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ABSTRACT

The use of microcomputer technology to solve many of the
iterative and tedious computations encountered in the
engineering field is becoming prominent. Coastal Engineering
is one of the many fields in engineering where the presence of
the microcomputer is being felt. The need to compete
efficiently and economically in the engineering market
requires the accessibility to and use of computer software to
speed up some of the menial tasks. This thesis presents the
development and demonstrated use of three (3) such software
packages. The data encryption software, CADGRID, water wave
refraction and diffraction software, MUNWAVE, and the water
basin response software, LONGWAVE, were developed using the
Microsoft, QuickBasic program development software on a 80386
CPU based microcomputer sytem with 80387 coprocessor. The
plotting routines were written using the Hewlett Packard
Graphics Language (HPGL). The programs CADGRID and LONGWAVE
will work in either EGA, VGA, CGA or Hercules monochrome
graphics mode with VGA recommended. The program MUNWAVE will

only operate in EGA graphics mode.
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NOMENCLATURE

The nomenclature adopted for the work presented in this thesis
is, for the most part, as published by the International
Association for Hydraulic Research (IAHR), 1989. The symbols
used by various authors referenced in this thesis were

reproduced with definitions as required. Symbols used are as

follows,

(1/8)'" : refraction coefficient.

a : angle wave makes with shoreline.

a : angle deep water wave makes with
shoreline.

0 : angle ray makes with a shore normal.

0y : angle deep water ray makes with a
shore normal.

) : velocity potential.

[ : latitude (+/-) northern/southern
hemispheres.

W, : earth’s angular rotation (7.27x10%
rad/sec) .

c : wave celerity.

Cy : deep water wave celerity.

[ : wave group celerity, typically Cp/2.

Fe : Coriolis parameter.

g : gravitational acceleration.

h : water depth.

Hy : deep water wave height.

L : wave length.

s : distance along a ray path.

t : elapsed time.

T : wave period.

xv




Chapter 1

INTRODUCTION

1.0 Introduction

The province of Newfoundland and Labrador is located on the
east coast of Canada (see Fig. 1.1). The province has an
extensive shoreline with many well protected harbours. The
most notable of the harbours is St. John’s Harbour which is
located on the east coast of the island portion of the
province. The harbour has been a safe haven for sea vessels
travelling the treacherous North Atlantic Ocean for
approximately 500 years. The harbour is unique in its geometry
with a narrow entrance channel and its north-south orientation

of the major water basin (see insert, Fig. 1.1).

The activity in oil exploration over the past two decades on
the Grand Banks, located southeast of the province, has led to
exploitable oil field finds, one of which is the Hibernia oil
field. A production agreement has been signed between the two
levels of government and the oil industry to develop this

field.

The increase in off-shore petroleum exploration and subsequent

production will in turn increase the need for safe harbours



with few inconveniences. Many harbours have been proposed as
construction and supply sites for the off-shore petroleum
industry. One proposal is the development of Freshwater Bay
(see insert Fig. 1.1), located southeast of St. John’s
Harbour, as an off-shore petroleum §lpply base (see Fig. 1.2).
The tidal range in the St. John’s Bay area is semi diurnal and

of the order of approximately one (1) metre.

The development of Freshwater Bay as a service port for the
off-shore would provide the opportunity for proper radial
growth of City of St. John’s as well as provide much needed

services required by the petroleum industry.

The project in summary entails the construction of access
roads, tunnel, breakwater, wharves and dredging of the
existing pond at the southern end of the bay to thc depth
required by deep sea vessels (see Fig. 1.2). The harbour basin
created by this development and the effect of the breakwater
need to be examined for response to wave activity entering

from the Atlantic Ocean through St. John’s Bay.

In the majority of cases, the effect of encroaching waves on
harbour basins has been restricted to the analysis of short

period wave phenomenon with localized disturbance effects

inside the h basin. , the r of the entire

harbour basin to long period water waves can be significant if
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Fig. 1.1 - St. John’s Harbour, The Narrows and Freshwater Bay
Location Map.

the wave period coincides with the natural response period of
the harbour basin. A literature review is presented to
familiarize the reader with the various aspects and phenomena

which are encountered during water wave propagation.

The natural response period of a harbour basin of simple
geometry can be determined analytically using various

relationships previously developed.
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Fig. 1.2 - Freshwater Bay proposed development
plan.

However, the response period of an arbitrarily shaped water
basin with varying depth is difficult, if not impossible, to
determine analytically. Therefore, researchers have devised

various methods to determine the response period.



The methods typically used vary with physical models and/or
numerical models being used with actual field data as input or
used for calibration. Both methods have their merits and
pitfalls and usually complement each other as verification
tools. The majority of existing numerical models typically
require access to large expensive mainframe computer systems
which might not be readily available to the practising Coastal

Engineer.

The development of personal computer based models to study the
response characteristics of a proposed coastal development to
encroaching long period water waves is presented in this
thesis. The primary attention is focused on the numerical
modelling methods of analysis with three (3) software packages
developed. One (1) package will serve to input the large
amount of hydrographic data typically required for any such
analysis and the remaining two (2) are the actual analysis
packages. These software packages provide the Coastal Engineer
with a series of personal computer based tools to determine

quick solutions to coastal wave problems and analyses.

The Freshwater Bay (SOHILCO) Development is selected for
analysis to demonstrate a typical analysis procedure using the

software packages.



Chapter 2

LITERATURE REVIEW

2.0 ntroduction

The work presented in this thesis concerns the response of a
harbour basin to long period waves entering the harbour from
the ocean. Ocean waves undergo a transformation as they
propagate towards the shore and upon reaching the shore. These
waves upon entering a harbour can cause oscillations of the
harbour basins while undergoing transformation inside. The
work undertaken by various researchers in this area is
extensive and analysis methods used are typically physical
and/or mathematical modelling techniques. Therefore, a

literature review concerning the theory with respect to the

process of wave transf ion, water basin oscillations, and
modelling techniques used by various researchers to

investigate the phenomenon was undertaken to identify sources

of information and possible r ions as to

to use for the work presented in this thesis.

2.1 Wave Theo

The solutions to many wave propagation problems are typically

developed using Laplace’s wave equation (Dean and Dalrymple,

6



1984, p.43),

V*¢=é£4’5+ﬂ+ﬂ=o (2.1)

x? dy? dz?

where: ¢ = velocity potential; x,y,z are spacial
dimensions.

The equation has many solutions. Therefore, it is necessary to

select only those that are applicable to the particular wave

motion of interest.

2.1.1 Wave Shoaling, Refraction & Diffraction

Ocean waves undergo a transformation as they propagate from
deep water, over varying bathymetry, into shallow water. Wave
shoaling, refraction, diffraction and reflection constitute
this transformation. Shoaling refers to the change in wave
height to maintain the conservation of energy less the energy
loss due to bottom friction, refraction to change in direction
due to the bathymetry, diffraction to the dispersion of wave
energy such as behind breakwaters and reflection to the
creation of a waves travelling in the opposite direction as a
result of the shoreline or some structure such as a

breakwater.

The method used to understand the refraction of water waves
typically involves the construction of directional wave rays

7



at right angles to the wave front or crest. In the past this
has been accomplished by hand using a graphical method. The
Shore Protection Manual (SPM) gives a good summary and
references to the underlying academics of the practical
studies from which the graphical method is derived (see SPM,
1984, pp.2-62 to 2-74). The method involves the use of Snell’s

law directly,

sinae _ Sing,
L3208 ., 2ty 32
c C ( )

in conjunction with a graphical templa*e (SPM, 1984, p.2-65).
The restriction in this method is the angle between a ray and
a tangent to a bathymetric contour which cannot be greater
than eighty degrees (80°). A further technique is required
whereby smaller spacial increments are used if this situation

is encountered (SPM, 1984, p.2-70).

Dean and Dalrymple (1984), pp.100-112 presents the development
of a mathematical approach using Snell’s law to determine a
spatially dependant refraction coefficient which is a measure
of the distance between wave rays. The derivation is not
presented here. However, the final equations required to

determine the refraction coefficient are,

a2 i &
p +p(s) ds'q(s)ﬁ 0 (2.3)
where:
_ _cosB 9C _ sinb oc
ple) =TT o
als) = sin? &¥C _, sinfcosd &C , cos?8 &#C
ox? C  oxy € ay?



These equations and the equations following are solved

simultaneously for @8,

=ce 9y - cei
Ccos® , aE Csin@ (2.4)

This refraction coefficient is typically used in combination
with a shoaling coefficient which determines the wave height
along a ray path. It is found using the conservation of
energy, (EnC),b, = (EnC),b, assuming minimal energy losses due
to bottom friction, where E = wave energy,
n=1/2{1+{2kh/sinh(2kh)}], b = distance between wave rays,
subscript 1,2 signify positions along the ray path.

Substituting the energy equation gives,
1o , B, |Cu B (2.5)
E = geott Hy C2\ B,

Substituting ¢, for position ‘i’ and realizing that the second
term on the right is equal to 1/8 we get the equation for wave

height transformation during propagation,

-1 % |1 (2.6)

Hz
H NZND

The first term on the right is the shoaling coefficient and

the second is termed the refraction coefficient.

The increase in accessibility of affordable and relatively



powerful computers has seen a rise in the computational
methods developed to study the refraction of water waves.
computational methods in the form of computer programs have
been developed to carry out the tedious process of developing
these wave rays such as those by Baker and Allen (1990) and

Crookshank (1975) .

Problems with focusing and crossing of rays, refraction over
long distances and the restriction to linear wave theory have
been examined by many researchers some of which are presented

here.

Peregrine (1986) presented one description of the focusing of
water waves. He derived two expressions for the maximum

amplitude of a water wave at a focal point,

|ato| = A, {1+2¢\ ﬁ}
X = (2.7)

a,|=A L+ —% —
Il { Mlm}
where:
. c 2p
=tanhkh ; —={——°2
P Cqy {1”:)1(1—17’)}
K=£{9-12P’*13p‘-2p‘}
Cel p-kh(1-p?)

and: A= initial amplitude at radius R from the
focus; k= wave number; a,= maximum amplitude; 2a=
angle of circular arc containing focusing wave
rays; h= water depth.
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The second equation incorporates non-linear effects while the
first does not. Both equations give increasing maximum
amplitude with increasing wave steepness until they are equal
then the first equation remains constant. This was observed
with kR and a held constant and A; permitted to vary. These
equations were derived for constant water depth of initially

uniform amplitude.

(1984) p: a ray averaging method for
smoothing out the ray crossing and focusing associated with
the ray methods. The method consists of determining each rays
particular influence in a square area and finding the average

amplitude associated with this average. The final equation is,

el et [BE (2.8)
A Gt ,.y.{sinc }

where:
E = A%C, ; =
BN _{"ykds+su

and: A = average amplitude of a ray in the square;
A, = average of all rays in square; S = average
phase of a ray in the square; S,, = average phase of
all rays in the square; k = wave number; C, = group
celerity; b = separation of rays; s = path length
along a ray from the rays startxng point; angle
between the ray and the averaging line; d = length
of the averaging line.

This is one example which was summarized from Southgate

(1984). The author presents similar methods for various

11



averaging areas other than a square. One of the side benefits
to this method is the smoothing effect of ray crossings and
focuses as indicated by the right hand side of the first
equation where the ray separation factor, ‘b‘, is now in the

numerator.

Liu and Tsay (1985) presented still another method where the
bathymetric data is modified using an algorithm developed by
the authors. The area to be modified is divided into a series
of cross-sections in the y direction. Along each cross
section, x = x ({ =1, 2, 3, ...., M), the water depth at
each node is denoted as b (j = 1, 2, 3, ...., M). An averaged
water depth along the cross-section is then calculated,

_ 1B [(yyamyy) (hfa-nH | (2.9)
hixy) = 2 J—J————(yﬂ_yﬂ i=1,2,...M

The modified h(x) is then calculated,
o

A(x) = Y 0y (x=x)9* , i=1,2,3,...,M-1 (2.10)

in, which ¢ is determined by matching water depth h(x) at
each ¥ and by requiring the first and second derivatives of

the equation be continuous at each node.

Headland and Chu (1984) suggested governing equations for the
refraction of long, finite amplitude (cnoidal) waves in

shallow water where cnoidal refers to the theory which best

12



describes the wave profile and is given by the Jacobian
elliptical cosine function. They proposed linear theory be
used for waves in deep and transitional water and cnoidal
theory in shallow water. The governing equations were
developed in the same manner as that presented by Dean and
Dalrymple, (1984) for linear theory. The equations are lengthy
and are not reproduced here. The authors compared the two
theories and noted that the cnoidal rays travel faster,
propagate further, refract less and shoal higher than linear

rays.

The term diffraction is used to describe the process of
lateral spreading of energy perpendicular to a water wave’s
dominant propagation direction. The usual method of analysis
was initially separate from the refraction analysis and
typically associated with wave structure interaction. The
analysis was carried out wusing wave diffraction diagrams
which provide isolines of relative wave height for various
incident wave angles on a semi-infinite breakwater or a given
breakwater gap (SPM, 1984, pp.2-75 to 2-108). Dean and
Dalrymple (1984), pp.116-124, presents the governing equation

and a solution developed by Sommerfeld,

Iy

. 4%
F(x,y) = %{e"“{f’e 2 qusettr (Ve ‘(Zuldu] (2.11)
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where:
p2 = %(z—y) . B= —(ny)

2
2r_. (06,

\J TS“‘(T

and: x= distance along breakwater positive from tip

to butt; y= distance 90° to breakwater in leeward

direction; F(x,y)= complex amglltude (Re™); A=

amplitude; L= wavelength; = tan'(y/x); 6,= incident

angle.

r=yx*+y? , u=2n

The solution for F(x,y) may be found using fresnel integrals,

u nu? u_, [ wu?
fn cos(—z—]du . fn sm(T]du
This method was used by Baker and Allen (1990) and Crookshank

(1975) in their ray tracking programs.

Efforts to investigate the combined refraction-diffraction

problem using the mild slope equation developed by Berkoff,
c, 9|, & 2Cog - 3:492
ax(C’ax' ccgay +alg =0 ( )

where:¢(x,y)= complex velocity potential, x and y
are horizontal dimensions; o= angular freguency
(2m/T); T= wave period; C(x,y)= wave celerity
(o/k); k(x,y)= wave number given by ¢? = gktanh(kh);
n=1/2{1+2kh/sinh(2kh)}; h(x,y)= still water depth;
C,(x,y)= group celerity (nC); g= acceleration due to
gravity.

have been made by various researchers such as Liu and Tsay
(1983), Ebersole (1985) and Panchang et al. (1988, 1990). The
mild slope equation has the effect of smoothing over areas

where ray crossings and focal points occur by introducing the

14



diffraction of wave energy which opposes the concentration of

energy which occurs at the ray focuses.

Havi eflectio)

The reflection of water waves is a phenomenon that occurs as
a wave propagates on shore. The ability of a shoreline or
structure to reflect a wave is typically denoted by a
reflection coefficient. Dean and Dalrymple (1984), p.339,
present Miche’s theory for the approximate reflection

coefficient of beach slopes,

(2.13)

w#here: P= beach slope; H,, I, = deep water wave
height and length respectively.
The SPM (1984), pp.2-112 to 2-129, presents a more detailed
explanation for reflectiors from vertical walls, plane slopes,

re . b + bri and bathymetric variations.

Vertical walls typically have a reflection coefficient of one
(1). In comparison to Miche’s theory, the SPM presents a
theory developed by Battjes based on a surf similarity

parameter,

15



Ly

th (2.14)
H, ¥
t6,
co I
where: f{ = surf similarity parameter; 6 = beach
angle; H; = incident wave height; L= deep water wave

length.
and further expanded upon by others to incorporate the slope

surface roughness effects (see Fig.2-65, SPM, 1984, p. 2-118).

More modifications are then required for structures with
armour stone. These structures dissipate more wave energy and
typically have a lower reflection coefficient. The SPM, pp.2-
120 to 2-121, provides a figure relating the ratio of incident
height over breaking height at the toe of the structure (H;/H,)
to size of armour stone, breaking wave length and beach slope
{(dy/Iy)cotf} and a table for number of layers of armour stone,
to determine the two extra factors required (a,,a;). These
factors are then used to correct the reflection coefficient

derived previously.

Seelig (1983) reported similar findings during his study and
proposed various empirical equations to determine the

reflection coefficient for smooth slopes and breakwaters and

jetties,
k, = tanh(at?) ; a=0.1, b=2.0 (2.15)
- 8B . =
k, Tap «=1.0, f=5.5 (2.16)

where: § = m/(H;/L,)'? and m = beach slope.
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The coefficients a and B are taken to be 0.6 and 6.6

r ively for s and jetties.

The SPM, pp.2-122 to 2-125, also presents a method to
determine the reflection coefficient of bathymetric variations
such as smooth steps and sinusoidal shaped bed forms. The
reflection coefficient for smooth steps is related to the
ratio of the (deepest depth) divided by (shallower depth),
(=4,/d,) and the (step length) divided by (sum of the depths),
{=1/(d;+d,)} and figures constructed from experimental data.
The coefficient for sinusoidal bars is handled in much the
same way. The ratios of bar amplitude to length and bar
amplitude to the depth from still water level to mean bed
level and two figures are used to determine the maximum

reflection coefficient.

The SPM, pp.2-124 to 2-129, also discusses trapped waves at
structures that have no beaches fronting them. The SPM
provides formulae to determine the seaward distance that a
slope must extend to trap waves and long shore distance the

reflected wave will travel before returning to the shoreline,

17



X1
d, sin’a
(2.17)
Ya
al 3] n -2« +sin(2e)
d, sin’ Sintal ]

where: X, = max slope distance; d, = water depth at
toe of structure; a = angle between a wave ray and
the shore normal; Y, = long shore distance for
reflected wave return.

Wiegel (1964), pp. 72-74, discusses the Mach stem effect which
usually occurs with solitary waves. The typical reflection
patterns are depicted in Fig. 2.1. Wiegel (1964) also
presents figures which give the coefficients to determine the
height of the reflected wave and Mach stem, using the incident
wave height, for typical incident wave angles as reported by

Perroud.

265 u>45°

(n ﬂ
0(20 r n)45"
<R> 20(0(45

0 = ANGLE OF INCIDENCE

Fig. 2.1 - Reflection patterns of solitary wave (Wiegel, 1964,
P.72).
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2.1.3 Wave Ener: issipation

The development of friction terms to describe the effect of
bottom or sea bed friction on long waves is presented in Dean
and Dalrymple (1984), pp.146-154 and pp.261-282. Charts
providing friction factors over land and constant depth bottom
are presented in SPM, pp.3-68 to 3-69. The methods used to
incorporate the effects of bottom friction on wave propagation

for long and short period waves are numerous.

Hsaio and Shemdin (1978) investigated the bottom friction

mechanism in detail using the relationship,

1dE _ _4_C0H

4 (2.18)
Edt 3 gsinh’kh

where: E= wave energy; t= time; w= wave frequency;

H= wave height; k= wave number; h= water depth.
and proposed a method for calculating the friction coefficient
from field measurements. The method uses a friction
coefficient diagram first proposed by Jonsson and later
expanded upon by Kamphuis through a series of laboratory
tests. The diagram is similar to the standard Stanton diagram
whereby the friction factor, C; and relative roughness, a/k,
are plotted versus the Reynolds number, Re. A comparable
diagram was presented in Dean and Dalrymple (1984), p.266,
which was excerpted from the work of Kamphuis. The Reynolds

number was determined using,



Re=-a—:-,5 (2.19)

where: U,= maximum wave orbital velocity; a= orbital
amplitude; v= kinematic viscosity.
The relative roughness, a/k,, was determined using an equation

for sand motion,

1

2 o 3)-2

J;_:_,zw{_i_ﬂ)![”"_-f') ' o Yarlearels o
s

where: p= water density; p,= sand density; T= wave
period; D, mean sand diameter; u= dynamic
viscosity.
to determine if bottom ripples are present which can be
expected if this equation is satisfied. The authors found that

the ripple slope, {/\, (height to length), had a functional

on a di ionless stress parameter 0, defined as,
2

o, =Pl (2.21)
YeDs

and the ripples vanished at 6, » 2.5x10?. The ripple heights,
if present, were then determined using a diagram which depicts
the functional dependence of A,/a on U,/w, where w is the fall
velocity of sand. The relative roughness k, was then taken as
the ripple height and where no ripples were present as D,.

