave celerity

coefficient of diffracticn

coefficient of refraction

coefficient of shoaling

energy

acceleration of gravity

wave number = 27/L

wave height

V=1

wave length

polar coordinate radius vector to a poeint of interest
time

wave period

distance from still water

specific weight of water

"o" refers to deep water conditions

superscript ' refers to conditions unaffected by refraction

u_':)
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APPENDIX I

REDSEA PROGRAM

WORTHINGTON, HaWa

REOSEA PROGRAM

THIS PROGRAM wWlLL EVALUATE THE EFFECTS OF A SEMI-INFINITE BREAK-
WATER AND AN [RREGULAR BOTTOM TUPUGRAPHY ACTING SIMULTANEQUSLY TO
CHANGE THE HEIGHY AND OIRECTION OF WATER WAVES

NECESSARY INPUT DATA I3

CARD 1
M-NUMBER OF POINTS IN GRID HORIZONTALLY (COL 1-5, I FORMAT)
N~NUMBER QF POINTS IN GRID VERTICALLY {COL &-10r I FORMAT)
NGP- NUMBER OF PROBLEMS YO BE SULVED (CUL 11-15, 1 FORMAT)
SP-GRID LINE SPAGING IN FEET (CLOL L6=25}

AATER QEPTH CARDS (M X N CARDS REQUIRED)
QEPTH IN FEET {COL l-10}

PROBLEM DATA CARDS (NQP CARDS REWUIREDI ]
ALPHI2)-WAVE ANGLE w/ HORTZ IN DEGREES (COL 1-5)
TH-WavE PERJDD IN SEC (COL 6-101 e
DELT-ORTHGNL POINT TIHE [NCREMENT IN SEC (COL 11-15)
X{1)-INITIAL ORTHGNL ORIGIN HORIZ GRID COORD (COL 1&=207
Y(11-INITIAL ORTHGNL ORIGIN VERT GRID CODRD {€OL 21=-25)
QM=URTHGNL GRIGIN LIMIT GRID CODRD {COL 26-30) _ s
UK-DIST EETWEEN ORTHGNLS AT ORIGIN [N GRID SPACINGS [CGL 31-35)
BWTX-BKWTR TIP HOR1Z GRED COORD ({OL 36-40) . .
BWTY-BKWTR TIP VERT GRID CCORG (COL 41-45)
BWBX—BKWTR BUTT HORIZ GRID COORD (LQL 46=50)
BWEY-BKWTR BUTT VERT GRID COORD (COL 51-551
CRFL-REFLECTION CGEF FROM BKWTR {COL 56-60)

ALL FORMATS AKE 'F* FORMATS UNLESS OTHERWISE INDICATED

REDSEA MAIN PROGRAM

SPECEFICATION STATEMENTS

DIMENSION G{25+25)s £025,25), CX125:25), CYi25625) 4L2K125,425) .
1C2Y125425)y C2ZXYL25,25] _

DIMENSIGN ALPR{ 100} ¢Xx{100),¥1100), X[ 100}, [¥Y{100}.F¥(L00).E(200],
1CXL {1001+ CYLI Y00 ¢C2XLL1001 v C2YLILU0) 4C2XYL{100] yGAMA{LOO) ,
ZPP{ 1001 +Q (100} 4BETAL100),TLLOG +VIL100} +N (100}

INTEGER RSW, JTy NP, IR
COMHON P1

RE AL LANG

KEAC DATA AND CONDITIONS
REAULS, 17] MyN,NOP,SP

17 FORMAT (315,F10.3)
READ(S s LU {1D11, 03, 1=0eMI J=1,N}

10 FORMAT (F10.3)

G4 READ (5,300 ALPHU2) s THoyDELT o XL} oY (1) o QMaUX ,BHTX BWTYy BWBL,BWHY (R
1FL

30 FUORMAT {l2F5.3)

DEFINE VARLABLES

160=1
T=32.17398

Pl=3.141592654

RSW=0

-4 8

RED3
HEDS
REDS
REDS
RELS
REDS
REUS

RELS

REDS
KEDS
REDS
KEDS
REDS

REDS

REDS
REDS
REJS
REDS
REOS
REUS
REDRS
RELS
REDS
REUS
REDS
RELS
REUS
KEDS
REDS
REDS
REDS

_REDS

RELDS
RELS
REDS
REDS
REDS
KEDS
REDS
dEDS
RELDS
REDS
REDS
REDS
REDS
REDS
RELDS
AELS
REDS
REDS
REDS
REDS
RELS
REOS
kEDS
REDS

REDS

REDS
REDS

R EE TR R DD R DD e BN



24
25
26
27

28
29

30
31
3z
a:z

34
3s
35
iT
38
39
40
4]
42
&

44
A5
46
&7
48
%9

S0
51
52

53 P

55
55

A={G*TH]/ 6. 2B%5P)
B={&6,28/TH)

€ PRINT DATA, CONUITIONS: AND HEADINGS.

WRITE L&,38) MeNsNOP,SP

38 FORMAT {1HLle2X " WATER DEPTH DATA' ,/// 3 X, "NUMBER OF HORIZIONTAL GRI
10 LINES"y I6:/ /93X *NUMBER OF VERTICAL GRID LINES #,2Xs15+//3X,s 'N
ZUMBER OF PROBLEMS "313X,I54//¢3Xs "GRID TNTERVAL® s L9XyF5.1+1X,*FT"
e/ F745TE'O E P T H SODUNDINGSY)
WRITE {6,29) ((Dil+Jd),1=1,M},d=14N)

"29 EORMATOLH +7/7+3%X:25F5.2)

WRITE (6433} IGO0 ALPH{ 23 »TH)DELT»XILY3 oY (1) s QMUK IBWTXsBWTY yBwEX, bW
1BY . CRFL

33 FORMAT {1H1,2X:"PROBLEM DATAY ,/// 2Ky *PRCBLEM NUMBER' ,16X,15,//,2X

13 'ANGLE OF INCIDENCE'12X,FT.2y1Xs*DEGREES® //¢2X," WAVE PERIQD',
219X 4FTa2)1Xy "SECONDS " o/ 7 +2X+*TIME INCREMENT',16X4,F7.2,1%s FSECONDS
30/7,2X, VINITIAL ORTHOGONAL ORIGIN* 5X42F7.141X,"{HORIZ.VERT}",

4 //a 2Xs VMAX HORIZ
SORTHOGONAL ORIGEIN® o 3Xy Fluls //+ 2X, "ORTHOGONAL GRIGIN INTERVAL
By &Xy Flals fFs 2%+ "BREAKWATER TIP", 15X, 2FTelslXe '{HDORIZ, VE
TRTIY 774 2%y "BREAKWATER BUTT', 185Xy 2FT.1,1%,ViHORIZ,VEAT) Y,
8//+2X ' COEFFICIENT OF REFLECTIDN',/,4X, *FAOM BREAKWATER®,13X,F7.2
9]

CALCULATE BREAKWATER ANGLE W/ WORII GRID
ALPH (21={PI*ALPHIZ2)1/180.0
BWDX=BRBX-BWTX
BWOY=BWTY-BHBY
BWANG=ATANZ [BWDY rBWOX) ) L )

CALCULATE WAVE ANGLE FOR DIFFRACTION COOAD SYSTEM
WVANGEALPH{ 20+ BRANG
[R=0

CALCULATE CELERITY
I=1

15 Js]

PO=A

47 IFLIGO.EQ. 1) GO TO 14

RECORD DEPTH IN GRID SPACING UNITS
DALy d)=Dil,J1%8P

14 IF (D{I1,4)-0.0325P) 114115922

922 GLil.J)=D{1+J)/5P

13 PI1=AsTANHU{B*D{I,J}]1/P0)
IF(ABS{P1I-PO)={0.001*%P0}LELQ.04 GO TO 12
PO=P]

GO0 TQ 13

12 C{l,sJd)=Pl

PO=P1

T 60 TO 3ae

11 C{I+J)=0.0
DUl+Jd3=D4T ¢ JI/SP
36 g=J+l
IF ((N=J).GE.0) GO TO 47
[=1+1
[F (iM=1).GE.G} GO TO 15
CALCUALTE CELERITY OERIVITIVES
[=2
19 J=2
18 CX41,4J¥=1C01+1 3)=C{I=-1,00)/2.0
CYULI d)=1Ci]lJ+1)-ClI+JI-1))/2.0

TUTCRE(L = (C L, 0 ) - 200 I CCI-1 AT

CRYULoJI=IC Lo de2)-22CL 14 dI+CATd-10)
C2XY{ L, )=t {0+ Ly Jel)=CAI=1,J¢ld=CUlI4]),d~114CLI~1 o110 /8,0

= EDSE
% SE
s EDSE
kL LSE
REDSE
RELSE
REGSE
EDSE
WELSE

REGSE
FEUSE
REDSE
KRELSE
RELSE
RELSE
REGSE
KELSE
KELSE
K ELSE
RELSE
RELSE
RELISE
RELSE
RELISE
FELSE
RELSE

" FELSE

K ELSE
RELSE
REC3E
RELSE
FELSE
KELSE
RELSE
FeECSE
RELSE
HELSF

T S

FERNTITS

P i ol T T I VL T TR S WA

RECSE .