They also compared percolation dissipation,

(2.22)




where: a,f = horizontal and vertical coefficients
of permeability respectively; d= thickness of sand
layer

bottom motion dissipation, assuming a viscoelastic bottom
obtaining the dispersion equation,

©? 1+tanhkhQ
g tanhkh+Q
where: Q= function of wave bottom properties; k=

complex wave number in which the imaginary part is
a measure of energy dissipation.

k= (2.23)

mechanisms to the bottom friction mechanism. They concluded
that all three mechanism are dominant in dissipating wave
energy in shallow water. They also showed that the overall
friction coefficient varies considerably above and below the
widely used value of 10? and knowledge of the bottom sediment

is essential in determining the appropriate value.

Wang and Chri (1986) friction factor
fornulae, developed for the investigation of storm surges

resulting from hurricanes, dependant on the type of coastal

topography,
smooth ocean bottom : £ = -—0:32 (2.24)
An(365d+1)}?
0.32
rough ocean bottom : £ = —— 25 2.25
- n(20d+ 1) ¢ )
fa . 0.32 7 2.
mangrove areas : f, [1n(21d'1))“o'0 d (2.26)



£ =—031 .0 048d (2.27)

forested areas : £, =
[In(22d+1)}

£ = 932 (2.28)

'rassy areas : B e ———
g .4 An(2.7d+1)]?

urban developed areas :

)= —L0:32 1 g)imc,dD
¢ Mn(122d+1) ”

(2.29)

where: €, in equation (2.29) is determined from,

Cp=0.355@%9°0°H :one row high-rise building areas.

Cp = 1.05+5200M : staggered medium-rise building areas.

Cp = 1.04+1800M :staggered residential areas.

and: M= number of buildings per square meter; d=
water depth; D= average dimension of building in
meters; &= empirical coefficient developed by the
authors.

The bed shear stress to be used in wave dissipation analysis
is then found by substituting the appropriate £’ or f./ value

in the following,
£lous
Ty WS
where: p= density of water, u,= spatial mean
velocity in the local vertical.

(2.30)

The first two formulae are applicable to the work presented in
this paper. The remaining formulae were included for

information purposes.
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The previous discussions concerned studying friction
dissipation using bed shear stresses, etc. However, Leendertse
(1968), Raney (1977), Dronkers (1972) and Falconer et al.
(1986) used a form of the Chezy friction coefficient,
discussed later, in their studies while Wang and Christensen
used the Mannings coefficient. The relationship between the
Manning and Chezy number is commonly known and can be found in

any hydraulics text.

2.1.4 Wave and Current Interaction

The study to be carried out for this thesis does not deal with
wave and current interaction. However, provisions are made in
the models to include this phenomenon. Therefore, some

references to pertinent literature were obtained.

Yoo et al. (1988) presented, via their comparison of
mathematical models, several governing equations for studying
wave-current interaction in small, bigger and large areas,

(A) waves in a small area:

D¢ Aipp_ @ 2__?_ cHie% = 234
Dt:’*axi BE ax,"c +(1-n)oge =0 ( )

where:
D_3d d . 2=
= ﬂ—acoux——axi ; oh=gktanh(kd)
. c=Z0 2kd
o=opl; %R @ B z(l’sinmzkd)
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and: ¢= velocity potentul at mean water depth; U=
current velocity; i= 1,2 as in conventional tensor
notation; d= water depth; o,= angular frequency
relative to water mass; k= separation factor; o=
angular frequency relative to sea bed; K= wave
number vector.

such as wave current interaction at a port

entrance. This governing equation is of the

elliptic type. However, with a few manipulations

hyperbolic equations were developed,

X, ( ﬂ)ii(nki)m
o, |nd,,

at
(2.32)

Eﬂ+[1+ K‘”’)c’ X .o
at o,

where:
-, Ky . Tl
C=g R=A i K=K

and: 7= water surface elevation.

Unlike the elliptic governing equations these
hyperbolic equations had the capability to handle

external as well as internal diffraction.

(B) waves in a bigger area: harmonic forms were
introduced for various variables,

p=-igAe®® ; {(=ae®® ; R;=Pel®

a
K

where: i= (-1)"?; §= wave phase; a=
complex wave amplitude.
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and a parabolic type governing equation developed,

oA aA auia 8(0,nC)
‘{“v[—”’la | e A ek
(2.33)
.0 _80ipa, 3 (.da).,
Dt? Ox; Dt ox; ox,
where: x= principal direction of
propagation.

Likewise modifications were made and hyperbolic

governing equations developed,

A, . XU;\13(np) _ 2.34
ac””"’“(“ ol e T 0 (2.34)
ap; . LAWY

_a_ciuaapx (1* £l 1] X; =0 (2.35)

for the description of wave climate on slowly

varying current.

(C) waves in large areas: existing kinematic
conservation equation used for ray tracking was

modified to include diffraction effects,

fa, 1 2, 515 %Y .36
3" 2a Bx A R L pga ox; @ (2.36)

0U, o,(2n-1) 3a
ot __5 ot e ANkl A 10
e HOiRG) ax; Ak x; =34 8x;

(2.37)

10a&a__&a |_,
21‘5 a8x; 9x?  ax,x:

X, K, 1 1 g
8y = {"7_13 ( ——z-)b,j}ipgaz (2.38)

where: j=1,2; =1 at i P60 at i#j;
Sy= radiation stress tensor.
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The authors’ finite difference grid model was used to solve
these various governing equations and in most instances the
results were acceptable. All the equations presented here also
incorporate the refraction and diffraction of the wave as well

as the current effect.

Yamaguchi (1986) developed a numerical method to simulate near
shore current based on finite amplitude wave theory. The total
method consisted of wave transformation and near shore current
method in combination with cnoidal wave theory. The governing
equations of wave number components for the wave
transformation model were derivad from the irrotational
condition of wave number components giving the following wave
number component conservation equations and nonlinear

dispersion relation,

{k,( aq”cosB+U} {k){—”'smaﬂl)}
da,, do, .
" a_{—arcosaL ﬂﬁsme} (2.39)
ox ay

v_, 8v_09,ap 80,08
gy N

Oy, 8 {k,( cose+U)}+—{k,( sme*v)}
ot  ox
3o, 3o, .
. ﬂ—al?cusekar ﬂ—a}-smet (2.40)
ox

u_, aﬂ 9D _ 99, 8H

Yox Xoy 6D6y BHay



where: k., = wave number components; U,V = two
dimensional current components; k= wave number, 0=
wave direction; d0,/0k = propagation velocity
corresponding to the group velocity; o,= relative
angular frequency; D=(h+y)= water depth, h, plus
the mean water level variation, 5; H= wave height.

The energy balance equation used was,

3 M2+M2\ 3 ME+M2 P
FE( 280 ) aR\ BT 550
+-a_(v3 +F,- M"*M: )
[ (2.41)
+5, 45 Vg OU, i‘.’-ﬁx_.._.as"_fz_ﬂas
wBx X ox y"ay Way pD 0x pD Ox

M 05, M3,
Y] By pD Oy e

where:

pudz

M, x5 M,
= — =Y+ L
g=u+ 5 V=v o5

M,=Mcos® ; M,=Msinf
—
E,=E,+E, ; E,=-9—;£z ; Ek=%{f_np(uz+w’)dz}

T ;
=j._”(pu‘+p)dz-l’-szEi i Fy=Fcos® ; F,=Fsin®

S ——

54, =f_n(pu’ +p) dz-l’-’z"—z ; s"=f_npdz—
M2
S, =5,,C08%0 +5,,5in?0 - -pT’;

MM,
Syy=Syx= (13 = 535) cose—ﬁl

; M
S,,=5,,8in%8 + 5,,c08%0 - _p%
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and: (= surface displacement; u,w = horizontal wave
induced vertical particle velocity components,
wave pressure; g= gravitational acceleration; E=
potential energy; E= kinetic energy and the
overline means time average over one wave period.

The near shore current model was developed using the

vertically integrated continuity and momentum equations,

B2 v 4 =0 (2.42)

o, 3(0H,) | 30,

gl i B
3t T ox |y
- —pgo%+%(m§ (2.43)
(35,
ox
(2.44)




where:
HM,=pD0 ; M,=pDV ; L=N.plygD

Tpx= PCe(U,c080 +U) / (u,cos8 + 01 7+ (u,sin®+1) 2

Ty =P Ce(U,5in8 + V) / (1,C080 + 1) 2 + (u,sinb+ V) 2

and: 1= distance measured from shore; N= lateral

mixing coefficient; C= bottom friction coefficient

in the wave-current system.
Although the model developed using these equations is
primarily interested in the area of the surf zone, some of the
method used are applicable to long wave current interaction

such as the near shore current model.

Raichlen and Lee (1984) conducted experiments to examine the
interaction of long period waves and current. They concluded
that a linear superposition of the water particle velocities
of a wave and those of a current alone can adequately describe

the total velocity of current and wave combined.

Ismail (1984) conducted experiments to examine the interaction
of surface waves and non-uniform current (jet). As regards to
wave motion, the results of the experiment indicated an
increase in wave amplitude as the waves propagated into the
jet and a set-up was formed at the jet source. With respect to
current behaviour, the results indicated that the depth
averaged mean current velocity at the jet longitudinal axis

decreased in the presence of a wave which was accompanied by
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an increase in the spreading of the jet. Also, the vertical
velocity profile of the current was modified in that the mean
velocity decreased near the bottom and increased near the

surface.

Jonsson and Christoffersen (1984) presented a method to
examine the effect of current on water wave refraction. They
developed a series of coefficients for determining the wave

height incorporating current, refraction, shoaling and energy

o o ©Or | Coase,| Plsr [_AT (2.45)
H.: t‘)t.-: cyl De An"rn:

where: w= relative angular frequency; C,= absolute
group celerity; De = distance between rays; A= wave
dissipative action; J= Jacobian; subscript ‘st’
means start.

dissipation,

These coefficients were developed for linear waves. However,
the authors present a method to determine the coefficients for
non-linear conditions by substitution of the non-linear wave
energy density in the equations used to develop the above

coefficients.
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2.1.5 Long Period Waves

Seiche or seiching is the term used to describe the
oscillation or resonance of a water basin as the result of
some causative force (Dean & Dalrymple, 1984, p.144; U.S. Army
Corps of Engineers (SPM), 1984, p. 3-96). Wiegel, 1964, p.115,
disagrees with this and states that seiciing refers to the
‘free’ oscillation of a water basin. The definition provided
by Dean & Dalrymple and the SPM is adopted for the
description of a harbour seiching phenomenon. The terms
seiching, oscillation and resonance have the same definition
throughout this work and are sometimes interchanged with those

of the original authors.

A seiche is considered as a long period wave due to the
typical period range of 20 seconds to several minutes even
hours (Wiegel, 1964; Easton, 1984) and the large wavelength
associated with this range of periods. In fact, the tidal
motion of a harbour can be considered as a seiche with a

period of approximately twelve (12) hours.

Long period waves can be generated by atmospheric
disturbances, sea bottom movement or incorporated as bound
long waves in wave groups. These waves are very durable and
are purely reflected from beaches with a slope greater than

0.83% as well as vertical walls (see Baker, 1989). Upon
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entering a harbour, this reflective property of long period
waves between harbour boundaries can result in harbour
resonance (see Bowers, 1982) or seiching which, depending on

basin geometry, can be very complex.

The term bound long wave refers to long waves which are bound
or travel with wave groups. These types of long period waves
occur more frequently than the free long period waves
generated by atmospheric disturbances. To date, there is no
agreement as to if the bound long wave really travels with a
wave group or is in fact a result of the wave group. Methods
to estimate the bound long wave using randecm wave measurements
have been developed and verified (see Vis et al, 1985; List,
1986; Barthel and Funke, 1984; Ottesen Hansen, 1980). The
method involves spectral manipulation of the recorded wave

data giving rise to the long wave climate.

Mansard and Barthel (1984) conducted experiments on the
shoaling properties of bound long waves. Their investigation
indicated a distinct trend in the increase of the bound long
wave during shoaling and document the relationship between the
bound long waves and the ‘groupiness’ factor of the incident
wave group. They also document an increase in magnitude of low
frequency oscillations in the shallow region of the
experimental set up. The information available concerning

bound long waves is minimal. However, research is continuing,
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as this is an important phenomenon which is usually overlooked

in long period wave studies.

The water motion associated with a seiche is typically very
large in the horizontal direction with minimal vertical
movement. Wiegel (1964), p.115, presents a typical motion
where moored vessels were surging or swaying up to five (5)
feet during a three (3) minute period oscillation with
vertical water motions in the order of 0.1 to 0.2 feet (30 to

60 millimetres).

2.1.6 Water Basin Oscillations

Analytical expressions have been developed to determine the
free oscillation period of water basins with simple geometry

based on the Merian equation,
2L,
T=—2
nygh
where: T,= oscillation period corresponding to mode
n; n= number of nodes in the basin; L,= length of
basin in longest direction; h= water depth; g=
gravitational acceleration

(2.46)

(see Dean and Dalrymple, 1984, pp.148-149 for modified
versions of (2.46)). The first two oscillation modes of a
simple rectangular harbour are depicted in Fig. 2.2.

All the equations developed from the Merian equation are
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unidirectional with the harbour geometry being described as
simple mathematical functions. Wiegel (1964), pp.116, presents
a form of the Merian equation for the coupled oscillations of
a rectangular, constant depth water basin,

2A

m (2.47)

where: T,= oscillation period; A= length of basin
in longest direction; B= width of basin; m & n are
integers describing the nodality of the basin

oscillation.

T,

CLOSED BASINS

n=2 n=z3

PRESENT WATER SURFACE
PAST/FUTURE WATER SURFACE
STILL WATER LEVEL

Fig. 2.2 - Surface profiles for oscillating waves in closed
and open-ended basin.



Wiegel also presents the equations for the free surface of

rectangular and circular basins of constant depth,

Ya= aosln%—tcos T cosﬁ—"s—z : rectangular (2.48)

where: x,z = horizontal coordinates with the origin
at one corner and z the direction of incident wave
advance; a,~ oscillation amplitude coefficient.

V= aﬂslnz;—tcosneﬂn(kn : circular (2.49)

where: the origin is at the centre of the basin; r=

radius; a= amplitude; 6= angle, n= any integer; J,=
Bessel function of order n.

Easton (1984) presented the derivation of a formula for the
free oscillation periods of an idealized rectangular basin of

constant depth,

(2.50)

2n _ 2L, =+[Lb"
¢ Ven

which agrees with Wiegel (1964).

These equations cannot be used to study arbitrarily shaped
water tasins, such as those found in nature. However, they can
provide a ‘rough’ estimate of seiche periods for various modes
if the basin geometries are idealized as simple geometric
shapes. A mathematical model developed from the governing
equations of motion and mass conservation of a fluid (Dean

and Dalrymple , 1984, pp.16-19,133-137),
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Equations of motion:

_+v_ g ( i‘ﬁ)- Faxl) =T (WD) (2.51)

o9t T ax 93 b 3y p(h+n)
BV, oV, o on _ 1f ey a:,,]_ [Fayn) -7, (-B)] o (2.52)
at”’ way g p( x oy V)
Continuity equation:
on, aluthn)] , BLviam)] o (2.53)
ot 23 oy
where: U & V = depth averaged horizontal velocities
in the x & y directions; p= fluid density; 7= shear

stress; n= fluid surface above mean level; h= fluid
depth; time.

or physical model is typically used to study the response of
an arbitrarily shaped water basin, such as a harbour, to long

period waves entering the basin.

2.1.7 Corioli fec

The Coriolis effect, also referred to as the Coriolis Force,
is a result of the earth’s eastward rotation. The effect
occurs whereby an object in motion, not fixed to the earth,
shows an apparent deflection clockwise (to the right) in the
northern hemisphere and counterclockwise (to the lef*) in the

southern hemisphere (Pipkin et al., 1987, p.97).

The Coriolis effect can play a significant role in long period
wave propagation when the wave frequency is of the same order
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as the earth’s angular rotation frequency. Researchers

typically include the coriolis parameter,

F.=208ind,,, (2.54)

(see Dean and Dalrymple, 1984, p.154) in the governing
equations when developing mathematical models to study long
period wave phenomena such as seiching or waves of tidal

origin.

2.2 Modelling

The modelling of wave phenomena in harbours reduces the risk
of unsatisfactory behaviour resulting from expansions or major
renovations. Certain studies are best modelled mathematically
while others must be physically modelled. Invariably, there
arise situations where studies are within the capability of
both types of models. In these instances, the cost advantage
of the mathematical model must be balanced against the risk
that some hydraulic feature might be overlooked whereas the
physical model will typically show all features. (Olliver,

1982)

Researchers have developed various mathematical models to
study long period wave phenomena of various forms such as
Leendertse (1968), Shemdin et al. (1970), Dronkers (1972),
Wilson et al.(1972), Houston (1977), Raney (1977), Chen
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(1981), Gaillard (1982), Botes et al. (1984), Easton (1984),
Falconer et al. (1986), Skovgaard et al. (1984) and Coeffe et
al. (1984). These researchers typically verified their models

with either a physical model or field measurements.

Some researchers have presented discussion papers giving the
advantages and disadvantages of both modelling techniques such
as Bowers (1982), Berenguer et al.(1986). Berenguer et al.
(1986) describe both modelling techniques as complimentary
tools that require validation via field measurements where
possible. Bowers (1982) describes the types of mathematical
models in use and comments on ability of the models to
represent various wave effects. He concluded that time
dependant long wave mathematical models can be used to study
resonance for preliminary harbour design with the best layouts
resulting from the mathematical model study examined in

greater detail via a physical model.

Sunderman et al. (1972) conducted a comparison study of a
mathematical model for tidal waves and a physical model. They
showed that the mathematical model predicted the response of
the physical model very well. The results from both models
were not verified against actual field data. However, their
study indicated the effectiveness of a mathematical model in

reproducing the results of a physical model.



2.2.1  Physical Models

Physical models are, as the name suggests, scaled
representations of the actual size or prototype phenomenon
being studied. The model to prototype scale relationships
required tc investigate water wave phenomena are typically
developed using Froudian similitude; (F,), = (F),, where F, is
the Froude number and the subscripts m and p refer to model
and prototype respectively (see Sharp, 1981, pp.35 and 57 to
64).