FECSE -

RELSE
RELSE

RECSE:

RECSE
RECSE

RECSE .
HELSE .

AELSE

“ELSE
RECSE
RELSE .

AEUSE

*ESSE -

REDSE
= FUSE
REUSE
S FUSE
L USE
A EDSE
HELSE

1~



57
58
59
60

6l
62

63
b4
65

66’

a1
68
69
TO
.
T2
T3

J=J+1
IF{IN-J}.GT.0) GO TO 18
I=1+1 o
IF ({M-1)1.GT.0} GO TO 19
TRACE OF ORTHOGUNALS
WRITEL6.63)

63 FORMATULH 1/ /74X " DRTHGNLY ;32 , *POINT® y6Xy 'TIME® , 2X " COORD INAVE 5*
1y 2X¢ " DEPTH *41Xy "REFRACTION®;1x,*SHOALING® 11X, "OIFFRACTIONY, 2
2K *HEIGHT " p4x, *WAVE®, /) %X, *NUMBER', &X, "NUMBER®, 5X, "{SECIT,
3eX 'K1, 4Ky 1YY, 4Xy ' (FT) v , 5K, 'COEF*, 6X, VCDEFY, 6X, 'COEF4
4y 6X, ¥ COEF *, 2X, 'OIRECTION' 5 /,6K,"1")

X(2)=xi )
Y(zZls¥Y(1)
K=l
INITIALIZE HEIGHT AND ANGLE BEKWTR TIP FQR DIFFRACTION CALCULATIONS
THVANG = WVANG
THTIP=0.0 .
PHTIP=1.0 a
28 L=2 =
NC=1
Ti2}1=0.0 . . e e e e
WRITE (649091 X{2),¥(2)
909 FORMATILH ¢11X,5H 1524, 10H 0.0002X12F5e L12X4*0RTHOGDNAL
10RIGINY )
JT=0 . e e
IR=0
LECORD THE HEIGHT OF THE LAST URTHOGONAL TQ PASS BKWTR
IF({THTIP.NE+D.0} PHTIP=THTIP
THTIP=0.0
BETA{1}=1.0
BETA{Z2)2l.0 -
INTERPOLATE FLL),E(L) AND DERJVITIVES
25 IX{L)=X{L)
tY(Ly=Y(L)
GO=xtL)-IX(L)
GS=Y{LI-IY¥(L)
G1=GO*G5
G2=(1-G0
G3=G1=G5 e Lo R
GoG2-GS5+1
[=1Xx(L)
TERMINATE QRTHGNL REACHING EDGE CF GRID
IFIT.GE.M=-1.0R.1.LTL2) GO TO 21
J=EY(L])
EF{JaGEL.N=-2,0R.J.LT.2} GO TO 21
FILI=G4¥0{T 4} —GI*DC] , J#TI+G1#0{I+1,J41)-C2*D([+L,J}
TERMINATE ORTHGNL REACHING SHORE
IF{FILI=.01%A.LE.V.0) GO TD 21
E(LI=GORCLT,d)=G3%CILyJ#1)+G1%CII#1, +1)-G2%CLI+1,J)
CALIL I =GosCX{l s JI=G3%CR (L, J#L)+G1IRCXIT+1 sl )—G2¢CXLL+1, J}
CYLiL SOV T o L) #GLECY [I+1, 0+ 1)=G2%CY(¢],J)
RN L) e CIeC2X [ # 1 ST} G2#TEXTTH1, 4]
CAYLALY=GAXC2Y{ Ly I} =GISCZY (T4 Ja 1) #GL¥C2Y{L 41, oL 1-G2RL2Y{1+1,J)
C2XYLIL)=G4*C2XY{ T, J)-G3P XY (T4 Je LI +GLC2XY I+, d+]1)~
1G2%C2XYLT+1,J}
GAMACLI={CXLIL}#S INLALPHIL) ) )—(CYL{L}*COSCALPHILY I}
27 IF(JT.EQ.1) GG TFO 22

TIFEJTLGT. LY GO YO 23
DEL=GAMAI(L}

TAU=E(L}

REJS
REDS
REJS
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. REQJS!