The wor): presented in this thesis is related to long period
wave phenomena. The wave celerity is typically found using the
relationship; C = (gh)'?. This relationship can be rearranged
in the form of a Froude number; C/(gh)'?. Substituting into the
Froudian similitude relationship presented above, a celerity

scale relationship is developed;
(&~
CP »

and substituting ¢ = L/T, a time scale relationship is

(2.55)

e

developed,
Lll
T, I,
e (2.56)
» h,



These relationships are valid for shallow water waves with a
depth to wavelength ratio less than 1/20. However, where the
waves travel over varying bathymetry, it is possible to have
transitional water waves. In this instance the above
relationships are not valid and another relationship has to be
developed using the transitional water wave celerity equation,

c = (g_f()ta 2L} (2.57)

L

and substituting into the Froudian relationship using ¢ = L/T

gives the time scale relationship for the general case,

(2.58)

The horizontal scale of a long period wave model is typically
governed by the actual physical area to hold the model. The
typical horizontal scale used for the study of water basin
response to long period waves or seiching is on the order of
1:1000 to 1:2000 (see Biesel, 1954). This horizontal scale if
used for the vertical could result in a very small water depth
in the model making it difficult to model the waves.
Therefore, a distorted model is typically used giving rise to
a larger vertical scale and subsequent water depth in the
model. Given the prototype wave period and water depth the
maximum distortion permitted to model the waves can be
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determined from (see Biesel, 1954),

6T)

= (2.59)

3

He s

,ﬁ
<

The long period waves are highly reflective. Therefore, the
model and prototype reflection coefficients should be the same
for proper simulation. The wave height scale can be determined
from a relationship for the reflection coefficient of smooth
impermeable slopes as proposed by Miche (see Whalin and

Chatham, 1974),

’

# =l = i(z:xsinza)(i") (2.60)

H o= o

where: R= reflection coefficient; H, & H;
& incident wave heights respectively;
empirical coefficient; e= average slope in radians;
L, & Hy = equivalent deep water wave length & height
respectively.

reflected

Assuming the empirical slope coefficient can be made equal in
model and prototype and that a is proportional to h/L a wave

height relationship can be developed (see Baker, 1989),

Hyp _ f Lp) bapsin’éa, Iy :(ﬂ)(fe] (2.61)
Hy  \Lgp) apsina, | ° B\ T,

This relationship indicates that the effect of scale

distortion can be reduced by modifying the model wave heights.
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The distorted model scale also presents problems with fluid
viscosity and surface tension when the same fluid is used in
both. Viscous and surface tension scale relationships can be
developed using dimensionless parameters relating the fluid
viscosity, v, and surface tension ,0, to water depth (see

Baker, 1989),

Ve _(Be)} | % (e (2.6
A CA R v .

Assuming the same fluid in model and prototype, these
relationships indicate the necessity to reduce the effects
introduced by the surface tension and viscosity of the fluid.
Le Mehaute recommends a minimum water depth of two (2)
centimetres for viscous effects to be negligible and Kirschmer
recommends a minimum value for water depth and wave height of
five (5) and two (2) centimetres respectively to minimize the

surface tension scale effects (see Kohlhase and Dette, 1980).

The boundaries for physical models are of primary concern as
well. Waves reflected from necessary boundaries in the model
which are not in the prototype, such as the walls of a wave
tank can affect the results of a model study. This effect is
minimized by the installation of filters at all boundaries not
included in the study. These filters can be very large when
compared with the actual model size. Biesel (1954) recommends
a minimum filter width proportional to the model wave length
and of the order of size equivalent to one wave length. The
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offshore distance to be modelled is also directly proportional
to the wave length. This distance and resulting area can be
very large, such as that required to study water basin
response to tidal fluctuations where the prototype ocean
boundary is located at the amphidromic point. Depending on
geographic location, the amphidromic point can be located

outside the continental shelf if it is not located on land.

The costs of undertaking a physical model study can be high
depending on the complexity of the study and the number of
models required. A typical harbour resonance study might
require the construction of more than one model at different
scales if the wave period range to be studied is very large.
The effects due to scale reduction also requires supplemental
modifications to the model or resulting data. The relative
cost of a physical model can be reduced by conducting
mathematical simulations prior to model design and
construction. This effort can provide a better understanding
of the phenomenon being investigated and eliminate the trial
and error method of constructing models to determine the

conditions for maximum response.

2.2.2 Mathematical Models

The mathematical models are typically based on formulations
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of the water motion and continuity, equations provided
earlier, using finite difference, finite element or
variational calculus technigues. The mathematical models are
invariably verified/calibrated using actual recorded data

and/or a physical model.

Yoo et al. (1989), present a lengthy discussion on the various
mathematical models in use for wave current interaction as
previously mentioned. They categorize the models inter-period,
evolution and period averaging where each group contains
various models which may be named after the type of governing
equation such as hyperbolic, elliptic, parabolic and
Boussinesq. The authors recommend a, hyperbolic evolution,
inter-period model when investigating the response of water

basins.

The mathematical models developed to study harbour response to
long period waves were typically developed using the
transitional equations of motion, (2.51) and (2.52), and the
conservation of mass ‘continuity’ equation (2.53), for a
fluid. The equations are easily modelled using either finite
element or difference techniques with suitable boundary

conditions.

Thacker (1978) presented a paper comparing the two techniques.

He found the finite element technique to be computationally
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more expensive for two reasons. The first is that the
equations are coupled and computation time must be devoted to
inverting the eguations at each time step which is not
required in the finite difference technique. The second is the
smaller time step required than that for the finite difference
technique. The finite element technique was found to more
accurate than the finite difference technique when the same
computational grid was used. However, Thacker states that the
level of performance provided by the finite-element technique
can be obtained more economically by using a finer

computational grid with the finite difference technique.

Other successful attempts involved variational calculus (Lee
and Raichlen, 1970) and mirroring techniques (Kohlhase et al.,
1978) . Lee and Raichlen developed their model based on a
harbour of arbitrary shape with constant depth. The use of
these models to investigate harbours with varying bathymetry

such as presented in this thesis is questionable.

2.2.2.1 Finite Difference Models

The most prominent contribution was made by Leendertse (1968).
The governing equations used were the equations of motion and
continuity with minor modifications (ref. (2.51), (2.52) &

(2.53)). He included the effects of bed friction by including
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terms based on the Chezy coefficient rather than retain the

shear stress terms,

gUYUZ+ V2, (2.63)
C2(h+E) Ci(h+E)
where: C= chezy coefficient; = water surface
elevation.

The coriolis parameter was also included in the governing

equations.

Leendertse developed a time
marching central difference
method

using a  space

staggered grid coordinate

scheme to study tidal flow. A
space staggered scheme was
used where velocities, water

levels and depths were

described at different grid
points (see Fig. 2.3). The
solution to the governing
equations,

using finite

difference approximations,
was a multistep operation in

time in such a way that the
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Fig. 2.3 =~ Space staggered
finite difference scheme.

terms containing space derivatives and the Coriolis parameter

are taken alternating forward and backward.

The individual
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operations each have two time intervals. The first operation
was taken from time ‘n’ to ‘n+%’ and the second from ‘n+}’ to
‘n+l’, Values of the fields of §, U, and V at time ‘n+%' were
obtained from the same fields at time ‘n’ by an operation
which was implicit in §{ and U and explicit in V. Then the same
fields at time ‘n+l’ were computed from the fields at time
‘n+%’ using an operation which was implicit in { and V and
explicit in U. Leendertse investigated the stability of the
finite difference scheme and found the model to be

unconditionally stable.

The model is well suited for arbitrarily shaped harbours with
varying bathymetry. Research has been undertaken by other
researchers using the techniques described in Leendertse’s
work (Dronkers, 1972; Raney, 1977; Botes et al., 1984; Hou,
1985) .

Dronkers (1972) improved on

Leendertse’s model and

presented a lengthy

discussion of implicit versus

explicit finite difference

techniques along with the

problems ed  with

Fig. 2.4 - Schematization of a
space  staggered  grid grid space.

arrangements. He describes an



explicit method as one where the water levels and velocities
at a future time step are immediately computed from those of
the previous time step and an implicit method where the water
levels and velocities are obtained after the simultaneous

solution of a set of linear equations.

Dronkers (1972) developed a method to modify the Chezy
friction coefficient over a grid space area to represent local
bathymetric features, such as shoals and gullies, that might
not be represented with the grid resolution used. This was
accomplished by developing a sub-grid of (ax/n) by (ay/n) grid

spaces as depicted if Fig. 2.4.

The basic formulation of the method to determine the modified

Chezy coefficients was,

@7 - Ax;w{fn"fn’c(x,y) atix,y dxdy} (2.64)

where: C(x,y)= Chezy coefficient of a sub-grid at
location x,y inside the grid space being examined;
a(x,y)= water depth at the sub grid location.

and the modified value C, was obtained from,

3
Cad = ca (2.65)

where: a,=the mean depth of the grid space.

Raney (1977) used a model similar to Leendertse’s and included

the effect of wind stress at the water surface,
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7% R

Pt R T
R I
where: T, & T, = wind stress components acting on
the surface.

(2.66)

to study tidal circulation in Los Angeles and Long Beach
Harbours. The modified Chezy coefficient of Dronkers was not
used. However, the bottom friction and Coriolis parameters of
Leendertse were used in the model. Raney obtained satisfactory

results when compared to historical tide records.

Botes et al. (1984) modified Leendertse’s model to investigate
the response of the cooling water intake basin of the Koeberg
Nuclear Power Station, South Africa, to long period waves. The
authors obtained satisfactory results and provide excellent
reporting on the calibration of their model using a physical
model and field data along with the selection of model time
step versus model grid size via the Courant number. The
Courant number relates the prototype wave celerity to that in
the numerical model,

c,=im= gi—f or u:i"-‘:—ci (2.67)
where: C= Courant number; at= model time increment;

as= model grid space used; (gh)'?= long wave
celerity; p & m = prototype & model respectively.

Botes et al. (1984), also give the approximate lower limit for
wave description (number of points per wave length), from

Leendertse’s work, as T/at = 9.6 and L/al = 10.6. They
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obtained reasonable results for Courant numbers of 1, 1.7 and
2.2. However, a Courant number of 3.0 resulted in poor
results. Subsequent trials using a finer grid would give
reasonable results as this would allow larger time steps.
However, computational time would also increase due to the

larger grid area.

Hou (1985) used Leendertse’s method with no modifications to
develop a model to study the oscillations in Taichung Harbour,
Taiwan. This decision was made after carrying out an
evaluation of existing numerical models in the public dom: in.
The results were compared well with the results from a

physical model.

Falconer et al. (1986) developed a nested model based on an
implicit finite difference, space staggered grid system which
resembles Leendertse’s model. The model was comprised of a
fine resolution finite difference grid system representing an
idealized rectangular harbour surrounded by a coarser

resolution grid representing the offshore.

The computational strategy was similar to Leendertse. However
the governing equations were modified to include Reynolds
stress components and an advective-diffusion equation was

attached to permit the evaluation of a conservative tracer,
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Motion equations:

QuH o] au2H , duva] QL fnx OHOy , OHT | _ (2.68
3t *"[ oy | EVHreH gL = p[ Ty = !
AUVH, 3VH B1 , Fey _ 1| 9FT, - (2.69
'ﬂ[ . ] fUH*gHay~ T T =0 )
Continuity equation:
L OUH BVH
2 (2.70)
Advective-diffusion equation:
Hs [aSUH BSVH)
9t ax Bya s s . (2.71)
s s
[HD,‘X HDo 2 'a—y[yuyq;owww]

where: n= water surface elevation above mean water
level; t= time; U & V = depth mean velocity in x &
y directions; H= total depth of flow; f= momentum
correction factor for non-uniform vertical velocity
profile; f= Coriolis parameter, g= gravitational
acceleration; fy,,T,~ bed shear stress components in
X & y directions; p= fluid density; Taxr Tayr Tyas Oy =
Reynolds stress components in x & y directions; s =
conservative tracer; DyysDyy Dy Dy, = depth mean
longitudinal dlspersmn and turbulent diffusion
tensor coefficients in x,y directions.

The Chezy coefficient was determined using the Colebrook-White

equation,
c= -2/8g1og k, , 2.5 (2.72)
2R ReJT
where: f= Darcy friction factor; k= Length

parameter characteristic of bed roughness; R=
hydraulic radius; Re = Reynolds number.

and used in the standard quadratic friction law for bed shear

stress.
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calculations performed using the coarse grid system outside
the nested grid supplied the boundary conditions for the
nested model. The data obtained from their work was
encouraging with a close correlation achieved in the nested
numerical model with a physical model. However, they observed
a deterioration in accuracy for Courant numbers greater than
eight (8). The Courant number is high when compared to that of
Botes, et al. The reasons for this are numerous and depend on
the difference in grid sizes and time steps. The Falconer et
al. (1986) model used two (2) sizes of grids and were
investigating tidal flushing which has relative long time
period allowing larger time steps. Botes et al. (1984) used a
fixed grid size and were investigating the basin response to
waves with periods much less than the tidal periods. These are
obvious differences in the two models that account for the

range in Courant number as noted.

Wilson et al. (1972) developed a model by combining the
equations of motion and continuity into one second order
partial differential equation and eliminated the time
constraint by assuming a solution which depended on the
angular frequency of the mode of oscillation,
155 25355k o
where: h= water depth at position x,y; &= water

surface elevation above datum at position x,y; w=
angular eigen frequency of a mode of free motion.
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Development of the same equation is presented in Dean &
Dalrymple (1984), p.168 as an exercise. The Wilson (1972)
model involves taking central differences on an unequally
spaced grid, forming an eigenvalue array incorporating
appropriate boundary conditions. The ‘free undamped’
oscillations periods of the harbour are then determined from
this array and the eigenvectors produced during this operation
give the water surface elevations corresponding to the
eigenvalues. This model has some disadvantages in that
determination of eigenvalues using a very large number of
nodes requires a fair amount of computer memory and time.
Also, analysis beyond the point of determining the free
oscillations is not possible. It is interesting to note that
Wilson, et al, used Leendertse’s time marching technique as

one of the verification models for their model.

Easton (1984) presented a model similar to Wilson’s. However
he used the linearized frictionless long wave equations and
continuity equation (Dean and Dalrymple, 1984, pp.136-137) and
an idealized harbour of constant depth. His presentation was
made to show the general derivation of a model similar to
Wilson’s. He also presents similar derivations for an
analytical and finite element solution using the same
equations. The models are not useful other than to educate the

reader.
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Chapter 3

CoMPUTERIZED HYDROGRAPHIC DATA MANIPULATION

3.0 Introduction

The numerical analysis of wave using a

requires the relevant data to be in a form that can be readily
recognized by the computer software. The analyses undertaken
in this thesis require the input of hydrographic information
in the form of water depths, shoreline, latitudes and
longitudes for a grid area to be examined. This information is
readily available in the form of hydrographic charts published
by the Canadian Hydrographic Service, Department of the
Envi-onment, Ottawa, Canada. The data transfer is accomplished
using the CADKEY @, computer aided drafting software package
and a compatible digitizing board to digitize the hydrographic
charts. The CADKEY software is capable of producing a
sequential data file in ASCII format which can then be used by
other software. The sequential file contains information for
the CADKEY software to display the digitized chart using this
file. The term ‘graphical database’ is used throughout this
thesis to describe the resulting sequential file. A full
description of the CADKEY software is beyond the scope of this
thesis and the reader is referred to the CADKEY manuals

provided in the references (see Cadkey, 1989).
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The graphical database contains more information than is
required and typically is on the order of 300,000 bytes in
length. Therefore, routines were developed to extract the
required information and create a ‘modified database’
typically on the order of 50,000 bytes. The modified database
in conjunction with a ‘sort database’ was used to generate the
required ‘grid database’ containing the interpolated water
depths and latitudes in an equally spaced grid for a

particular area represented in the modified database.

The routines for creation of the modified and grid databases
from the graphical database were combined into one software
package. The package was given the name CADGRID and the logic

flow is presented in Fig. 3.1.

The specific methods and routines that make up the CADGRID
software package were original with the exception of a
contouring routine. This routine, contained in the data file
output section, is as presented by Crookshank (1975). The
routine was translated to the QuickBasic language using the
original fortran version with commands added to give the

screen output required.
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START CADGRID PROGRAM

SET BEST SCREEN GRAPHICS RESDLUTXON
ND COLOUR PALLET TO SUIT
DISPLAY TITLE SCREEN.
USER VERIFY VALID DISK DRIVES AND SIZES.

-
F

DISPLAY MAIN MENU.
GET USER SELECTION

DL
RODUCE DATA GR!D FILE.
<3> QUTPUT DATA GRID FILE.

EXIT PROGRAM.

INPUT FILE REQUIRED BASED
ON USER SELECTION
<l>

<2> <3>
AN .COL' FILE. DISPLAY *.CAD' FILE.
SRTRACT DATA GET GRID AREA. SRR RBEIATA.
CREATE *.CAD’ FILE. | |GET SIZE REGUIRED.
T 1

SORT DATA IN *.CAD’
:%LE CREATING ‘'.BLK'

INTERPOLATE DEPTHS.

SAVE HESULYXNG
*.DAT"

SAVE SORTED ‘.CAD’

AND ON
% BLK‘ FILES.

Fig. 3.1 - CADGRID software package logic flow chart.
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e/Software

The computer system used was a 80386 based microcomputer with
80387 maths coprocessor, one (1) megabyte memory, forty (40)
megabyte hard drive, 5.25 inch high density floppy and MS-DOS
©, Version 3.30. The CADGRID program was written to execute
using Hercules ® Monochrome, EGA or VGA resolution graphics.
However, EGA or VGA resolution is recommended for proper

colour displays.

The digitizing process and graphical database creation was
accomplished using CADKEY as previously mentioned and a GTCO
® Digipad 5 Series, digitizing board in high resolution mode.
The modified and grid database creation routines were written
and compiled using the Microsoft ® QuickBASIC ©, Version 4.5,
program development software package. This language was used
for the generous graphics options and its compatibility with
other languages such as Fortran and C. QuickBASIC is also menu
driven with built in compiler to create an executable file
which can be executed on any compatible microcomputer. The
plotter output routines were written for a HP 7475A Graphics
Plotter using the Hewlett Packard Graphics Language, (HP-
7475A, 1983), and encoded using the QuickBASIC program

development language.



3.2 Digitizing Process

The digitizing of hydrographic chart data is accomplished
using the digitizing option of the CADKEY software package and
a digitizing board. The CADKEY software has the ability to
create graphical database files using entries in the form of
‘data primitives’ or ‘entities’ which can be assigned to a
maximum of 255 different levels or layers. This ability
provides the necessary versatility for manipulation of the
final graphical database. The digitized drawing is output as
an ASCII text file consisting of the information required plus
extraneous data required by the CADKEY package which forms the

graphical database.

3.2, Graphical Pr ion

The setup and initialization of the CADKEY software and
digitizing board are not presented here. The reader is
referred to the CADKEY and digitizing board manuals for these
procedures. The procedure, presented in this thesis, starts

from the point where CADKEY is in the digitizing mode.

The first step is to designate a digitizing origin, scale and
x-axis. The designated origin and x-axis should be accessible

from any part of the drawing and within the range of the
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digitizing board. This is to ensure that a chart larger than
the range of the board can be digitized by moving the chart
and redesignating the same origin and x-axis for the next area
to be digitized. The range of a digitizing board varies with
size and type used. The scales provided on the chart can be

used to assign the digitizing scale.

The remaining step is to digitize the required water depth,
shoreline, high tide level and latitude/longitude coordinate
information contained on the chart. The longitude information
is not required for the investigation presented in this
thesis. However, the inclusion of the longitude information
provides a complete graphical database and will then be

present for other work if required.

It is not essential to follow a particular sequence. However,
the entity to level relationships presented in Table 3.1

should be used in conjunction with this software.

The water depths provided on a chart can be in feet, meters
and fathoms depending on the chart used. Therefore, provisions
are made in the software to convert the digitized depths to

the units required during creation of the modified database.

The z coordinate, used for digitizing the entities, is set

using the CADKEY, ALT-D instruction which alters the
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Table 3.1 - CADKEY entity to level relationships.

LEVEL CONTENTS
1 Shoreline and land elevations.
2 Depth data points and contours.
3 Latitude and longitude values and
locations.
4 Note containing digitizing units for water
depths, land elevations and distances.
5 Latitude and longitude grid lines,
miscellaneous notes such as place names,
instructions, etc.

construction depth, z coordinate, of the drawing. Any point
digitized is automatically set at the specified depth. The
depth is set to zero (0) and all shoreline digitized by
creating line entities. This depth then becomes the datum for
the entire chart and is typically the lowest normal tide
depth. The high tide level is usually indicated adjacent to
the shoreline as a denser black line and the value can be

determined from a tide table typically found on the chart.

The construction depth is set to the negative of this value to
permit proper location of the shoreline when the water depth
datum is changed to another value, such as mid tide
simulations. The land contours, if present, can be digitized
as well. However, these values should be digitized using a
negative construction depth as with the high tide line. These
points are not essential in the final calculations presented
in this thesis. However, for proper location of the shoreline
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and display purposes a negative land value is reguired.
Therefore, a small negative increment on the order of one half
(%) the digitizing unit used should be added to the high tide
mark, if the land contours are not included. The water depths
are digitized by altering the construction depth as previously
mentioned for each depth value provided on the chart. However,
these values are entered in the positive 2z direction to

separate them from land.

The latitude and longitude angles are input as label entities
which have a leader and arrow for designators. The label for
each entry consists of two lines and has the following format,
Latitude on first line => ### A
Longitude on second line => ###:##:##
where each numerical position is degrees:minutes:seconds, and
the arrow tip location digitized as the intersection of the
latitude and longitude grid line entities. The longitude
angles are not required for the investigations presented in
this thesis. However, they shou.d be included to provide a

full and complete database.

The complete digitized chart is visually inspected for
digitizing errors by switching the CADKEY view to one which
gives a profile view. Severe errors are easily detectable
using this method. Another method used to check for errors, is

to utilize the colour options provided by the CADKEY software.
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A specific colour can be used to represent alternate depths or

ranges of depths which would make visual inspection easier.

The graphical database is created by using the CADKEY
FILES/CADL/OUTPUT/ALL_DSP/ALL instruction sequence after
ensuring the required levels, one through four, are turned on
and all entities are displayed. This instruction sequence
creates an ASCII text file in the location specified,
typically on hard disk and contains the following information
in the fcrm of CADKEY entities,
LINE ¥,. Yy 2,2 X Yy Z,, colour, level, line type,
group number, subgroup number, pen number.
where superscripts 1 & 2 indicate start
and end coordinates in world coordinates.
POINT x, Yy, 2, colovr, level, group number,
subgroup number, pen number.
where X, y & z are in world coordinates.
LABEL Xi, Yy, X3/ Y ¥u Y3, arrow type, X, y, {lines
of text including carriage returns), rotation
angle, character height, character aspect ratio,
mirror text flag, VIEW primitive reference number,
colour, level, font number, group number, subgroup
number, pen number.
where all x & y are in view coordinates

and X;, y; are the coordinates of the
arrow tip.

TEXT X, Y, ines o: tex: ncludin

returns), rotation angle, character height,
character aspect ratio, mirror text flag, VIEW
primitive reference number, colour, level, font
number, group number, subgroup number, pen number
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The "underlined bold" text above indicates the information

extracted during the creation of the modified database.

The accuracy attained when digitizing information from a
hydrographic chart is related to the point digitized, the
point’s relation to the identifying symbol used on the chart

and the care taken in using the digitizing puck.

The Arabic symbols on the charts [o__g -

providing the water depths typically N

cover a chart area of approximately two E

(2) by three (3) millimetres. This X& 7
4

small area can represent a large area DIGITIZING
POINT

Lo

depending on the scale of the chart.

This area would represent an equivalent Fig. 3.2 - = Depth
data point digitiz-

area of 15,000 square meters on a ed.

1:50,000 scale hydrographic chart. The data is used, assuming

the value provided is representative of the area covered by

the symbol, and errors minimized by using the approximate

centre of the numeric symbol for digitizing purposes (see

Fig. 3.2).

The lines depicting the shoreline, high tide level and land
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contours range in thickness from approximately one tenth
(1/10) to three tenths (3/10) of a millimetre. Again, using a
typical scale of 1:50,000, the width represented by the lines
are five (5) and fifteen (15) meters respectively. Also,
inaccuracies occur if an insufficient number of entities are
used to represent any curvature or severe changes in direction
of the line on the chart. To overcome these inaccuracies, the
centre of the lines were used in digitizing and a sufficient
number of line segments were digitized to represent the major
features represented by the line. The number and extent of
line segments digitized is left to the educated judgement of

the person doing the digitizing.

A parallax error is also
introduced by the digitizing puck
and its relation to the board and | Chossiiin ' VIENING

TNTERSECTION . ANGLE

the point being digitized (see

Fig. 3.3). The viewing angle |DATASHEET j

TARGET POINT

should be 90° to minimize the | PoINT DICITIZED
DIGITIZING BOARD SUKFACE

errors. This further emphasizes
Fi .3 = Parallax
the care which must be exercised digitizing errors.

when digitizing the chart information.
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3.3 Modified Database Production

The graphical database output from the CADKEY digitizing
process is on the order of 300,000 bytes. This is a result of
the extraneous data produced by the CADKEY program which is
not required for the work presented in this thesis. Computer
routines were developed to extract the necessary data from the
graphical database using the QuickBASIC program development

language and output the modified database.

The routine developed uses the string manipulation routines
contained in the QuickBASIC software package. The routine
initially scans through the graphical database to determine
the most negative z coordinate and the maximum and minimum
values for both the horizontal coordinates and line length.
These parameters are used as control parameters for the
extraction procedure and display purposes. Provisions are
included for the user to have control over certain aspects of
the extraction process. These provisions are the maximum
length of a line entity and the high tide increment as
discussed on p. 61 which is indicated by the most negative z
coordinate. These parameters are input and verified by the

user.

The extraction routine assumes a single point at each end of

a line entity in the graphical database. This causes prob’ems
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during the interpolation of grid database depths. Therefore,
the maximum line length, as input by the user, is used to
segment relatively long line entities by creating points along
the line entities which exceed the maximum length. The depth
conversion factor is included to permit digitizing of the
water depth points by eliminating the need to manually convert

the depth values to the units required.

The modified database output from this process is in the form
of a random access file on disk containing a record whose
contents are the x coordinate, y coordinate and water depth as
the z coordinate for each point. The physical size reduction

of the database is typically 60%.

The graphical and modified databases contain the required
informati»n in random order. This creates problems with search
routines and speed of computation when trying to interpolate
an orderly grid database. Therefore, a sorting routine was

developed to minimize these problems and speed up the process.

3.3.1 Sort Databas:» Production

The modified database is contained in a data file in random
order. Various techniques of sorting were tried, such as

sorting on x coordinate and sub-sorting on y coordinate, and
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a block sorting routine was found to the most effective for
the searching process required during grid database

production.

The block sort routine divides the modified database into
blocks which have dimensions of one tenth (1/10) the maximum
x dimension by one tenth (1/10) the maximum y dimension for a
final total block array of 100. The modified database points
are then sorted into these blocks using a combination march
and swapping seguence on the random access file records
altering the database itself. The process starts with the
first block (1,1) and the first database record. If this
record does not belong in the block it is flagged as the swap
location and a search is made through the database file until
a valid record is found and swapped with the flagged record.
The next record after the swapped record is then checked for
its suitability and either flagged as the swap location, if
not suitable, or left as it is. This process is continued
throughout the database for each block until the last record
has been flagged or left. The process is progressive, in that,
once a record has been swapped or left, it is not checked
again. This method reduces the amount of time required to sort

the modified database file.

The final output of this routine is a companion ‘sort

database’ containing the start r=cord of each block and the
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number of modified database records in each block as well as
the physical block dimensions. Both files are then given a
permanent file name by the user and stored for future use in

developing grid databases.

w
>

Grid Database Production

The development of the grid database is written independent of
the modified database production. This permits the creation of
the modified database to be performed on various graphical
databases prior to grid database production. Also, the
requirement to create a modified database for every grid
database required is eliminated. The routines developed for
grid database production rely heavily on the graphics

capability of the QuickBASIC software package.

The routine displays the full modified database on the
computer screen overlain with the block areas generated during
the sort database production and stored in a companion file
for the particular modified database being used. The user is
then requested to designate the area required using cursor
movement and various key presses indicated on screen by the
software. The user has the option to redo the grid area

designation if required.
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The routine requests the grid spacing required and provides
the user with the minimum size which the available computer
memory will permit. The available memory constraint is not
considered a problem as the typical minimum size indicated for
grid sizes is for grid arrays on the order of 300 by 300 grid
points. This size of grid is felt to be more than sufficient
to represent the designated area for the analyses undertaken

in this thesis.

3.4.1  Grid Point Interpolation

The grid database is to be of equal spaces in the horizontal
coordinate system. However, the modified database, even with
the blocksort database, is still randomly spaced. Therefore,
search and interpolation routines were developed to estimate

the water depths required for the grid database.

The development of the interpolation routines was based on
linear interpolation techniques using formulae developed
assuming the existence of four or three interpolation points
as presented in Fig. 3.5 to Fig. 3.9, inclusive. These figures
show the point to be interpolated lying in the plane of the
interpolation points. The point required can be located
outside the plane as depicted in Fig. 3.10. Conditions were

included whereby the interpolated value is forced to be within
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the range of the interpolation points. If the interpolated
value is higher than the point values, the highest value is
used and the lowest value if the interpolated value is lower.
This form of conditioning was felt to be adequate with the

accuracy provided by the digitizing process.

The search routine developed to locate the nearest
interpolation points involves a search of four blocks of
points using the information contained in the companion sort
database. The four blocks selected depend on the location of
the target point within the source block. The interpolation
point search using the block configuration supplied by the

companion blocksort file is depicted in Fig. 3.6.

The particular blocks to be searched for the nearest
interpolation points depend on the location quadrant of the
target point within the source block, (i, j) (see Fig. 3.6).
The arrangement depicted here is for a central location within
the grid area specified previously. The search pattern is
still valid for source blocks located at the ends of the area.
However, the blocks searched are only those available. The
particular blocks searched with respect to the gquadrant
location of the target point is presented in Table 3.2. This
method reduces the time required for the location of the
nearest interpolation points by eliminating the need to search

the entire modified database. The actual selection of points
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within the search routine is based on a comparison of the
radial distance between a database point and target point.
Constraints were added to ensure the arrangement of selected
points is as depicted in Fig. 3.5 to Fig. 3.9, wherever

possible.

Fig. 3.4 - Interpolation point search. Block con-
figuration and usage.
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Fig. 3.5 - Four point interpolation.
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X ~X;

Yo~V
X = [y: 2] o

see four point interpolation.

X2 0 Vi3t

- (X,=%,) 2+ (¥53-5) 2
hixy,y,3) = [hix,y,) -hix,¥;)] ():z-x),)% (;:—y:) +h(xy,y,)

(X33-%) 2+ (y5-y3) 2
h ¥ = [h(x,,y,) -h(x,, T2 T 0 7 L hix,,
(X33.¥,) = [h(x,,y;) -hix,, y;)] TR EATESY +h(xy,y,)

h(x,,y,3) » hixy,,y,) : see four point interpolation.

on _ h(xy v -h(xp, %) | 8n _ B(Xe,¥5) ~h(%, v55)
t oy Va3 Vi

[h(xﬂ.y,) = hixp) -2 g-xy) —g—;m-y‘,) l

Fig. 3.6 - Three point interpolation - condition (a).
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Fig. 3.7 - Three point interpolation - condition (b).
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h(xg.yp, hix, .y,
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Fig. 3.8 - Three point interpolation - condition (c).
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Xygr YViar B(X4,¥,) DX, ¥y,) : see condition (b).

h(Xy) ¥p4) =h (X5, ¥1,)

oh _ hlxiv) -h(xy,.¥) | 8h _
Y24~Y1a

x Xyo=X;p ay

Bltye) = Bk y) - 28 (o) —g—gm—m]

Fig. 3.9 - Three point interpolation - condition (d).
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Fig. 3.10 - Three point interpolation -
condition (e).

bixgzg! +X

Table 3.2 - Search block by target point quadrant location.

Source

Block Data Blocks Searched

Quadrant
I (1,3), (i-1,3), (i-1,3-1), (i,3-1)
jas (i,3), (i=1,3), (i-1,3+1), (i,3+1)
II1 (1,3), (i+1,3), (i+1,3-1), (i,3-1)
w (1,3), (i+1,3), (i+1,3+1), (i,3+1)

The final output from this routine is an equally spaced depth
grid database located on hard or floppy disk in ASCII format.
This file contains the grid spac.ng, number of grid points in
the two directions as well as the interpolated water depths.
The ASCII format was used to permit the visual verification of
the interpolated values using text editing software.
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3.4.2 Srid Point Latitude Interpolation

The hydrographic charts used to create the graphical database
are typically produced using some form of projection method
such as mercator, transverse mercator, polyconic, etc. The
coordinate data digitized and carried through to the modified
database have not been adjusted to remove the distortion
effects of the projection method used to create the
hydrographic chart. The errors introduced are felt to be at a
minimum due to the relatively small chart areas required to

undertake the tasks presented in this thesis.

The latitude angle required for the investigations presented
in this thesis is determined for the grid location (1,1). The
angle required at other grid locations is determined using the
average change in latitude in both the vertical and horizontal

directions in the following formula,

B B 22 2 21 o

where:

@

Sx_ & 9. ¥ . ggeps
s JEmi-@n? | 95 Jlaai (o)’

The change in latitude for both the x and y directions is
determined by finding all the rates of change in latitude for
all points having the same longitude as previously digitized
and contained in the modified database. These rates of change
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are then summed and averaged using the total number of
occurrences. The subsequent rate of change is then used to
determine the latitude of grid location (1,1) as selected by
the user. the subsequent latitude and rates of change are then
added to the end of the grid database generated. The longitude
angle is not required for the investigations presented in this
thesis. However, a similar method is provided to determine the
longitude angle at each location if required with the

necessary information placed at the end of the depth database.

3.4.3 Grid Database Hardcopy Output

The hardcopy outputs provided by the CADGRID program are in
the form of a text output of the grid parameters including
interpolated water depths and a contour map of the grid area
using the interpolated depths. The text copy reguires a
printer and the contour plot requires a HP-7475A or equivalent
plotter compatible with HPGL. Both outputs can also be
diverted to the screen or disk file by the user. The plotter
graphics image can be output to a graphics printer using a
conversion utility, such as JetPlotter ®, which prints a HPGL

plot file to a graphics printer.
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Chapter 4

CoMPUTATIONAL MopEL FOR HARBOUR RESPONSE TO LONG
PerIOD WATER WAVES

4.0 Introduction

The computational model and subsequent computer software
program developed to analyze the response of a water basin to
long period water waves was based on the model and program,
presented by Leendertse (1967), developed to study long period
wave motion. The numerical method uses finite difference
techniques to solve the general equations of motion and
continuity in four dimensions. The input data are specified on
a space staggered grid system in the horizontal (x,y) plane
with the 2z axis being vertical, positive upwards. The
computational method is executed using alternating implicit
and explicit methods in time as well as direction over the

computational grid system.

4.1 Governing Equations

The development of the governing equations for the
computational model is discussed in detail by Leendertse
(1967) and again in Leendertse (1970). Dean and Dalrymple

(1984) also present a similar derivation. A brief description
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of the derivation process is presented.

Water wave propagation can be described using the two

dimensional, partial-differential, equations for long period

water wave motion,

%+u%»v%+w%+%% =x (4.1)
%+u%*v%§4w%*%g—§ =y (4.2)

and mass conservation,
%‘?%}"4%’ =0 (4.4)

where (x,y,z) are the spacial
coordinates with (x,y) being the
horizontal coordinates and z the
vertical conforming to the
cartesian coordinate system (see
Fig.4.1), (u,v,w) are velocity
components in the corresponding
(x,y,z) coordinate system, P is
pressure, p is density and (X,Y,Z)

are the extraneous forces due to

\
3
J

s awEEe

Fig.4.1 - cCartesian co-
ordinate system.

earths rotation, tide generating force caused by celestial
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bodies and the gravity forces in the z direction.

The vertical acceleration was neglected as it is very small
when compared with the acceleration of the gravity field.
Equations (4.1), (4.2) and (4.4), were vertically integrated

introducing the vertically averaged velocity components;

1t et
rncf.a”dz ¥ Vel

the surface and bottom boundary conditions;

w©=ErZv X v Beo

assuming hydrostatic pressure distribution, the pressure in
terms of water surface elevation, water depth and atmospheric

pressure;
RS R
the Coriolis parameter, f,, as part of the extraneous force;
X=f v+K, ; Y=-f.u+K,
and the bottom friction terms using the Chezy coefficient, C,,

and neglecting internal frictional losses,

gWuE+vE | K=F_ggV1!l‘»v2
ci e ct

Ky=Fy

The resulting governing equations for the numerical model,
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neglecting the remaining forces (i.e.

F,=0 and F,=0), are

au BU

Z 4 U2
GUTIVE (4.5)

at‘ua PREEAT T
9V, OV, OV K, gWUEHVE _
S rUg 'Va +EUrg g - P TP =0 (4.6)
8, olth+) Ul L O[(h+O)V] _ Y
A T (4:2)
4.2 Computatiol odel

The computational model was based on a space staggered grid
system where the velocity components, water surface elevation
and water depth are specified at differing grid point
locations. The space staggered grid structure as previously
described has the X~velocity, ‘U’, described at ‘j+%, k’, Y-
velocity, ‘V’, at ‘j, k+4’, water surface elevation, ‘{’, at
‘j, k’, and the water depth to datum, ‘h’, and Chezy
coefficient, ‘C,’, at ‘j+%, k+%’. A computer model cannot
recognize variables using non-integer identifiers. Therefore,
the system used teo identify grid positions was modified to
permit the identification of various grid point positions and
parameters as required by a computer. The staggered grid

system was further divided into rows and columns as depicted
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in Fig.4.2. The modified grid =
5 " +Y [ +
point locations are E 8 B

identified by 'n’ rows and ! ! L] !
- SRR
“n,m’
m’ columns with each ‘n,m wi |+ 7|+ T+ T
position identifying the | “¥-@1FOQ1+-014-0- n
) Tttt
location of Miwriwr Cijomaens | 4oy’ ? +of+-01-0[- .
Uisusr Vicews and §jy. ettt Tt T
k-‘i-e‘) FO1+-014-0f- —=

A multi-step operation in
O VATER DEPTH.

| HORIZONTAL Y-VELOCITY.
terms containing space —  HORIZONTAL X-YELOCITY.
4+ WATER SURFACE ELEVATION.

time was used such that the

derivatives and the Coriolis

force, ‘f’, are generally Fig.4.2 ~- Computational grid
for long period wave propaga-

taken alternating forward and tion.

backward. Two time steps are

used and indicated as in the original work by Leendertse

(1967) as superscripts in the form of ‘t’, ‘t+%’ and ‘t+1‘ for

the initial, first and second ‘half time steps’ respectively.

The first step in the multi-step operation is to determine
‘U/, ‘W’ and ‘{’ at time ‘t+%’ from the values at time ‘t’
using an operation which is implicit in ‘{’ & ‘U’ using
equations (4.5) & (4.7) and explicit in 'V’ using equation
(4.6). 4 . next step in the operation is to determine ‘U’,
‘W’ and ‘{/ at time ‘t+1/ from the values at time ‘t+}’ using

an operation which is implicit in ‘{’ & ‘V’ using equations
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(4.6) & (4.7) and explicit in ‘U’ using equation (4.5).

The following notation was used in the approximation of the

finite difference equations,

Ujes
vye |7
Viixed
Ax=ay=a85 v C] g
Jok=0,23,21,22|  |¢ ms
2 E LR - PR
£=0,1,1,2,2 Sk
i5ili3. c, S
hjediked
cla,
I L
4.2.1 I cit computation for Horizontal Velocity ‘U’ and

Water Surface Elevatijon ‘{/

The velocity component in the x-direction, ‘U’, is
approximated by solving equation (4.5) in the finite

difference format,

at j+%,k (n,m):
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where:

I
Ve *Vaat Vibsa* Vit an

& o
(g5

288

- Unoni = Unes
2as

ted ted
a\ed _Snonlna | pe
<3X>:-;‘k 48 el

ln,m = Chan* Chn-rom
2

i Gy,

+h,
2 etk

Expanding the terms containing parameters at the time level
t+% and re-writing the equation, an expression for the
velocity, U, and water surface elevation, {, at time level t+}

in terms of the previous time level, t, is obtained,
_gr,td Bu\¢ |04, ot
2stna 1ee( ot =

=usft -min.-l"f'ﬁ--{“f .(%L,f)‘.]