REDS!
REJSt
REJS:
KEJS)
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REJS

RES!
REDSH
REDSt
HESI
HEIISE

REDSI

REOSH
HEISE

REDSE

REDSE
REDSE
REDSE
REDSE
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REDSE
REDSE
EGSE
RELISE
HELSE
RELISE
REDSE
KELSE
“EOSE
FELSE
REDSE
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FELSE
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KECSE
RELSE
KELSE
RELSE
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1G5
106
107
108
109
110
111

112

113

114
115
116
117
118

115

120
121
122
123
124

125
i2e

127
128
129
130
131
132
133
134
135
136
137
138

139

10

141
142
143

Lhid

14%
146

147
L48

1497

150

GO 10 24
22 DEL=IGAMA(L=~L)+GAMALIL)Y) /2.0
TAU=(E(L=-11+E(L}} /2.0 ) o S
L=L-1
24 DALPH=DEL*DELT
GODS=ALPHIL)#(DALPH/2.0]
ALPHIL+1I=ALPH{L}+DALPH
C DETERMINE COORD OF NEXT POINT ON ORTHGNL
XLL#l)=XIL )}« {TAU*DELT#CUSIGOOSH)
YOL*LY=Y(L)r{TAU*DELT*SINLGOOS))
L=L+]
JT=4T+]
GO TO 25
23 OYBB=Y{L)-BWRY
OXBB=BWBX=X(L] e
LANG = ATANZ2{DYBB, DXES)
C TERMINATE ORTHGNL INTERCEPTING BRKWPR
IF(AILI~BWT X} 905,59051900
900 IF{LANG.GE.AWANG.AND.RSW.EQ.0] GO TO 21
FF(LANG.LT.BWANG.AND.RSN.GT.0) GO TO 21~
305 IF(RSW.GT.0) 60 TG 921
IF (LANG.GE. BWANG, GHLUTRLEGLLF TR=IR+[
C RECORD ANGLE OF FIRST POINT ON PRIMARY ORTHGNL PAST BKWTR LINE
IF(IR.EQ. L] TWVYANG=ALPH{L) + AWANG h ’ o
921 TAL)=TIL=1)4+DELT -
C CALCULATE COEFFICIENTS OF REFRACTION AND SHOALING
L=L~1
PPILI=—CXL (LI*COSEALPHILIY+CyLt L y»§INTALPHILY Y — 7 77777
QUILI=E(LI*E{C2RLILI*SINCALPH{LI)®®2 1-2_ 0%C2XYLILI#SIN{ALPHIL))®
L1COS{ALPRIL ) I+C2YLIL)I*®ICOSTI ALPHLL) I #COS{ALPRIL)Y)))
BETAIL+L)=((PPILI4DELT-2.0)#BETA{L—1)#{4a0-2.0%Q(LI*(DELT**2,))
LBETA{L I/ {PPILI*DELT*2.0) o
L=L+]
BAFFLE=(BSFIL}IFE(L)
RACK=EXP{BAFFLE)
RACKX=1.0/RAGCK
COSHX={RALK+RACKK) /2.0
SINHXs={ RACK-RACKX} /2.0
C CALCULATE SHOALING COEFFICEENT
WiL)={COSHX) /L SQRT{STNHX®COSHX+BAFFLE))
C CALCULATE REFRACTION COEFFICIENT
CR=1.0/7/5QRT(ABS{BETA{L))])
C RECDRD REFAACTION COEFFICIENT [F WAVE PASSES BREKWTH
IF{ IR4EQ. L AND RSH.EU,0) THTIP=CR
C CONVERT ORTHGNL ANGLE TO DEGREES FOR PRINTOUT

T U ALPALTY=ALPHI D) R 160.07PT

C COMPUTE WAVE LENGTH AND X-~¥ COORDINATES FOR DIFFRACTICN COORD SYSTEM
WLX=E{L)I*TH
XD={X{L)=BwTX)*COS{ BWANG)—-LY{L)—BWTY)*5IN{ BWANG)
YO={X(LI-BWTXI®SINC PWANG) » (VI I=BWTY)*COS({ BwaANG)
CALL DIFFR (WLXyXO:YD,WYANG,CRFL+RG+CO)

C T RECOMPUTE "ALTUAL DEPTH FOR PRINTQUT

DEP= FIL)*5P
NC=NC+1
C WAVE HY DF RADLAL ORTHGNLS
IF(RSW.EQ.O) GO TO 9%0
V{L)=W(L) *CR*CD*PHTIP
‘GO TO 960 ) e
C WAVE HT OF PRIMARY ORTHGNLS
S50 VI{LI=W{iL)*CR&CD
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REDS -
REDS
REOS -
®REDS

REDS
REDS
REDS
REDS
REDS
REDS
KEDS
REJS
REUS
REDS
REDS
AEDS
REUS
REDS
REDS
REDS
REDS:
REDS
REDS
REDS
REDS
AEDS:
REDS:

PEPRPBERRFE R R R LR B EE P E R B R R R B P P BE R B EBEEBP PR B EREBD BB

REJ3S:
REJS A



151 960 WREITE (6526) NCoT{L)sX{LIoYIL) +DEP+CRyWIL) 4COsVIL) ,ALPHLD
152 26 FORMATIIH ,12%s IS542XeFl0.2+2X2F5.1,FB.2,5F10.2})
153 JT=0 e e
15% GO TO 27
155 21 K=K+l
1%6 WRITE 16,37} X
157 37 FORMATILIH /.+4%:13)
MOVE TO MEXT ORTHGNL CORIGIN
158 X(2i=X(2} + ABSOUK/SIN{ALPHE2))) =
1%9 IF{QH=X{2).GE.D.Q) O TO 28
BEGIN RADIAL DATHGNLS |
160 IF(RSW.EQ-Q) WVANG=TWYANG
161 RSW=RSW+1
ESTABL [5H ORTHGNL DIRECTION FRCM BRKWTR TIP
162 ALPHIZ)I=( 15, Q%P /L1B0.0)*RSW - BWANG . IS
TERMINATE PROB IF CRTHGNL LEAVES LEE
143 IF(ALPHI 2).GT.WVANG) GO TG 930 o
ESTABLISH RADIAL ORTHGNL ORIGIN AT BKWTR TIP !
164 X{Z1=BWTX oL
165 YI2)=BWTY
. L C _LIMIT RADIAL ORTHGNLS TO ONg AT EACH ANGLE ., .
146 QM=RWTX + 1.0
167 UK=2.0 B - -
148 IF(RSH.GT.1) GO TO 940
CONVERT TD DEGREES FOR PRINTOUT .
169 WYANGD= W VANG*180.0/P1
170 WRITE(6+920) PHTIP.WVYANGD e
1 920 FORMAT(LH 4//y2X,'0RTHDGONALS IN LEE OF BREAKWATER':/y 15X,
L' WAVE HY PASSING BREAKWATER TIP TAKEN AS', Fl&a.2,2X, "X_ DEEP WATE
2R HEIGHTY, /, 15X, 'WAVE ANGLE (THETAD FOR DIFFRACTION) TAKEN AS*,
3FB. 192Xy "DEGREESYy 77} o
}72 940 GO TO 28 ’
.. TERMINATE COMPUTER RUN IF THIS 1S5 (AST PROBLEW _ = = _
172 930 [FINGP-IGD.EQ.0) GO TO 48
174 IGG=IG6G0+1
175 GO TO 44
176 46 STOP
177 END
_EVALUATE CQEFFICIENT OF DIFFRACYION = _ -
178 SUBROUT INE D;FFR {WLX s X+Y 3 ANG ¢ CRFL 4 RG9 CD)
1719 COMMON PI
180 REAL K
151 DATA RGQA/4H Q 74 RGRF4H R /7, RGS/4H 5 /
182 THETAO=ANG L o
T UETTTASEIGN TD O AND THETAT AT BRWTR TIP o
183 IF (XeNE+O+0.0OR.Y.NE.O.0} GO TO 200
184 Co=1.0
185 THETA=0.0
186 "RG=RGO
187 RE TURN o
EVALUATE PARAMETERS FOR OIFFRACTION CAUCULATIONS —
188 200 K=2.0%P]/WiL K
189 THETAxATANZ2 (Y, X}
190 R=SQRT{ X*%2 &+ Y&32}
191 SIGMA=2.0*SQUT{KAR/PLI¥SIN{OS*(THETA-THETAO})
192 SIGPAM=~2, 0¥SQRTIK*R/PII*SIN{D . 5*(THETA « THETAD)} _
193 T U=PESSIGMA®¥ 2/ 2.0 )
194 CALL CSHICs5.+4)

195

Ul=0.5*{1.0-C-5)
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19¢ Wl=0.5%(S-C)