(4.19)

The water surface elevation at time t+% is determined by

solving equation (4.7) in the finite difference form,

at j,k (n,m):

_g_%_‘<a[<ng;)m>=~%_(al(na;gM)f (4.20)



where:
LI c=at
(3C>J.x 2
. eod) eed 6y} 63
ISR (71,’.;.;*Z;.%,L)U,‘.g,k-(ﬁ,{%,k z;u)”,%’k
( )],k AL "
(Lo . e W) in (ﬁ:wf? 1)
£ e
B, 5+ By Byt By
AR DL TR L e T
T =‘r-v%‘nm p z}y‘b_;:(m,,,,d,.,,,
il i Viki=Vam i Vi3 =Voim

Expanding the terms containing parameters at time level t+%
and re-writing the equation, a relationship is developed from
the conservation of mass equation for the water surface

elevation at time level t+%,

Gt g IS Yy B8 o0 8 :’
288 | ed o i
= n.m’-x[hn,. By s Cods + )
= (4.21)
-} A LI S e
R
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Introducing the following into equation (4.19)

- s1eg(U
XAs""l”(a

am
e 3 = U\ ¢
i I L
n.n)
provides a more workable form of the eguation,

erd e L | (4.22)
~In.a *35,2Unz *In0n=By.n °

Similarly, introducing the following into equation (4.21);
T
2% nn® m[hn,n*hm,m‘(:,m‘ Chonn]
% nn® gl Bomes * Chotn* G
An,n=ChnXy n.aVan* Xy n-t.aVntm

provides a more workable form of this equation,

Ghediaoll (4.23)

A system of linear eguations can be constructed relating the
water surface elevations and horizontal, ‘U’, velocity along
a row of computational points in the grid system. In matrix
form, using the notation presented in equations (4.22) and
(4.23), for a single row, ‘n’, of computational points, the

simultaneous system is,
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- 1] T4 ol ey
1 4 0 0 00 0 0| " e Un
-r & r 0 00 0 off el |p
el ted " o
0 “Xxm 1 Xxma 00 O 0 0%
[ A1
0 0 -ra, o o ol 0
ce . Unet’| - |B,.,| + o (4.24)
el 0
5 g . Cnz e
" £
B B . o
el ol ! el ted
0 [ ] 0 00 =Xera 1){¢;° Ap AxrUr

The values of the vector ( {ums Usms Samete Unmirr covvess &)
is determined using a process of elimination of unknowns.
Starting with the first equation of (4.24) the water surface
elevation [, is expressed as a function of the unknown
velocity U,

ted ted
Cort == P,alnin O, taa29)

where:

eed eed
PonXxnm i Onn=8n,n*Xx n.maU;

Substituting (4.25) into the second equation of (4.24) and

expressing U,, as a function of {, .., gives,

ed_ e (4.26)
Un,m =Ry, nln,m1+Sp,n
where:
xr B, .+ 10,
R .= r ;5 =BuntIOnm
28 ‘rPn,n’an,m i 'rpn,m+an,m

i
i
¢




Substituting (4.26) into the third eguation of (4.24) and
expressing {,.,; in terms of the velocity U,,.;, the following

relationship is developed,

(4.28)

o
3
n,m01Un.201% O, er

n.:
Anoe *Xnm Snm

i O,

6l
1+ Xx 0,0, m

Generally the following recursive formulae can be written,

ted el
Ca =~Po,aln.a *Onun (g0
3 e 4.31
IR A oy 5 S L
where:
eed el
_ Xx nm : 0 =Pnattxne1Snmy
m =3 i Onm =1
14 %xmm1Ry, 1+ %xnm1Ro,
B r ;8 Brp1*T0n.a1
ot "n.-—l x Ipn,.-l ’ i all,.-l * Ipn.rl

The recursion coefficients, P, Q, R and S are determined
starting at the lower bound, given the water surface elevation
at this bound, and proceeding to the upper bound. If the
velocity at the upper bound is known, the water surface
elevations and velocities are then determined in descending

order starting at the upper bound.



This sequence is executed for every row of computational
points in the grid system to determine the first estimate for
the vater surface elevation ard horizontal, ‘U’, velocities

for the first half time step.

The water surface required in the solution for the non-linear
expression presented in equation (4.21) is determined by an
iterative process. The first estimate for the water surface
elevation at time level ‘t+4’ is made by the implicit
procedure of taking the nonlinear term at time level ‘t’.
Next, the value thus computed is used in (4.21) for the actual

computation. This iteration can be repeated several times.

4.2.2 Explicit Computation for Horizontal Velocity ‘v’

The velocity, ‘V’, in the other direction can now be estimated
explicitly using equation (4.6) in the following finite
difference form since the velocity ‘U’ in the Coriolis term is
already known,

at j,k+§ (n,m);
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where:

_ Vamn = Vaas
av), kol T 2as

A3

(8{)‘ % P e | V24 (Vaw) 2
By - ’ EA TET—
RS Y BT ) (G0
ot
h, nth, o [of +Cp oo eed ot
By oy = e e i 7 3;;'“%: h n.m . LELN 4 L ln l.m2 (9

Substituting the finite difference approximations containing
those parameters at time level ‘t+%’ and solving for the

velocity ‘V*%/, the following relationship is developed,

ey v\ ¢ a\e }
vE T3l 48V +gl 9L
ved. {M[ il <a":) } g<aY n.n) (4.34)

oo (J}]

4.2.3 Implicit Computation for Horizontal Velocity ‘V’ and
Water Surface Elevation ‘{’

The velocity ‘V’ and water surface elevation, {, for the

second half time step, ‘t+)’ to ‘t+1’, is an implicit
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operation using equations (4.6) and (4.7) in the following
finite difference forms,

using (4.6) at j,k+% (n,m):

e+ av>z._] VM ;,[)c'—_ a(>td "'R“ (4.35)

where:

ov_ g
Bt

(&),

U% zv%
BNed | VeitVasms  (av\ed | Veda~Vats
0%/ 4,504 225 ! By ey 288

ked
<_a_§>m LGl pen YC 24 (V,
g Jiked Y
CLERE e 7 (BT 5 (G2
ted c“
By, By, - Ch nom™* Ch nes erd  LmintCnom
E;,k--;: 'n, 2n,ma ; t;;.m;’ hn.mzhnl,m ; -(;k'; no1,mt S, m

using (4.7) at j,k (n,m):
[ (h+{) Ul \e+3 /31 (h+{) VI \e2
- ) (T) (4.36)

where:
g &g

(62) tM’ 4 T=75

; 258 y ol
) E
20x)%0 2k Ej-_;,,,* 33,k

as

(al(mz)m ed (

(6[(h+()vj)m (ﬁj,k‘— zfr;:.; jb'ko- (5, k1 +T) =

ik as
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Expanding the terms containing parameters at the time level

‘t+1/ in equation (4.35) and collecting like terms with

respect to time level gives,
. 1] e .
Sope(§) e St
a5
. 28}
R ]

and introducing the following,

(4.37)

z=~f—; ; a,’,,m=1+r<

VL o1 OV\t+5
PR (R R R E b

n.m

gives the following more workable form of the equation,

~r{tival VEL+rtEl =Bl o (4.38)

Similarly, expanding (4.36), the following relationship is
developed for the water level elevation at time level ‘t+17 in

terms of the parameter values at time level ‘t+k’,
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. Viealbin,n* Bo,mes + Cain* i, o
e,

g e [f10es,0* Bpes s+ o C

4

Vot
= (4.39)
et x| OBt bt G ]
o~ g5
o] TSI oy O 4|
and introducing the following,
Xina i Ayam :see page 88
" S S St
An, m'Xxn..Unm +Lx mmet
gives the following relationship,
£t el e (4.40)

hont Xy m.aVim ~ Xy a1, Va1, m ™

Using the matrix formulation and solution technique,

previously described, and equations (4.38)

and (4.40),

following recursion formulae are developed for the,

as
the

we,

velocities in the opposite direction at time level ‘t+1’;

o=~ PaaVan +Onn (4.42)
Vata==Rpsnlnn*Sptm (4-42)
where:
! el !
/ Ay'nm . of <Pam*Xyn1,mSn-1n
Pa,m= i Onn= T
143 1,0R01m 1+Xy n-1,0R0-1,m
Bly o+ 0L
Bluarer—i— | sl Bprntiline

7 7
@p-1,0* IPp-1,m
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The recursion coefficients, P/, Q’, R’ and S’ are determined
starting at the lower bound, given the water surface elevation
at this bound, and proceeding to the upper bound. If the
velocity at the upper bound is known, the water surface
elevations and velocities are then determined in descending

order starting at the upper bound.

This sequence is executed for every column of computational
points in the grid system to determine the first estimate for
the water surface elevation and horizontal, ‘V’, velocities

for the second half time step.

The water surface required in the solution for the non-linear
expression presented in equation (4.39) is determined by an
iterative process. The first estimate for the water surface
elevation at time level ‘t+1/ is made by the implicit
procedure of taking the nonlinear term at time level ‘t+%’.
Next, the value thus computed is used in (4.39) for the actual

computation. This iteration can be repeated several times.

4.2.4 Explicit Computation for izontal Velocity ‘U’

The velocity, ‘U’, in the other direction is determined
explicitly using (4.5) in the following finite difference

form,
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at j+%,k (n,m):

giz’=Tz‘"[fc-(gg)"%]-um(%v()="%_g( 8()!': _gueREt (4.43)

where:

4

au\ed i =
i~ (63>,._
o4 =T %
(ﬂ)n-} [ ..-C:.m ; REL, () 2+ (Tor)?
ox, Jedik AS EER i (B T" z.T) @2
Bl el
F, <Dnettosn . my L ChaetChnam Cnm *Cnymos
Jegk 2 ! Thyedx 2

Solving for ‘U’ velocity at time level ‘t+1/

gives the
following relationship;
uiE s "'l g( }
. Jnum fona” a o)., i)
1+ ‘[ng et ,._]
4.2.5 Boundary Conditions

The

P ional model 'y conditions for examining the

response of a harbour basin to long period water waves are the

shore and open boundary conditions.
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The shore boundary can vary from fully reflective, such as
concrete sea walls, to situations where run-up can occur, such
as gradual beaches. The slope at which a long period waves
will have a reflection coefficient greater than 0.9 is

presented in Table 4.1 for various wave periods.

Table 4.1 - Wave period/slope relationship for
reflection coefficient greater than 0.9 on plane
slopes.
WAVE PERIOD SLOPE
(seconds)
10 1l on_ 2.68
50 1 on 13.44
100 1 on 26.88
150 1 on 40.32
200 1 on 53.76
250 1 on 67.20
Incident wave height = 1 m ; Reflection co-
efficient greater then 0.9 when surf simi-
larity parameter greater than 4.65 (see SPM
(1984), Fig. 2-65, p.2-118, for plane
slopes).

The shore boundary is assumed to be fully reflective with
respect to long period waves for the work presented in this

thesis.

The open boundary condition is assumed to be the entrance to
the harbour basin where the water surface elevation,

velocities and direction are known.



4.2.5. Shore Boundary Condition

The shore boundary is assumed to be described at the locations
where the depth data is provided and less than or equal to

zero. The ion that the y is fully reflective

leads to the no flow condition normal to the boundary.
Evaluation of the velocity at these boundaries using the
previously developed formulae is not possible. Therefore, a
weighting factor and linear approximation for each of the

differential operations is introduced,

<%{r>m_u V)l 1 ™ n.,..]w[ ™ ,.,m} (4.45)
<_g}_t:>mm_(1 y)’ .m,u. ,...]P'[ /n,m~ V- ] (4.48)

The weighting factor, v, is either 0, 0.5 or 1.0, depending on

the location of the shore Y as pr in

Table 4.2.
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Table 4.2 - Shoreline boundary, off-centre derivative weight-
ing factor, 7y.

Boundary au 3u v v
Location ax ay ax 3y
X-Direction:
lower bound 0.0 0.5 0.0 0.5
upper bound 1.0 0.5 1.0 0.5
Y-Direction:
lower bound 0.5 0.0 0.5 0.0
upper bound 0.5 1.0 0.5 1.0

4.2.5.2 Open Boundary Condition

The water surface elevations are required at the open boundary
and are the driving force of the computational model to
simulate long period wave propagation in a water basin. The
open boundary water surface elevation is assumed to be of a
sinusoidal waveform with a constant deep water height and a
user specified period. The initial surface elevation is taken
to be zero with subsequent time dependant elevations obtained

by addition of a surface increment obtained as follows;



dl,, =Cafcoskx; -0 (£, + dt)]-coslkx; -0t}
-2n

a i k== L=T\[gd
d{,,x:;,,{cos[a( i —t‘—db]]-cos

2n
T (4.49)

L

where: d{= change in water surface elevation; {.=
maximum water surface elevation; T= wave period;
dt= 7/2 = half time step; t;x = time,distance from
start.

The wave length is chosen to ensure shallow water conditions
are met over the entire basin by using the shallow water
criterion (Dean & Dalrymple, 1984, p.132) with the maximum

water depth, d,,, as follows,

Lygn=20.00,, (4.50)

An estimate of the corresponding wave period is found using
equation (4.50) and the linear equation for shallow water wave

length,

(4.51)

where: T, = estimated wave period.

L tse (1967) a ional resolution of

thirty (30) points per wave length, i.e. L, = 30As. An

estimate of the wave period to meet this requirement is,
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(4.52)

where: As = grid spacing.

The two (2) wave period estimates resulting from equations
(4.51) and (4.52) are compared and the largest of the two is
taken to be the minimum recommended value to be used for any

analysis.

The maximum water surface elevation at the boundary is chosen
based on the need to eliminate any possible occurrences of
breaking waves by ensuring that the following relationships

are not satisfied (Dean & Dalrymple, 1984, p.335);

Jb 578, . H,=0.78d,, :Shallow water. (4.53)
dmin

Hp 1, . 9T :Deep water (4.54)
B i hm P

Hyn0:218L 4 :Deep water standing wave. (4.55)
Ne=0.647H, ; 1=

H,=1.37d,, :Shallow water standing wave. (4.56)

where: H,= breaking wave height corresponding to
the estimated period, T,; L= deep water wave
length; d,= minimum water depth;n.,n, = maximum,
minimum water surface displacement at breaking; g=
acceleration due to gravity.
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Taking the minimum of the values determined from the above
equations to be the maximum water wave height permitted at the
open boundary, H,, and multiplying by an arbitrary factor of

one-half (%) will ensure that wave breaking will not occur.

The water depth varies along the length of the open boundary
which results in variable wave height along the bounrdary. The
equivalent deep water wave height, H;, is determined using the

shoaling coefficient,

(4.57)

The deep water wave height is then used in conjunction with
the shoaling coefficient to determine the wave height and
subsequent water surface elevations at the boundary resulting

in the following relationship,

(4.58)

Substituting (4.58) into (4.49) gives rise to the final

estimate of the change in surface elevation for a particular
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location along the open boundary as follows,

(4.59)

where: d = water depth at location x; along the open
boundary; remaining variables ‘as previously
described.

The recommended time step, 7, is determined using a Courant
number of one (1) at the average depth of the basin, d,., as

follows,

(4.60)

V Gava

where: C = wave celerity; m,p = model, prototype; K
= Courant number; 7 = time step; As = grid spacing.

The resulting time step introduces local instabilities in the
numerical model where the local water depth is very much lower
or higher than the average water depth resulting in a non
representative Courant number. The elimination of these local
instabilities would require the implementation of a variable
time step throughout the basin which in turn would increase

the computational time and complexity of the computational
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model. The selection of the time step using the average depth
is felt to be sufficient for the analysis of a water basin on
the hole. Analysis of specific areas or locations inside the
basin using this software should be undertaken with due

consideration of the local instabilities introduced.

4.2.5.3 Chezy Coeffiqi etermination

The bottom boundary condition assumes a rigid non-porous
bottom. The effect of bottom friction on wave motion is
described using the Chezy Coefiicient for flow in open

channels as presented in the previous discussions.

The actual Chezy Coefficient ,C,, value to be used can be

determined using one of the following expresszions ;

1. Ganguillet and Kutter, 1869, in Douglas, et al. (1979),
p.436:
5%.4.0.0015 .1
L 1*(23, 50055 ni (4.61)
s lym

where: n= Manning’s No. (0.025 to 0.035); s= bottom
slope; m= hydraulic radius = water depth.



2. Bazin, 1897, in Douglas et al. (1979), p.437:

86.9
1+ K (4.62)
V&

Cp=

where: k= 0.850, 1.303 and 1.750 for very regular
surface channels, ordinary and exceptionally rough
channels respectively; m= hydraulic radius = water
depth.

3. Wang and Christensen (1986):

= |2 .| ln(ad+1)]? 4.63
G ‘Jf/ \J 64 { )

where: a= 365 or 20 for smooth and rough seabed
respectively; d= water depth; f’= effective
friction factor.

4. Leendertse (1967):
C,=19.41n(.9d) (4.64)

where: d= water depth.

Equations (4.61) and (4.62) are used extensively in the
examination of water flow in open channels. Equation (4.61)
provides a method to incorporate the change in bottom
elevation in the direction of flow as well as the effect of
bottom friction. Equation (4.62) incorporates the frictional
effects only. Equation (4.63) was developed from experimental
work examining the propagation of hurricane induced waves on
various coastal morphologies. Equation (4.64) was developed

using historical tidal information for the Haringvliet, the
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Netherlands.

Due to the wide variations in bottom topography typically
found in harbour basins, equation (4.61) was selected to be
used for the analyses presented in this thesis with a
Manning’s No. of 0.030. The other equations are available for

use in the computer program.

4.3 Computer Model

A solution of the numerical model presented in the previous
sections would be a laborious process if attempted manually.
A computer program was developed to solve the numerical model
for any combination of water basin geometry and wave period
selected. The software package was given the name LONGWAVE

with the logic flow as presented in Fig. 4.3.

The computational routines were translated from the work
presented by Leendertse (1967) in Fortran to the QuickBasic
software language. Various routines were developed and added
to provide visual and hard copy outputs of the component
and/or resultant velocities, water surface elevation, water

depth, Chezy coefficient and basin response factor (S;/Sy).

The program can be run in VGA, EGA, CGA or Hercules monochrome
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graphics mode. However, the colour screen displays are only
provided while in tne EGA or VGA environments. The CGA and
Hercules monochrome modes are in black and white. The colours

and or line types used for each type of output is provided in

Table 4.3.
Table 4.3 - Colour/line type representations for LONGWAVE
program output types.
OUTPUT TYPE
ITEM OUTPUT
EGA/VGA | CGA/MONO CONTOUR
DISPLAY DISPLAY PLOTS
Shoreline brown white black
Contour: (white) (black)
<0 green . =
=0 red cees
>0 blue
Vector red white black
Section to save yellow white Not
Plotted
Text red white black
green
yellow
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START LONGWAVE PROGRAM

SE" BRAPNICS RESOLUTION, PATHS. PARAMETER VIEW AND PAUSE CONTROL

SEY YEWARV DATA BASE, WT INPUT FILE. DETERMINE OPEN BOUNDARY
CALCULAT IM CONTROL PARAMETERS.
ETEWI'E NDED WAVE PERIO0, TIME STEP, EEP WATER HEIGHT,
METHOO FOR CPEZV COEFFICIENT AND TIME BETWEEN OUTPUTS.

SET INITIAL WATER SURFACE ELEVATION AND OUTPUT TYPE.

INITIALIZE STORAGE DATA BASE. SET INITIAL WATER SURFACE ELEVATION
AND CALCULATE INITIAL CHEZY COEFFICIENTS.

SET HORIZONTAL AND VERTICAL DATA SEGMENTS TO SAVE.

—-———‘I SET OPEN BOUNDARY FOR TIME STEP. |

WHICH HALF TIME STEP ?
FIRST 'SECOND

Q"’UYE‘
X-VELOCITY AND SURFACE IMPLICITLY.|

Y-VELOCITY EXPLICITLY.

DPU
TY AlD SURFACE IMPLICITLY,
X-VELN:ITY EXPLICITLY.

UPDATE CHEZY COEFFICIENTS.

I

INCREMENT/DECREMENT
TIME STEP AND

DETERMINE ELAPSED TIME = OUTPUT TIME ?
TIME. NO YES

USER SPECIFIED OUTPU

TERMINATE ?
NO YES

MOVE PARAMETERS TO PREVIOUS
TIME LEVEL IN DATA BASE.

Fig. 4.3 - LONGWAVE software package logic flow chart.
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The primary screen contains information for grid database
retrieval and type of graphics adapter installed,

VIDEO TYPE AND SYSTEM PATHS --
<RIGHT ARROW> to EDIT & <F>inish.

Graphics resolution [V,E,C,M] *>V

Path for input FILE [dr:\dir(s)\] C:\HARBDATA\
File to be used [filename) SJBY100
Path for {.DB} files [dr:\dir(s)\] E:\

View open boundary values [Y,N] N

View control parameters (¥Y,N] N

Suppress pauses (¥,N] N

These parameters are maintained in a program default file
titled PARAMS.LGW and are read in automatically at each
program run. After the user has completed the above screen a
second parameter screen is presented to input and verify the
analysis parameters to be used,

ANALYSIS PARAMETERS --
<RIGHT ARROW> to EDIT & <F>inish.

Initial water surface elevation 0

Chezy formula to use [L,B,W,G#,N] G.03
Wave period to use in seconds {>=} 120
Time step to use in seconds {<=} 4.08
Total time for analysis in seconds 1200

Iterations for non-linear terms *>1
Output type (c,T) c
Time in 15
Wave angle at boundary in degrees [

These parameters are also maintained in the defauit file.
However, at each running of the program the recommended wave
period, time increment and time between outputs are calculated

for the grid database input and write over the previously

stored parameters.



The time between outputs determines the point at which
computations are interrupted and the user can specify the
parameter to be contoured and output he/she requires. The
contouring routine uses companion rows of data points as
specified by the calculation control parameters generated in
the early stages of the program. The contour line coordinates
are determined using four point linear interpolation and the
parameter values obtained from the temporary database

generated by the program.

Termination of the program is determined by the total time for

analysis or as selected by the user at the end of each output.



Chapter 5

CoMPUTATIONAL MobEL FOR ON-SHORE WATER WAVE
PROPAGATION

5.0 Introduction

The program LONGWAVE was developed assuming an open boundary
condition based on the water depth at the boundary as it
compares to the deep water depth for the wave period being
examined. The shoaling coefficient was applied to the deep
water wave height to obtain a wave height at the boundary.
This method omits the effect of wave direction and the change
in wave direction due to wave refraction. The prediction and
analysis of the refraction pattern of the waves will provide
the better open boundary values applied to the LONGWAVE

program.

The refraction and resulting concentration/dispersion of wave
energy is directly influenced by the geometry of the ocean
floor and shoreline. In the past, analysis of this phenomenon
was undertaken using a tedious and lengthy process whereby the
engineer developed charts of the waveform as it travels over
the ocean floor. The analysis was undertaken by constructing
wave crest orthogonals or ‘rays’ starting in deep water
regions and propagating these in the shoreward direction.

Calculations were carried out in conjunction with the ray
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construction at strategic locations to determine the required
parameters. This was a time consuming process as lengthy
calculations were also required prior to the drawing of the
charts. This analysis has become less tedious with the
increased use of computer technology in the engineering field
and several programs are in daily use. These programs are
usually relatively expensive and require the user to have
access to large computer systems. The program MUNWAVE is a
relatively inexpensive program which can be run on a modest

personal computer based system.

The program outline and sequence for MUNWAVE stemmed from
Crookshank (1975) which was written in Fortran and developed
for use on a personal computer ‘PC’ based system. The logic
flow and sequence of operation for the program MUNWAVE is

presented in Fig. 5.1.

The most visible difference between MUNWAVE and the Crookshank
(1975) program HYDRSDC is the sequence in which construction
of orthogonals or ‘rays’ is conducted. MUNWAVE performs the
necessary calculations at each time step for all rays instead
of one at a time. This permitted better visualization of the

wave front on the screen and more efficient detection of
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START MUNWAVE PROGRAM.

DISPLAY TITLE SCREEN.

DISPLAY MAIN MENU. [ewo |

1=
USER SPECIFY IIPUT‘;N;EWARY AND QUTPUT l
=

FILE NAMES AND PA

=
USER EDIT u‘g’(m INPUT UEFALLY—l

PARAMETERS .
USER SELECT TYPE OF OUTPUT.

INITIALIZE CELERITY ARRAYS.

COMPUTE REFRACTION, SHOALING AND DIFFRACTION
COEFFICIENTS AS WELL AS INCIDENT WAVE HEIGHT

FOR MAIN RAYS.
OUTPUT RESULTS USING SELECTED TYPE.

ALL MAIN RAYS
TERMINATED?
YES N0

COMPUTE REFRACTION, SHOALING AND DIFFRACTION
COEFFICIENTS AS WELL AS INCIOENT WAVE HEIGHT
FOR DIFFRACTION RAYS AT BREAKWATER.
OUTPUT RESULTS USING SELECTED TYPE.

ALL DIFFRACTION RAYS
TgRHINATED? o

SAME DATA FILE.

ANOTHER DATA FILE.

Fig. 5.1 - Logic flowchart for MUNWAVE software package.
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caustics or ‘ray crossings’, a feature which was incorporated.
The detection of a caustic situation causes the program to
identify these locations and terminates the rays involved. The
form of test conducted by the program is such that rays which
are not in phase can still cross, situations which emulate
similar occurrences in nature. The program develops a linear
equation for each iteration on a pair of rays and checks to
see if the point of intersection is within the bounds of each

iteration on each ray.

Termination of breazking waves is accomplished by performing
checks on the wave steepness and water depth. The breaking
wave limit for wave steepness is determined by assuming that
the ratio of wave height ’H’ to wavelength ‘L’ (H/L) must be
less than 0.142. The limit for water depth is provided by the
ratio of wave height to water depth ’‘d’ (H/D) being assumed to
be 0.78 at breaking. The rays are terminated when these
breaking 1limits are encountered during the iteration

calculations.

The ability to plot and examine user defined wave height
contours has been incorporated. A simple algorithm was
developed utilizing the principle that a plane, identified by
three points in space, has a line on its surface where each
point along it is at the same vertical height or elevation.

The assumption made for this algorithm was that the wave
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height distribution is linear. The program uses a simple
linear interpolation technique on two lines of a plane to

determine the coordinates of the line of equal height.

The method to determine the refraction coefficient used by
Crookshank (1975) was modified by developing a numerical
technique using a backward difference technique to solve the
differential equation for the ray separation factor B/ (see

p.8, Eq. 2.3).

The method used by Crookshank (1975), specifying a reflection
coefficient for the determination of diffraction coefficients,
was found to be lacking in that the coefficient was in reality
a transmission coefficient. This was discarded and the
procedure modified to bring it in line with that used in the
Shore Protection Manual (see SPM, 1984, pp.2-77 to 2-92). This
procedure assumes a totally energy absorptive breakwater. The
pregram MUNWAVE does not perform reflection calculations and
only determines diffraction coefficients on those primary
orthogonals which pass the breakwater line and all secondary

or 1s behind the br .

The calculation performed by Crookshank (1975) to determine
the shoaling coefficient, applied to the wave height, was for
group wave celerity. This was replaced with a similar

calculation for the celerity of a single wave as this is the
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type of analysis undertaken by the program MUNWAVE.

5.2 Program Description

The program MUNWAVE was developed using the Microsoft,
QuickBASIC, software development language. This language
provided versatile file manipulation as well as enhanced

visual graphics output in an immediate mode.

The overall program is segmented with the first being the
initializing process whereby a storage device for temporary
files is assigned as well as the location and retrieval of the
data file to be used. The necessary data file consists of a
grid with horizontal dimension equidistant in the horizontal
and vertical directions. The water depth values at the
specified grid points are to be positive with those on land
negative in sign. The first line in the data file must contain
the five control parameters in the order provided in Table 5.1

and separated by commas.

The data file can be constructed using a text editor or by
using the program CADGRID. If a text editor is used the grid
should be constructed with the bottom left grid point as the
origin and proceeding upward. The data input routine requires

that each row of data be continuous with no word wrap, line
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feed or carriage return values between column entries. The
MUNWAVE program requires that the depth data be in metres.
Therefore it is important to enter the correct conversion

factor as presented in Table 5.2.

Table 5.1 - First line in grid database file required by
MUNW;

E.

PARAMETER DESCRIPTION
POSITION

Number of columns of data.

Number of rows of data.

Grid spacing in metres.

& fuw o e

Current data indicator:
0 - No Current Data.
1 - X and Y Current Data.
2 - Magnitude and Direction.

i

5 Depth conversion factor to metres.

|

Table 5.2 =- Depth conversion
factors for various units to
metres.

From Factor
feet 0.3048
fathoms 8288

metres 1.0000

The CADGRID program produces a grid depth database which can

be input to the MUNWAVE program with no or 1little
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manipulation. However, the CADGRID program requires access to
the CADKEY computer aided drafting package to previously

digitize the necessary information.

The next step in operation is for the user to input the wave
parameters required for further calculations and includes the
following:

1. Water Depth Increment/Decrement Factor: this is

required to simulate the change in water level due

to such phenomenon as tides, storm surges, etc.

2. Deep Water Wave Period: the time it takes for a
wave crest to travel past a specific point.

3. Point Time Increment: this parameter is used
for the iteration process. The program calculates a
recommended default value which is dependant on the
wave period, wavelength and grid spacing.
4. Number of Point Time Increments between Crest
Marks: the program provides a default value which
permits the plotting at one minute intervals and is
dependant on the Point Time Increment.
5. Orthogonal ‘Ray’ Spacing: distance between rays
in grid space units, eg. 0.5 would be one half the
grid space apart.

These parameters can be altered by the user at the start of

each analysis run with recommended defaults displayed.

A position edit screen is provided to position the deep water
wave crest, breakwater and specific points of interest. The
wave crest must be provided for proper program execution. The
X and Y cooordinates and water depth are displayed and updated
with every move of the cursor. During location of the wave
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crest the wave angle is also o™

displayed during selection of .:1

= ja SHe—
the wave crest end position. mu":_j

o

The significance of the wave = / et i
angle is  presented in |® “n’ﬂ' ?-lr_tu?u‘t‘ti‘l"' -
Fig. 5.2. However, the 270° s oo
breakwater butt and tip VAT CauST

positions need not be

selected by placing them in
the red zone of the eait CiZ 52,7 WAWALE vave sngle.
screen. The program does not

recognize the existence of points in this zone during
calculations. Also provided are depth contours indicating the
deep/transitional and transitional/shallow water limit depth
contours related to the particular wave parameters input by
the user for proper placement of the wave crest. Specific
keyboard operations to accomplish this are displayed at times

required.

The final sequence in this segment is the user designation of
type of output required. There are six combinations provided
for screen, tabular and plotter output with the user

specifying the relevant computer output ports when requested.

The next segment of the program is the number crunching and

output portion using the information provided by the user
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during execution of the initial segment and contained in the

previousiy digitized water depth data file.

The first operation in this segment is construction of primary
rays from the wave crest deep water location to the shoreline
and breakwater. The construction of secondary radial
orthogonals at the breakwater tip is undertaken after the
primary orthogonals have terminated at the shore or edge of
grid. The specific locations of interest can now be examined
at the bottom of the output screen, if the user has specified
screen graphic output mode. Each point is identified on the
graphics display as the variables are selected for user
examination. The final sequence or operation is the
construction of wave height contours. The user inputs the
value required using a range generated by the computer during

calculations.

The user is prompted at the end of this segment to return to
the beginning of the program and input another data file or
re-use the same. The user can terminate the program at this

point if he/she so wishes.

5.3 OQutput Types

The type of final output is variable and selected by the user
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in the first segment of the program as mentioned previously.
Output can be via certain combinations of computer screen,

line printer and graphics plotter.

The graphical outputs show the shoreline; ocean £loor contours
(user selectable); wave ray paths; location of breakers;
location of caustics; wave crests; wave height contours (user
selectable). The colours vary depending on output device

selected (see Table 5.3).

Table 5.3 - MUNWAVE output colour designations.

DISPLAY ITEM COMPUTER PLOTTER
SCREEN OUTPUT
Background white n.a.
Shoreline black black
Water depth contours green and green
light green
Wave ray paths light blue blue
Wave crest marks high white blue
Breaking wave locations yellow green
Ray caustics (crossings) red red
Wave heights brown, light magenta
magenta and
Grid point locations blue dots black
border
tics

The text output can be selected to be displayed on the screen
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or printed on a line printer. The text output is in tabular
format and gives the data for each time interval and all
orthogonals (see Table 5.4).

Table 5.4 - MUNWAVE text output format.

COLUMN DESCRIPTION
1 Time interval in seconds.
2 Ray (orthogonal) number.
3 &4 X & Y grid coordinates in grid space
units.
5 Interpolated water depth in feet.
6 Refraction coefficient.
7 Shoaling Coefficient.
8 Diffraction coefficient.
9 Incident wave height in feet.
10 wave angle in degrees.

Ray terminations due to shore, breaking and caustics are
identified throughout the listing. The same output is provided
for both the primary rays and secondary rays resulting from
diffraction behind a breakwater. The specific location data is
output at the end of the orthogonal listing. The hardcopy
printout of the tabular data contains brief descriptions at
the start of each of the tables. The grid size and initial
wave parameters are output at the start of the primary output.
Diffraction information such as initial wave height selected
and orthogonal closest to the breakwater tip is output at the
start of the secondary output.
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5.4 System Requirements

The program was developed on a Hewlett Packard, Vectra (R),

1 , with 40 megabyte hard drive, one megabyte
extended memory, VGA graphics board and HP-IB plotter
interface. The hardcopy graphics routines were developed using
the Hewlett Packard Graphics Language (HP-GL) for an HP7475A
eight pen plotter. The program should operate correctly on
lesser systems. However, VGA graphics capability and HP-GL

compatibility are necessary requirements.



Chapter 6

ANALYSES USING THE COMPUTER PROGRAMS

The application of the computer programs CADGRID, LONGWAVE and
MUNWAVE to the real world is a relatively easy process. The
program CADGRID using a previously digitized database provides
a means to develop grid databases of varying sizes from the
same database. These grid databases can then be used as input
for the LONGWAVE and MUNWAVE programs developed to study the
response of a particular water basin to long period waves as

well as the propagation of regular water waves.
The creation of graphical, modified, sort and subsequent grid
databases using the CADGRID program for St. John’s Bay and the

SOHILCO harbour development is presented in this thesis.

The analysis of water wave propagation and basin response

using the MUNWAVE and LONGWAVE software

useing the grid is pr and di




The graphical databases required for the analyses were
prepared using CADKEY and a GTCO digitizing pad to digitize
the hydrographic chart for The Approaches to St. John’s as
published by the Canadian Hydrographic Service, Department of
The Environment, Ottawa, Canada (see Fig. 6.1). This database
file, titled STAPPRCH.PRT, was the main graphical database
used to supply the subsequent graphical databases required.
The St. John’s Bay database file, titled SJBAYROT.PRT, was
created using an exerpt from the main database and changing
the orientation to provide a vertical boundary at the mouth of
the bay (see Fig. 6.2). The Freshwater Bay, SOHILCO harbour
development graphical database file, titled SOHILROT.PRT, (see
Fig. 6.3) was created using an exerpt from the main graphical

database and modified to reflect the proposed harbour

impr This was then oriented to provide a
vertical boundary at the entrance to the harbour (see

Fig. 6.4).

The approximate disk storage required for the graphical

is p in Table 6.1.



52:3%5:00 52:30:00

CHART: ARPROACHES TO ST. JOHN'S
CHART SCALE: 1:37500

Digitifing Origin
Align Oist: 19684.8

§
g
9

Fig. 6.1
John’s.

Graphical database for the Approaches to St.

s it P A



47:40:00
52:40:00
47:35:00
52:40:00
L isn
52:35:00 47:35:00
/_szzao;oo
NOTE:

CHART: APPROACHES T0 ST. JOHN'S
CHART SCALL 37500

CHART NO.: 02-4574

CHART EDITION 33 : AUG IS, 1975,
WATER DEPTHS IN FATHOMS.
DISTANCES IN FEET.

LAND ELEVATIONS IN FEET.

\—47:30:00
52:35:00
7:30:00
30:00
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Fig. 6.4 - Final graphical database for Freshwater
Bay, SOHILCO Harbour Development.

Table 6.1 - Digitized database
file sizes.

FILENAME SIZE
KBYTES
STAPPRCH. PRT 297
SJIBAYROT.PRT 297
SOHILROT.PRT 139




6.2 Modified Database Dev

The output files in the form of ASCII text files were then
obtained using the CADL output option of the CADKEY software
package. These output files were then used as input for the
CADGRID program and reduced sorted versions of the databases

produced and stored for future use.

Table 6.2 - CADKEY output (.CDL), reduced (.CAD) and sort
(.BLK) file sizes in bytes.

BASE v.coL/ ‘.caD’ \.BLK’
FILENAME
SJIBAYROT 331464 256944 1267
SOHILROT 128801 87024 1226
6.3 Grid Database Development

The grid database created to study the propagation of water
waves into St. John’s Bay was developed using the SJBAYROT.CAD
and companion SJBAYROT.BLK sort databases as input for the
CADGRID program. Two databases were created for the analysis
of st. John’s Bay, titled SJBY200A.DAT and SJBY100.DAT, having
grid space dimensions of 200 and 100 metres respectively. The
database SJBY200A.DAT was used with the MUNWAVE program and
the SJBY100.DAT database was used with the LONGWAVE program.

131



The grid databases for the study of the SOHILCO development
were developed using the SOHILROT.CAD and companion
SOHILROT.BLK sort databases. These databases were used to
examine the response behaviour of the proposed harbour to long
period waves. Preliminary estimations were made to determine
the fundamental response period of an idealized harbour with
geometry similar to that encountered in the SOHILCO
development. The overall dimensions of the water basins
created by the proposed development were obtained from the

SOHILROT.PRT graphical database (see Fig. 6.5).

NOTE: DISTANCES [N FEET (HETDE:
TATER SeBrt TR ranions cwerees).

Fig. 6.5 - SOHILCO Harbour Development, depth
contours and dimensions.
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DIMENSIONS IN METRES

Fig. 6.6 - Idealized inner basin of SOHILCO Harbour
development (metres).

The inner water basin created by the development was idealized
as presented in Fig. 6.6. The fundamental response period was
determined using (Dean and Dalrymple, 1984, p.149),

2L 2L
VehE J13.81) (10)
=0.201,

Tp=

where L is the length of the water basin in the direction of
interest. Therefore, the periods for the inner basin are
Typw=33.2 and Tpy=65.7 seconds for the east-west and north-

south directions respectively.



Fig. 6.7 - Idealized outer basin of SOHILCO Harbour
Development (metres).

Similarly, the outer basin was idealized as having the cross
sections as presented in Fig. 6.7. The equations for the
fundamental response period differs in each direction (Dean

and Dalrymple, 1985, pp.148-149).

The water basin was idealized as having a parabolic cross
section in the east-west direction with an average depth of
ten (10) metres in the north-south direction and triangular in
the north-south direction with a maximum depth of twenty (20)

metres.