197 U=PI+SIGPRM#%2/2.0

198 . CALL CSIC+5,U}

19% U2=0.5¢(1.0-C-5)

200 WZ2+0.5" (5-C)

201 ALPHA=K ®*R*COS(THETA-THETAO)

202 BETA=K*R*COS{THETA+THETAG})

203 & = UL*COS{ALPHAL + WI®SINC(ALPHAL + (U2*COS(BETA) + W2*SIN(BETA))
1*CRFL

204 T B = CUIAS IN(ALPHA) ¢ W1*COS[ALPHA) = (U2*SIN(BETA) + W2*COS(BETA}
1) #CRFL

205 D = COS{ALPHA} - UL¥COSIALPHA} ~ WL®SIN(ALPHA) +(U2*COS{BETA) +
IW2*SIN(BETA) ) *CRFL

206 E = =SIN{ALPHA} — Wl#COS{ALPHA) + UL*SIN(ALPHA) + (WZ*COS{BETA) -

o 1UZ*SINIBEYA}} *CRFL B _ o ) S

207 G = COS(ALPHA) - UL¥COS{ALPHA} - WI*SINIALPHA) +{CLSI(BETA) — u2+*C
10S{BETA) - WZ2*SIN{BETA)]*CRFL

208 H o= -STNLALPHA) —Wl*COS{ALPHA] + ULl*SIN(ALPHAAY # 1—SINIBETA)

1- W2*SINIBETA} + UZSSINIBETA)I*CRFL
¢ DETERMINE REGION R,S5, OR Q

209 IF(X.LE.R*COS{THETAD)) GO TO 218
210 IF (Yl Ta0.0AND. X CT A *¥CUSITHETAOD § 607 Y0 220 )
211 IF{Y.GE .0,0-AND.X.GT.R=COS{THETAG)} GO TO 230
212 210 €O =SQRT{D*¥2+E%3Z) .
213 RG=RGQ
214 GO 1o 250 .
215 220 CD =SURTIGESZ+HeM2) o
216 RG=RGR C T ; -
217 GO 7O 250
218 230 CD =SQRT I A®#24 382 )
219 RG=RGS
220 250 RETURN
221 END ~
C
¢ EYALUATE FRESNEL EINTEGRAL
222 SUBRDUTINE CS{C,S5.X}
223 Z=ABS (%}
224 IF(Z-4.0L1sls2
225 1 C=SQRT{Z}
226 S=InC
227 I=(bo~2)*t4,4L)
228 C=Cet {{l{{5.000785E-11*2+5.24425TE-F)1*2+5, 45 102E-T)wl
L+3.273308E-5)%2+41,02041BE=3 )97 +1.102544E=2}%1¢], 840965E~1}
229 S=SE(({L(b6.6TTEB1E-10"1+5,8B3158E-B)%2+5,051141E-6)%]
T 142.441BT6E=-4Y%2+6,121320E-3122+¢58,026490E~2)
230 RETURN
231 2 D=COsizy
232 SESINGZ)
233 T=4. il
234 Be{{LL(1IB.76B25BE~4*I-4,1692B9E-3)%Z+7.970543E-3)*1-6.T92801k-3)

T 3.095381E-4T ki 5L 9T2151E~3 18 -1, 606428E-5)22-2. 49232282107
2-4.444091E~9

235 B={{t{l(=5.,633928E—4%L+3,401409€-3)%I=T7,2T1590E-319L7,42824561:-3)
1%2-6. 02714564 )%1-9.31491QE~3 )% ZI=1.207998E-6)*2+]1.994TL1E-]