The su 1 period in the east-west
, Ty, direction is estimated to be,

(1.110) (2) (533.4) _114 ¢
‘/‘Q.Hl 10

2L
Tpgy=1.110-22 =
Vgh

and in the north-south direction, Tps, to be

(1.640) (2) (1023.8)
81) (20

Tpus=1.640 219.7

The minimum grid spacings required to meet the computational
resolution required by the program LONGWAVE for each of the

inner and outer basins are presented in Table 6.3.

Table 6.3 - Grid spacing estimates for SOHILCO grid database
development.

Tou Tons DEPTH | Asgy Asys

(SECS) (SECS) (M) (M) (M)

INNER BASIN 338 65.7 10 11.0 21.7
OUTER BASIN 119.6 239.7 20 55.8 111.9

The spacing selected for the creation of the grid databases
for the inner and outer basin response analysis are ten (10)
and thirty (30) metres respectively. These spacings conformed
with the minimums required and permitted proper geometric

representation of the water kasins.



The file names and relative sizes of the grid databases

prepared for the analyses are presented in Table 6.4.

Table 6.4 - Grid databases developed using CADGRID.

SIZE

FILENAME ROWS/COLUMNS (bytes)
SJBY100 .DAT 88/57 45340
SJIBY200A.DAT 81/76 55591
INNER010.DAT 22/43 8640
OUTER030.DAT 29/49 12923

6.4 Analysis using MUNWAVE

The analysis of water wave propagation from deep water into
St. John’s Bay was accomplished using the previously developed
grid database titled SJBY200A.DAT as input for the program
MUNWAVE. This analysis provided information as to the
refraction coefficient encountered at the entrance of
Freshwater Bay where the SOHILCO development is to be
undertaken. The defaults were maintained constant throughout
the refraction analysis (see Table 6.5). The coordinates for
the specific points of interest were also kept constant (see

Table 6.6).
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Table 6.5 - MUNWAVE default parameter values.

DEFAULT PARAMETER VALUE
.

Change in water depth (metre) 0
Wave period ( ) 10
Point time increment 1
Plot crest every N time increments 60
Orthogonal spacing in grid space units i
Deep water wave height (metre) 1

Table 6.6 - Specific point of interest coordinates in grid
space units.

POINT X Y
1 8.51 31.51
2 10.46 34.12
3 20.23 37.59
4 15.02 36.72
5 33.25 37.59

The deep water wave crest position and angle was altered by
ten degrees (10°) starting at 90° through 240° (see Fig. A.1
to A.17, Appendix A). The combined refraction and shoaling
coefficient at each specific point of interest for each wave

angle was recorded (see Table 6.7).

The wave angle providing the maximum concentration of wave



energy at the mouth of Freshwater Bay appeared to be two
hundred ten (210) degrees as indicated in Figs. A.12 to A.14
inclusive (see Appendix A). Further analysis was undertaken
using this wave angle and altering the wave period (see

Table 6.8 and Figs. A.18 to A.26, Appendix A).

These analyses were accomplished using a relatively large ray
spacing which results in the recording of suspect refraction
and shoaling coefficients as indicated in the two tables. A
finer grid spacing would bring the wave orthogonals closer to
the points of interest which in turn would also increase the

computational time required.

A similar coefficient can be obtained using the LONGWAVE
program and outputting the ‘basin response’ parameter or the
ratio of incident to deep water surface elevations in the form

of contour plots.



Table 6.7 - Combined refraction and shoaling coefficients for
specific point of interest and deep water wave angle with a

wave period of ten (10) seconds for the St.

John’s Bay

analysis.

DEEP COMBINED REFRACTION AND SHOALING

WATER COEFFICIENT, KK,, FOR EACH POINT OF INTEREST

ANGLE 1 2 3 4 5
90 *0.146 0.226 *0.325 *0.385 *0.372
100 *0.324 *0.324 *0.276 *0.303 *0.462
110 *0.266 *0.252 *0.259 *0.284 0.707
120 *0.147 *0.165 0.196 *0.595 0.992
130 0.065 0.151 *0.239 0.646 0.999
140 *0.315 *0.315 *0.635 0.900 0.999
150 *0.505 0.604 0.751 0.982 0.999
160 *0.307 *0.804 0.937 0.985 0.999
170 *0.582 0.930 0.959 0.990 0.999
180 *0.589 0.833 0.973 0.990 0.999
190 0.421 0.870 0.911 0.989 0.999
200 *0.473 0.743 0.930 0.989 0.999
210 *0.345 0.130 0.769 0.990 0.999
220 *1.586 *1.652 *2.820 0.990 0.999
230 *0.557 *0.383 *0.337 0.990 0.999
240 *5,068 *5,068 0.526 0.733 0.999
250 *0.161 *0.174 *0.308 *0.317 0.837

(*) -

indicates suspect values due to large distance
between the point and nearest wave orthogonal point

time increment. (see Figs. A.1 to A.17 in Appendix A)




Table €.8 ~ Analysis with constant wave angle of 210° and
varying wave period.

COMBINED RUFRACTION AND SHOALING
WAVE COEFFICIENT, KK,, FOR EACH POINT OF INTEREST
PERIOD
(SECS) 1 2 3 4 5
5 0.503 0.995 0.999 1.000 *1.000
15 *0,.221 0.242 0.302 1.109 *0.887
20 *5.030 *1.083 0.392 1.309 *0.808
30 *1.985 *0.722 *0.047 4.463 *0.744
40 *0.952 *0.952 *0.575 3.345 *0.796
50 *1.512 *1.512 *0.658 11.718 *0.865
70 *0.484 *0.519 *0.810 16.079 *1.005
90 *0.486 *0.486 *0.895 10.646 *1.134
120 *1.165 *1.165 *1.097 22.340 *1.282
(*) - indicates suspect values due to large distance
between the point and nearest wave orthogonal point
time increment (see Fig. A.18 to A.26, Appendix A).

6.5 Analysis using LONGWAVE

The program LONGWAVE produces various forms of contour plots
at user specified time intervals for a particular incident
wave period at the entrance to a basin. A suitable data file
for St. John’s Bay, titled SJBY100.DAT, having a grid spacing
of one hundred (100) metres, was developed as previously
described and used as input for the LONGWAVE program. The
basin response parameter contour and vector plots produced for
a wave period of one hundred twenty (120) seconds are
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presented in Appendix B. The plots were produced at fifteen
(15) second time intervals sequentially through to three
hundred sixty (360) seconds or three (3) wave lengths. The
contour plots are self explanatory and trace the value of the
response parameter over the period (see Appendix B). The
computational sequence was terminated after three hundred
sixty (360) seconds as this was felt to provide the necessary
information for prediction of the response parameter at the

points as specified in the analysis using the MUNWAVE program.

The overall response of the Freshwater Bay water basin can be
observed using plots generated from the previous analysis of
St. John’s Bay basin by comparing the plots in Appendix B.
However, information as to specific areas inside Freshwater
Bay where potential problems might occur cannot be obtained
with any degree of reliability from these plots. The analysis
using finer grids developed for the Freshwater Bay area would
provide a means to examine local disturbances due to

encroaching waves.

Therefore, the two (2) grid database, OUTER030.DAT and
INNERO10.DAT, developed previously were used and plots
obtained using the 120 second wave period for the open

boundary condition at each grid.

The plots resulting from the analysis using the OUTER030.DAT
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grid data file provide the means to examine the response of
the SOHILCO development outer basin, created to protect the
inner basin, to encroaching waves (see Appendix C). The plots
resulting from the use of the INNER010.DAT grid database
provide the means to examine the response of the inner basin

to encroaching waves from the outer basin (see Appendix D).



Chapter 7

D1scussION AND CONCLUSIONS

7.0 Discussion

The analysis of wave propogation over varying bottom
photography into water basins of irregular geometry requires
the input of a large amount of physical data in the form of
water depths or soundings. The data is readily available in
the form of hydrographic or fair charts. The process of
manually creating an equally spaced depth grid and producing
the data in a suitable form for analyses is typically very
tedious. The problem is further compounded if a number of
grids of various spacings are required of the same area. The
CADGRID program interfaces with a CADD package which can be
used to digitize the data directly from the source chart
producing a single database of information which can be used
over and over. CADGRID can then be used to develop as many
grids of any size required for the analysis of a particular
area. These data grids are used as input for the MUNWAVE and

LONGWAVE programs directly after production.

The program MUNWAVE can be used to examine the propogation of
deep water waves on shore. The program is limited in the size
of wave period used for the analyses. This is directly related
to the average depth contained in the data file and the
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Courant number of one (1). The constraints of linear wave
theory have been incorporated which also limit the size of

wave period used in any analysis.

The initial analysis of St. John’s Bay using MUNWAVE was
undertaken using an input wave period of ten (10) seconds to
determine the wave direction which produces the most severe
wave effects in the Freshwater Bay area (see Fig. A.1 to
A.17). The direction was observed to be coincident with a wave
angle of 210° based on the observation of wave ray spacings in

the area of Freshwater Bay using Figs. A.12, A.13 and A.14.

Further analysis of St. John’s Bay using MUNWAVE was
undertaken to observe the effects of increasing wave period on

wave

P ion into Fr Bay using the wave angle of
210° (see Fig. A.18 to A.26). These outputs show that the long
period waves shoal at a deeper depth off shore and the
presence of caustics was also observed. The wide dispersion of
wave rays gave rise to suspect readings in the Freshwater Bay
area as recorded in Table 6.8. The problem tended to increase
as the wave period increased and could be overcome by using a

finer ray spacing on a trial and error basis.

The Program LONGWAVE is a better tool for examining the
propagation of long period waves into a water basin. The

program can also be used to examine the particular response
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pattern of a water basin and produce contour plots of a
response parameter equivalent to the combined
refraction/shoaling coefficient as produced by the MUNWAVE

program.

The LONGWAVE plots of St. John’s Bay agree with the plots
produced by the MUNWAVE program qualitatively. The areas of
wave concentration on shore predicted by the refraction
analysis are also the areas where high response parameters
were observed in the outputs from the LONGWAVE program (see

Appendices A & B).

The LONGWAVE plots produced for the outer basin of the SOHILCO
Harbour Development show the response parameters and areas of
problem which might occur upon completion. The mode two (2)
response of the outer basin in the north-south, ‘X’, direction
was found to be approximately one hundred twenty (120) seconds
(compare Figs. C.4, C.7, C.11, C.13 & C.15) which was also the
east-west, ‘Y’, direction mode one (1) response period
(compare Figs. C.20 & C.24 ). A comparison of Figs C.1 to C.26
reveals the area with maximum response behaviour to be at the

east side, lower ‘Y’ direction, of the outer basin.

The comparison of the plots produced for the inner basin
indicate the first or flushing mode of the basin to be in the

sixty (60) second range (compare Figs D.4, D.5, D.8, D.9,
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D.17, D.18). The maximum effect occurs at the small craft
moorings on the east and west side of the central pier where
the 120 second period wave produces a sloshing effect between

the two mooring locations or sub-basins.

2.1 Conclusion

The computer programs CADGRID, MUNWAVE and LONGWAVE presented
in this thesis were developed with the aim to provide the
coastal engineer with tools to ease the process of data
manipulation and computation for typically simple coastal wave
analyses. The analyses of long period wave phenomenon has been
stressed in the thesis. However, the programs presented can be
used for shorter period wave analyses with very few

modifications.

The programs are meant to be tools for the coastal engineer
and cannot take the place of the engineer’s experience. The
programs provide a plethora of data in a relatively short
period of time when compared with the manual methods. The data
output provides the coastal enginesr with the necesary
information to design new coastal structures as well as

analyze existing facilities or improvements.

The full capabilities of the software packages were not
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explained in this thesis. The description and usage provided
was for the analysis of water basin response to long period
water waves. The full capabilities of the programs can only be
appreciated by the coastal engineer who, in the past, has been
faced with the tedious process of manual analysis of ocean

wave propagation.

The types of output available are suitable for written reports

as well as demonstration tools in the education field.
The necessary verification of the software packages using

other programs, physical models or field data was not

conducted due to time and financial constraints.
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Appendix A

MUNWAVE HARDCOPY OUTPUTS FOR ST. JOHN's Bav
REFRACTION ANALYSIS.
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ST. JOHN'S BAY

WAVE ANGLE 89.9 PERIOD : 10 sec

CREST INTEAVAL B0 sec INITIAL WAVE HEIGHT 1 metre
ORTH SPACING * 200 metre GRID SPACING 200 metre
WATER DEPTH DATUM CHANGE * 0 metre

WAVE HEIGHTS CONTOURED 1 metre

Fig. A.1 - Refraction analysis output; T=10 sec., a=90°.
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ST. JOHN'S BAY

WAVE ANGLE 100 PERIOD 10 sec

CREST INTERVAL 60 sec INITIAL WAVE HEIGHT 1 metre
ORTH SPACING ' 200 metre GRID SPACING 200 metre
WATER DEPTH DATUM CHANGE * 0 metre

WAVE HEIGHTS CONTOURED 1 metre

Fig. A.2 - Refraction analysis output; T=10 sec., &=100°.
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ST. JOHN'S BAY

WAVE ANGLE : 110 PERIOD 10 sec.
CREST INTEAVAL : 60 sec. INITIAL WAVE HEIGHT 1 metre
ORTH SPACING * 200 metre GRID SPACING ' 200 metre
WATER DEPTH DATUM CHANGE : 0 metre

WAVE HE IGHTS CONTOURED * 1 metre

Fig. A.3 - Refraction analysis output; T=10 sec., a;=110°.
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ST. JOHN'S BAY

WAVE ANGLE : 120 PERIOD : 10 sec

CREST INTERVAL : 60 sec. IMITIAL WAVE HEIGHT @ 1 metre
ORTH SPACING * 200 metre GRID SPACING 200 metre
WATER DEPTH DATUM CHANGE @ 0 metre

WAVE HEIGHTS CONTOURED : 1 metre

Fig. A.4 - Refraction analysis output; T=10 sec., a=120°.
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ST. JOHN'S BAY

WAVE ANGLE 130 PERIOD 1 sec

CREST INTERVAL 60 sec INITIAL WAVE HEIGHT 1 metre
ORTH SPACING - 200 metre GRID SPACING 200 metre
WATER DEPTH DATUM CHANGE * 0 metre

WAVE HE IGHTS CONTOURED * 1 metre

Fig. A.5 - Refraction analysis output; T=10 sec., @;=130°.
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ST. JOHN'S BAY

WAVE ANGLE 140 PERIOD
CREST INTERVAL 60 sec 3
ORTH SPACING * 200 metre GRID SPAC G DO mestie
WATER DEPTH DATUM CHANGE = 0 metre

WAVE HEIGHTS CONTOURED 1 metre

Fig. A.6 - Refraction analysis output; T=10 sec., =140,
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ST. JOHN'S BAY

WAVE ANGLE 150 PERIOD

CREST INTERVAL 60 sec.

ORTH SPACING * 200 metre
WATER DEPTH DATUM CHANGE

WAVE HE IGHTS CONTOURED :

10 sec
INITIAL WAVE HEIGHT 1 metre
GRID SPACING 200 metre

0 metre

1 metre

Fig. A.7 - Refraction analysis output; T=10 sec., a=150°.

163



LR RN RN R R NN RN RN RN RN RN R R RN R RN R RARRRRRRURRAN]

T T e T

-IIJJIIHIHIIIIHIHIIIIHIIllIHIll!HIHI!I‘HIIHlII[IIII!IIIIlII!HlI!IHI

=R TR RN R RS R RTRNSTANRRRTRRENTNTRRNNR] A NURRURNRNRNRSNRRERTRRUREREL)

ST. JOHN'S BAY

WAVE ANGLE 160 PERIOD 10 sec
CREST INTERVAL 68 sec INITIAL WAVE HEIGHT 1 metie
ORTH SPACING 200 metre GRID SPACILG 200 e

WATER DEPTH DATUM CHANGE * 0 metre

WAVE HEIGHTS CONTOURED : 1 metre

Fig. A.8 - Refraction analysis output; T=10 sec., a=160".
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ST JOHN‘S BAY
WAVE ANGLE 170 PER\OD s ] sel
CﬂES‘( \NTE“VAL sec \u\‘\IAL WAVE HE\IJ—*'\' A} melf®
T SPACING 200 metre a0 SPAC\HC- 00 matf®
WATER D! TH DATUM Cr‘\N&E o metr®
WAVE HE\GI*TS CGNTU\JREB i) 1 melre
- nettm:txnn analysis; outputi =10 gec s aosrm".
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ST. JOHN'S BAY

WAVE ANGLE : 180 PERIOD 10 sec
CREST INTERVAL 60 sec. INMITIAL WAVE HEIGHT 1 merre
ORTH SPACING ' 200 metre GRID SPACING 200 mutis

WATER DEPTH DATUM CHANGE * 0 metre

WAVE HE IGHTS CONTOURED * 1 metre

Fig. A.10 - Refraction analysis output; T=10 sec., a,=180°.
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ST. JOHN'S BAY

WAVE ANGLE 130 PERIOD 10 sec

CREST (NTERVAL 60 sec INITIAL WAVE HEIGHT 1 metre
ORTH SPACING - 200 metre GRID SPACING 200 metre
WATER DEPTH DATUM CHANGE @ 0 metre

WAVE HEIGHTS CONTOURED @ 1 metre

Fig. A.11 - Refraction analysis output; T=10 sec., a,=190°.
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ST. JOHN'S BAY

WAVE ANGLE 200 PERIOD 10 sec

CREST INTERVAL B0 sec. INITIAL WAVE MEICHT | metre
ORTH SPACING * 200 metre GHID SPACING 206 metre
WATER DEPTH JATUM CHANGE : 0 metre

WAVE HE IGHTS CONTOURED ' 1 metre

Fig. A.12 - Refraction analysis output; T=10 sec., @=200°.
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ST. JOHN'S BAY

WAVE ANGLE 210 PEAIOD 10 sec

CREST INTERVAL B0 sec. INITIAL WAVE HEIGHT | metre
ORTH SPACING - 200 metre GRID SPACING 200 metre
WATER DEPTH DATUM CHANGE * 0 metre

WAVE HE|GHTS CONTOURED @ 1 metre

Fig. A.13 - Refraction analysis output; T=10 sec., @=210°.
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ST. JOHN'S BAY

WAVE ANGLE 220 PERIOD 10 sec

CREST INTERVAL : 60 sec. INITIAL WAVE HEIGAI 1 nelre
ORTH SPACING ~ 200 metre GRID SPAZING  20L mutre
WATER DEPTH DATUM CHANGE © 0 metre

WAVE HEIGHTS CONTOURED * 1 melry

Fig. A.14 - Refraction analysis output; T=10 sec., ¢=220".
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ST. JOHN'S BAY

WAVE ANGLE 230 PERIOD 10 sec
CREST IMTERVAL 60 sec INITIAL WAVE HEIGHT | metre
ORTH SPACING * 200 metre GRID SPACING 200 metre
WATER DEPTH DATUM CHANGE * 0 metre

WAVE HEIGHTS CONTOURED : 1 metre

Fig. A.15 - Refraction analysis output; T=10 sec., a;=230°.
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ST. JOHN'S BAY

WAVE ANGLE : 240 PERIOD 10 sec

CREST INTERVAL 60 sec INITIAL WAVE HEIGHT Pometen

ORTH SPAC ING 200 metre GRID SPACING 200 metre

WATER DEPTH DATUM CHANGE 0 metre

WAVE HEIGHTS CONTOURED : 1 metre

Fig. A.16 - Refraction analysis output; T=10 sec., q=240".
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ST. JOHN'S BAY

WAVE ANGLE : 250 PERIOD : 10 sec
CREST INTERVAL | 60 sec. INITIAL WAVE HEIGHT . 1 metre
ORTH SPACING * 200 metre GRID SPACING 200 metre
WATER DEPTH DATUM CHANGE * 0 metre
WAVE HEIGHTS CONTOURED : 1 metre.
Fig. A.17 - Refraction analysis output; T=10 sec., a=250°.