236 Z=SQRT(1)

237 Cal, S5+I%{DFAr5S*3)

239 S$=0.5+ 2% (S¥a-Depf "~ T T

239 RETURN

240 END
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PROBLEM CATA

PROUBLEM NUMBER 1
ANGLE UF INCICENCE 90,00 DEGREES
‘WAVE PERIGD l.28 SECONDS

TIME INCREMENT T 0. 85 SECONDS T

INITIAL DRTHOGONAL QRIGIN 5.0 2.0 LHORIZ,VERT)
MAX HORIZ ORYHOGOMAL ORIGIN 1¢.1
QATHOGONAL ORIGIN INTER¥AL 1.0
BREAKWATER TP 3.3 5.0 (HURIZ, VERTI
BAEAKWATER BUTT 25.0 5.0 LHORILVERT)
COEFFICIENT aF REFLECTION T s oo
FROM BREAKWATER .22
ORTHGML  POINT TIME COORDINATES  DEPTH REFRACTION SHOALING DIFFRACTION HEIGHT WevE
TTNOMBER T NUMBER ISEC) [ ¥ 1FTY CoEF COEF 7 T COEF [l DIRECTIIN
1
i 0.00 6.0 2.0 UORTHOGONWAL  ORIGIN
2 0.25 6.0 3.5 2.00 1.00 [T G.99 .92 0.4,
El 0.50 8.0 5.0 2.00 T Lo0 w.93 lal3 1.08 90,10
4 0,15 5.0 645 2,00 1,00 0.93 lal2  L.i4 0L
- 5 1.00 6.0 Bil 2.00 i. 00 J.93 1,04 0,57 .00
5 1.2% 6.0 9.6 2.00 .00 .93 097 0440 AW LY
1 1.50 6.0 11.1 2.00 1.00 0.93 o.%92 0.85 Q. vl
a 1.75 6,0 12.6 2.00 L.00 .93 0. B8 0.81 0. 00
] 2.00 640 Léal 2.00 1.00 77 Td.93 T 0.84 .78 SO.U
10 LLBa25 640 L5e& 2400 L.0Q  0.93 0,82 L TEL .o
8] £.50 6.0 VE? i T.0Q .92 a.80 [ LY 90,04
12 2.75 6.0 18,7 2. 00 1.00 Ga93 0,78 V.72 50.G0
13 3.00 6.0 20.2 2,00 1.00 U, 93 0.6 0.71 Q0. G0
14 .25 6.0 21.7  2.00 1,00 0.93 U, Th 0.70 88,47
T TR0 T VL0 F.07 OATHOGONAL  GRIGIN
2 0.25 1.0 3.5 2.00 1.00 0.93 1.06 U.94 500U
3 .50 1.0 5.0 .00 1. 00 0.93 1.12 1.04 30.06
o 0.75 7.0 6.5 2.00 1.00 6.9 1.01 0.93 890.,0u
5 l.u0 To Bal 2.00 1. 00 U.93 0.90 0.84 90,50
6 1.25 7.0 9.6 2.00 1,00 0.93 0. B% GaT8 YUy
- TTTUTTTUT O UTTOUUILSS TS eLLLY  EL0ETT T 1.00 0.93 7 gutel T GLTY 90.00
[ 1.75 7.0 12.6 2.00 1.00 g.93 3a 76 Q.71 90,06
9 2.00 7.0 14.1 2. 00 1.00 0.93 .74 bl 60,00
10 2.25 7.0 15.5 2,00 1,00 0.93 0. 72 C.b? 80, 0L
1l 2450 7.0 1T.2 2.00 1-00 Ca93 0.740 D65 FG.J6
1z 2,75 Tel 1847 2. 00 1.09 0.93 0.69 084 904006
A T P T Y Y -1 - B [ B P 1) "G.93 T Gl.bB D.63 89.86
1% 3.25 7.0 21.7 .79 Ca94 0.92 Qb7 datrl B8.03
3
1 0.00 9.4 2.0 ORTHOGOMAL  ORIGIN
z 0.25 B.O 3.5 2.00 1.60 0-93 1.09 1.01 G035
3 0450 Bed  5a0 2400 1.00 0493 1,02 0.9% 90420
4 0,75 BuO  bab 2.00 1.499 U.93 0.82 0.76 90,329
5 1.00 8.0 8.l Z.00 1.00 0.9 C.73 Qebo 90,50
6 1.25 E.C 9.8 2.00 1.40 0.93 0.69 Q.64 90430
7 1.50 8.0 11.1 2.00 1.00 u.93 Ou bl 0.62 9G. 30
8 1. 75 B.0 12.6 2.00 1.00 0-%3 .85 0,50 93420
9 2. 00 Bal 4.1 2.00 1.00 0.93 Jal3 .59 e 30
10 2.25 Ba0 1546 2.04 1.0u 0.93 Oe62 Q.58 EDPRE
3 2.50 Be0 17.2 2.00 1. 00 0.93 Ja61 057 1
12 2.175 B0 18.7 2.00 1.00 .93 0.61 .56 90. 3
13 1,00 8.0 20.2 1.94 1.00 0.93 2.60 .56 H9. 2
14 3,25 8.1 21.4 1.4% 0.96 g.91 0.59% .52 B5.23
&
1 0.00 9.0 2.0 ORTHOGUONAL  DRIGIN
2 0.25 9.0 3.5 2. 00 1.00 0.93 1.09 1.01 900
3 0.50 9.0 5.0 2.00 1.00 0.93 0.78 073 - N
4 0. 1% 5.0 5.5 1.99 _D.%4 L0.93 | 0.59 0.56 68.43
5 1.90 9l Bal 2.00 0.93 D493 LT 0.8 .49
6 1425 5.1 94 Z.00 0.89 0,93 Gu 5% [FE 87,85
7 ke 50 G.2 11,1 2.00 0465 .93 0. 53 042 87405
8 1.5 9.3 12.6 2.00 0.82 N PLE a.52 0.39 HTeldS
9 2.00 9,3 14,1 2.00 0.79 .63 B.51 G-38 ad.4s
5

0.04a 10.0 2.0 OFTHOGONAL ORIGIN



ORTHOGONALS IN LEE OF BREAKWATER

10

WAYE MT PASSING BREAKWATER 11P TAREN AS
WAYE ANGLE (THETAD FOR DIFFRACTICON]

R T

o
LU R+ N - T I T S

-
P

R R T Y

G.0U
0.25
2.50
0. 75
1.04G
1.2%
1.50
1.75
2.00
2,25
2450
2.75
1.00
3.25

0.00
G.2%
0.50
0.75
1.00
1.25
1l.50
1.75
2.90
2.25
2,50
2415
3.00
3.25
.50

0-00
0.25
0.50
0,75
1.00
1.25
1.50
1.75
2,00
2.25
2.50
2,15
3.00
3.25

Q.00
¢.25
G50
Q.75
1.00
1.25%5
1L.50
t.T5
2.00
2.25
2.50
2-75
300
325

0.00
0.25
0. 50
Q.75
1.00
1.25
1.5%0
1.5
2.00
2.2%
2.50
2.75
3-00

9.2
10.7
12.0
t3.1
leol
L5.1
16al
17.2
18.2
15.2
20.2
21.3
22.3
2%.3

9.3
10.6
1l.8
12.9
13,9
14.9
16,0
17,1
18.1
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ALPH(L)
ALPHELD
BETA(L)
BWANG
BWDX
BWDY
C(1,J)
CR

CX(1,J)

CY(I1,J)

C2X(I,J)

DELT
DEP
D(I,J)
DXBB
DYBB
E(L)
F(L)

GAMA(L)

GO=-5

APPENDIX III

REDSEA VARIABLE DESCRIPTIONS

angle of wave approach with X axis

angle of wave approach expressed in degrees
coefficient of spread between adjacent crthogonals
angle of breakwater with X axis

length of breakwater projected on X axis

length of breakwater projected on Y axis

wave celerity at grid peint I,J

coefficient of refraction

derivative of celerity with respect to X at grid point
I,J

derivative of celerity with respect to Y at grid point
I,J

second derivative cof celerity with respect to X at
grid point 1,J

unit time along an orthogonal

actual depth in feet

water depth at grid point I,J

X distance between point L and breakwater butt
Y distance between point L and breakwater butt
interpolated celerity between grid points
interpolated depth between grid points

derivative of ALPH(L) with respect tc time at point
X(L), Y(L)

interpolaticn coefficients
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IX

1Y

JT

LANG

NC
NOP
PHTIP
PI

PO
QM
RSW
5P
T(L)
TH
THTIFP

TWVANG

unit length aleng X axis
problem number counter

a position indicator switch, incremented when an
orthogonal passes breakwater tip

integer portion of number X(L)
integer portion of number Y(L)
unit length along X axis
switch factor within program
orthogonal number counter
peoint number along orthogonal

angle with X axis as initial line and line from break-
water butt to point L as terminal line

maximum value of I

maximum value of .J

point number counter along orthogonal

number of preoblems to be executed

permanent storage location for wave height at tip
revised estimate of celerity

preliminary estimate cf celerity

maximum value of an orthogonal origin

radial orthogonal indicator

grid spacing

elapsed time from orthogonal origin to point L
wave period

temporary storage location for wave height at tip

temporarv storage location for wave anele at tir
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V(L)
X(1), Y(1)

XD, YD

W(L)
WLX
WVANG

WVANGD

unit perpendicular grid spacing between orthogonal
origins

wave height coefficient at peint L
origin coordinates of initial orthogonal

coordinates of point L transposed to diffraction
coefficient coordinate system

shoaling coefficient at point L
wave length used in diffraction coefficient com>utation
wave angle with breakwater

wave angle with breakwater in degrees
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