173



i
!
§

BT T T T T T I T I T T T T T T I T AT T T orT

A

IIII!HIIlllHIIIII\IIIIIIIIHI]IIHIIIIlII!ILLLl]IHI\Illlllllllllll]lllllllli

NETERITN] «INIRUNTNRRRTRRERTRSRRNAL]

TITTTTTITTITTTTTTT

ST. JOHN'S BAY

WAVE ANGLE 210 PERICD 5 sec

CREST INTERVAL 60 sec INITIAL WAVE HEIGHT Umetre
ORTH SPACING 200 metre GRID SPACING 200 metrs
WATER DEPTH DATUM CHANGE : 0 metre

WAVE HEIGHTS CONTOURED : 1 metre

Fig. A.18 - Refraction analysis output; T=5 sec., ¢

174



T T T T T T O T O T g T e ey T T

T T T T T T T T T T T T e T o e o e ey

LU O L L LT

IRERTTTSRETNT n ARRERARENNRNRRRARTRTT]

ST. JOHN'S BAY

WAVE ANGLE : 210 PERIOD :

CREST INTERVAL 80 sec
ORTH SPACING * 200 metre
WATER DEPTH DATUM CHANGE

WAVE HEIGHTS CONTOURED

15 sec.
INITIAL WAVE HEIGHT = 1 metre
GRID SPACING 200 metre
© 0 metre
1 metre

Fig. A.19 - Refruction analysis output; T=15 sec., a=210°.
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ST. JOHN'S BAY

WAVE ANGLE 210 PERIOD : 20 sec.
CREST INTERVAL : 60 sec. INITIAL WAVE HEIGHT : 1 metre
ORTH SPACING ° 200 metre GRID SPACING ° 200 metre
WATER DEPTH DATUM CHANGE : 0 metre.

WAVE HE IGHTS CONTOURED @ 1 metre.

Fig. A.20 - Refraction analysis output; T=20 sec., o=210°.
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ST. JOHN'S BAY

WAVE ANGLE : 210 PERIOD

CREST INTERVAL : B0 sec.

ORTH SPACING : 200 metre

WATER DEPTH DATUM CHANGE :

WAVE HE IGHTS CONTOURED :

30 sec
INITIAL WAVE HEIGHT 1 metre
GRID SPACING * 200 metra
0 metre.
1 metre.

Fig. A.21 - Refraction analysis output; T=30 sec., a;=210°.
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ST. JOHN'S BAY

WAVE ANGLE . 210 PERIOD . 40 sec

CREST INTERVAL 60 sec. INITIAL WAVE HEIGHT : 1 metre
ORTH SPACING ' 200 metre. GRID SPACING * 200 metre
WATER DEPTH DATUM CHANGE : 0 metre

WAVE HE IGHTS CONTOURED 1 metre

Fig. A.22 - Refraction analysis output; T=40 sec., a;=210°.
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ST. JOHN'S BAY

WAVE ANGLE : 210 PERIOD S0 sec

CREST INTERVAL 60 sec. INITIAL WAVE HEIGHT 1 metr e

ORTH SPACING : 200 motre. GRID SPACING - 200 metra
WATER DEPTH DATUM CHANGE : 0 metre

WAVE HE IGHTS CONTOURED 1 metre
Fig. A.23 - Refraction analysis output; T=50 sec., a;=210°.
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ST. JOHN'S BAY

WAVE ANGLE 210 PERIOD : 70 sec

CREST INTERVAL : 60 sec. INITIAL WAVE HEIGHT : 1 metre.
ORTH SPACING * 200 metre GRID SPACING ‘' 200 metre
WATER DEPTH DATUM CHANGE * 0 metre

WAVE HEIGHTS CONTOURED * 1 metre

Fig. A.24 - Refraction analysis output; T=70 sec., ¢,
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ST. JOHN'S BAY

WAVE ANGLE 210 PERIOD
CREST INTERVAL : 60 sec
ORTH SPACING * 200 metre
WATER DEPTH DATUM CHANGE

WAVE HEIGHTS CONTOURED

Fig. A.25 - Refraction analysis output; T=90 sec., «

90 sec

INITIAL WAVE HEIGHT

GRID SPACING
0 metre

1 metre
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IRERTRRERE RN ERR R RNNRRERNNERUNRRRARURNNIRT wARRNRRRRNRSRTARIRINRNNTNAN]

ST. JOHN'S BAY

WAVE ANGLE : 210 PERIOD
CREST INTERVAL 60 sec
ORTH SPACING * 200 metre
WATER DEPTH DATUM CHANGE

WAVE HEIGHTS CONTOURED :

120 sec.
INITIAL WAVE HEIGHT : 1 metre.
GRID SPACING ' 200 metre
0 metre.

1 metre

Fig. A.26 - Refraction analysis output; T=120 sec., a=210°.
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Appendix B

LONGWAVE HARDCOPY OUTPUTS FOR ST. JOHN's Bay
RESPONSE PARAMETER ANALYSIS.



(& - )<Q |, ((=eemes )=0, (——— )>0
RESPONSE PARAMETER CONTOURS ., So 42E-02, & VECTORS
WAVE PERIOD = 120 :* ITERATION TIME = 15
MAXIMIN = 0 /-.1516 : INTERVAL = 015

GRID SPACE = 100 m
AUN DATE/TIME = 12-03-1991 / 11°00°44
Chezy Coefficient using Ganguillet & Kutter (1B69), n= D03

Fig. B.1 - Response parameter, t=15 s, T=120 s.
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( )<0 , (- .
RESPONSE PARAMETER CONTOURS

)=0 ., (——— )>0
So= 1 42E-D2, & VECTORS

WAVE PERIOD = 120 ITERATION TIME = 30
MAXI/MIN = Q0 /- 2237 INTERVAL = a2
GRID SPACE = 100 m
RUN DATE/TIME = 12-03-1991 / 1128 42

Chezy Coefficient using Ganguillet & Kutter (1869), n: 03

Fig. B.2 - Response parameter, t=30 s, T=120 s.
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C —-)<0 |, ( =meees )20, (——— )>0
RESPONSE PARAMETER CONTOURS , ‘So= 1.42E-02, & VECTORS
WAVE PERIOD = 120 :: ITERATION TIME = 45
MAXIMIN = 0 /-.2658 :: INTERVAL = .025
GRID SPACE = 100 m
AUN DATE/TIME = 12-03-1981 / 12°02'56
Chezy Coefficient using Ganguillet & Kutter {1869), n=.03

Fig. B.3 - Response parameter, t=45 s, T=120 s.
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C ws )<0 , (meemee )20, (——— )30
RESPONSE PARAMETER CONTOURS , So= 1.42E-02, & VECTORS
WAVE PERIOD = 120 ITERATION TIME = 60
MAXIMIN = 2.24E-02 /-.3965 :: INTERVAL = .035
GRID SPACE = 100 m
RUN DATE/TIME = 12-03-1991 / 12°23'05
Chezy Coefficient using Ganguillet & Kutter (1869), n= 03

Fig. B.4 - Response parameter, t=60 s, T=120 s.
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A e b T - )=0 , (—— )>0
RESPONSE PARAMETER CONTOURS , So= 1.42E-02, & VECTORS
WAVE PERIOD = 120 ITERATION TIME = 75
MAXIMIN = 1674 /-.4406 :: INTERVAL = .04

GRID SPACE = 100 m
RUN DATE/TIME = 12-03-138391 / 12°53:15
Chezy Coefficient using Ganguillet & Kutter (1859).

Fig. B.5 - Response parameter, t=75 s, T=120 s.
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o ]

¢ « 320, { e j2b) |, fe—— 20
RESPONSE PARAMETER CONTOURS , So= 1.42E-02, & VECTORS

WAVE PERIOD = 120 : ITERATIOM TIME = 90
MAX/MIN = .3046 /-.4527 :: INTERVAL = .045
GRID SPACE 100 m
RUN DATE/TIME = 12-03-1991 / 13°32°58

Chezy Coefficient using Ganguillet & Kutter (1868).

Fig. B.6 - Response parameter, t=90 s, T=120 s.
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C -~ <0 , (- +)=0 , (—— )>0
RESPONSE PARAMETER CONTOURS , So= 1.42E-02, & VECTCORS
WAVE PERIOD = 120 :: ITERATION TIME = 105
MAX/IMIN = .4167 /-.4636 : INTERVAL = .04
GRID SPACE = 100 m
RUN DATE/TIME = 12-03-1891 / 13:54" 16
Chezy Coefficient using Ganguillet & Kutter (1869), n=.03

Fig. B.7 - Response parameter, t=105 s, T=120 s.
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j=0 , [——— )0

, So= 1.42E-02, & VECTORS
WAVE PERIOD = 120 :: ITERATION TIME = 120
MAX/IMIN = .5608 /-.4123 ::@ INTERVAL = .055

GRID SPACE = 100 m
RUN DATE/TIME = 12-03-13991 / 14°52°'33
Chezy Coefficient using Ganguillet & Kutter (1869), n= 03

Fig. B.8 - Response parameter, t=120 s, T=120 s.
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( mmwees )<, (meemes )20, (——— )30
RESPONSE PARAMETER CONTOURS So= 1.42E-02, & VECTORS

WAVE PERIOD = 120 :: |ITERATION TIME T35
MAXIMIN = .B393 /-.4343 ' INTERVAL = .08 A
GRID SPACE = 100 m
RUN DATE/TIME = 12-03-1991 / 15:47°'02

Chezy Coefficient using Ganguillet & Kutter (1869), n=.03

Fig. B.9 - Response parameter, t=135 s, T=120 s.
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-+ )=0 C )>0
. So= 1 42E-02, & VECTORS
ITERATION TIME = 150
INTERVAL = .075

100 m

- )<l , (e
R CONTOURS
120

1-.4578
1354

16
(1869,

n=

RESPONSE( PARAMETE
WAVE PERIOD
MAX IMIN .7616
GRID SPACE
RUN DATE!/TIME 12-03-1991
Chezy Coefficient using Ganguillet & Kutter

/

Fig. B.10 - Response parameter, t=150 s, T=120 s.
193

03



<

( ~J)<0 , ( =)=0 , ( )>0
RESPONSE PARAMETER CONTOURS , So= 1.42E-02, & VECTORS

WAVE PERIOD = 120 :: ITERATION TIME = 165
MAX/IMIN = ,5322 /-.4521 ::@ INTERVAL = .05
GRID SPACE = 100 m

12-03-1991 / 16:37°'29

RUN DATE/TIME =

Chezy Coefficient using Ganguillet & Kutter (1869), n=.03

Fig. B.11 - Response parameter, t=165 s, T=120 s.
194



)<0 a

; =0, (—— >
RESPDNSE( PARAMETER CON(TDUPS ,)Sc\z 1 (42E~I32. ]EA VECTORS
WAVE PERIOD = 120 :: ITERATION TIME = 180
MAX/MIN = .6838 /-.7397 ' INTERVAL = .07
GRID SPACE = 100 m
RUM DATEITIME = 12-03-19891 / 17:01 47

Chezy Coefficient using Ganguillet & Kutter (1B63), n= 03

Fig. B.12 - Response parameter, t=180 s, T=120 s.
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[ e iye , e
RESPONSE PARAMETER CONTOURS
WAVE PERIOD = 120 ITERATION TIME = 135
MAX/MIN = .8370 /-.7423 :° INTERVAL = .08
GRID SPACE = 100 m

RUN DATE/TIME = 12-03-1991
Chezy Coefficient using Ganguillet & Kutter

) 47332 3
(1869), n=

Fig. B.13 - Response parameter, t=195 s, T=120 s.
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=0 , (—— )>0
So= 1.42E-02, & VECTORS

03



¢ -)<0 |, (-wemes )20, (——— )>0
RESPONSE PARAMETER CONTOURS , So= 1 42E-02, & VECTORS

WAVE PERIOD = 120 | TERATION TIME 210
MAXIMIN = 5503 /-.6485 ' INTERVAL 06
GRID SPACE = 100 m
RUN DATE/TIME = 12-03-1981 / 18:'27° 09

Chezy Coefficient using Ganguillel & Kutter (186%), n= 03

Fig. B.1l4 - Response parameter, t=210 s, T=120 s.
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225
. 065

., (—m— )>0
1.42E-02, & VECTORS

- 3D , (e )
CONTOURS ., So=
= 120 :: ITERATION TIME
!1-.5860 ¢ INTERVAL =
= 100 m
I 1854
(1B68), n=

C
RESPONSE PARAMETER
WAVE PERIOD =
= .6860
R1D SPACE
12-03-1991

MAX IMIN
RUN DATE/TIME
Chezy Coefficient using Ganguillet & Kutter

Fig. B.15 - Response parameter, t=225 s, T=120 s.
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( oo )<O |, (s )20, (——— )50
RESPONSE PARAMETER CONTOURS , So= 1.42E-02, & VECTORS
WAVE PERIOD = 120 ITERATION TIME = 240
MAXIMIN = .8311 /-.3967 INTERVAL o0s
GR1D SPACE = 100 m
RUN DATE/TIME = 12-03-19391 / 19°19°50
Chezy Coefficient using Ganguillet & Kutter (1869), n= 03

Fig. B.16 - Response parameter, t=240 s, T=120 s.
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i I el - |

. So= 1.42E-02, & VECTORS.
= 255
= .09

~)<0 ,
RESPUNSE( PARAMETER CDNEI'DUFIS
WAVE PERIOD = 120 :: ITERATION TIME
MAXIMIN = .8738 /-.8873 INTERVAL
GRID SPACE = 100 m
RUN DATE/TIME = 12-14-1981 / 20°'32'34
Chezy Coefficienl using Ganguillet & Kutter (1863), n=.03

Fig. B.17 - Response parameter, t=255 s, T=120 s.
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C i . O s ¥ G >0
RESPONSE PARAMETER CONTOURS , So= 1.42E-02, & VECTORS
4 ITERATION TIME = 270

WAVE PERIOD = 120
MAX/MIN = 1.313 /-.7646 INTERVAL = .1
GRID SPACE = 100 m
RUN DATE/TIME = 12-14-1981 / 20°'55° 40
(1863), n= D3

Chezy Coefficient using Ganguillet & Kutter

Fig. B.18 - Response parameter, t=270 s, T=120 s.
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- )<D (e )
RESPONSE PARAMETER CONTOURS

=0 , )>0
So= 1.42E-02, & VECTORS.
WAVE PERIOD = 120 : ITERATION TIME
MAX/MIN = 1.082 /-1.055 INTERVAL = .1
GRID SPACE = 100 m
RUN DATE/TIME =

= 12-14-1991 | 21°18:24
Chezy Coefficient using Ganguillet & Kutter (1869),

n=.03

Fig. B.19 - Response parameter, t=285 s, T=120 s.
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(e )<0 , (- -y=0 , (—— )>0
RESPONSE PARAMETER CONTOURS , So= 1.42E-02, & VECTORS
WAVE PERIOD = 120 :: ITERATION TIME = 300
MAXIMIN = 1.204 /-1.008 :: INTERVAL = .1
GRID SPACE = 100 m
RUN DATE/TIME = 12-14-1391 [ 214531
Chezy Coefficient using Ganguillet & Kutter (1869), n= 03

Fig. B.20 - Response parameter, t=300 s, T=120 s.
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C )<0 , 0, (—— )>0
RESPONSE PARAMETER CONTOURS , So= 1.42E-02, & VECTORS.
ITERATION TIME = 315

WAVE PERIOD = 120
MAX/MIN = .7540 /-.8329 INTERVAL .08
GRID SPACE = 100 m

12-14-4981 | 22:1D:09

RUN DATE/TIME =

Chezy Coefficient using Ganguillet & Kutter (1863), n=.03

Fig. B.21 - Response parameter, t=315 s, T=120 s.
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G )50, . (G §28 |, fe—e— 50
RESPONSE PARAMETER CONTOURS , So= 1.42E-02, & VECTORS
WAVE PERIOD = 120 :: ITERATION TIME = 330
MAXIMIN = 1.335 /-1.104 I INTERVAL = 1

GRID SPACE = 100 m
RUN DATE/TIME = 12-14-1991 [/ 223143
Chezy Coefficient using Ganguillet & Kutter (1869),

Fig. B.22 - Response parameter, t=330 s, T=120 s.
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WAVE PERIOD

s )>0
, So= 1.42E-02, & VECTORS
= 120 :: ITERATION TIME = 345
MAX/MIN = 1.324 /-1.319 INTERVAL = .1
GRID SPACE = 100 m
RUN DATE/TIME

= 12-14-1891 | 22:57'48
Chezy Coefficient using Ganguillet & Kutter

(1868), n=.03

Fig. B.23 - Response parameter, t=345 s, T=120 s.
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{ <)<0 , (w=eees )20, >0

RESPONSE PARAMETER CONTOURS , So= 1.42E-02, & VECTORS

WAVE PERIOD = 120 ITERATION TIME = 360

MAX/MIN = 1.154 [-1.086 ': INTERVAL = 1
GRID SPACE

RUN DATE/TIME

C

= 100 m
12-14-1991 | 23°'21 08
Chezy Coefficient using Ganguillet & Kutter (1868),

n= 03

Fig. B.24 - Response parameter, t=360 s, T=120 s.
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Appendix C

LONGWAVE HArDCOPY ouTPUTS FOR SOHILCO HarBOUR
DEVELOPMENT, FRESHWATER BAY, OUTER BASIN, RESPONSE
PARAMETER ANALYSIS.



” P S J>0

. So= 1.BDE-02, & VECTORS

ITERATION TIME = 15
INTERVAL = 015

C J<0 .
RESPONSE PARAMETER CONTOURS
WAVE PERIOD = 120 ::
MAX/MIN = 0 /-.1856
GRID SPACE = 30 m
RUN DATE/TIME = 12-03-1991 / 21:44.13

Chezy Coefficient using Gengulliet & ¥utter C1869). n=.03

Fig. C.1 - Basin response, t=15 s, T=120 s.
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C <0, C o.C 3>0
RESPONSE PARAMETER CONTOURS , So= 1.B60E-02, & VECTORS
WAVE PERIOD = 120 :: ITERATION TIME = 30

MAX/MIN = 0 /-.3357 :: INTERVAL = .03
GRID SPACE = 30 m
RUN DATE/TIME = 12-03-1891 / 21:53:45
Chezy Coefficient using Ganguillet & Kutter (71B69). n=.03

Fig. C.2 - Basin response, t=30 s, T=120 s.
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i
RESPONSE PARAMET
WAVE PERIOD = 120
MAX/MIN =" 0 /-.2775
GRID SPACE
RUN DATE/TIME

12-03-1991 / 22.02:04
Chezy Coefficient using Ganguillet & Kutter (1869),

C

=0
So=

ITERATION TIME = 45
INTERVAL = .02
=30 m

Fig. C.3 - Basin response, t=45 s, T=120 s.
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1.B0E-02, & VECTORS



<0 , 6~ 2 . (——2>0
RESPONSE PARAMETER CONTOURS . 1.6DE-02, & VECTORS.
WAVE PERIOD = 120 : ITERATION TIME = 60
MAX/MIN = .1208 /-.2548 :: INTERVAL = ,025
GRID SPACE = 30 m
AUN DATE/TIME = 12-03-1991 / 22:08:32
Chezy Coefficlient using Ganguillet & Kutter (1868), n=.03

Fig. C.4 - Basin response, t=60 s, T=120 s.
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e Dal) , f o iap g
RESPONSE PARAMETER CONTOURS , So= 1.60E-02, & VECTORS
WAVE PERIOD = 120 :: ITERATION TIME = 75
MAX/MIN = 3553 /-.2181 :: INTERVAL = D35

GRID SPACE = 30 m
RUN DATE/TIME = 12-03-1991 / 22°'18°'16
Chezy Coefficlent using Gangulllet & Kutter C1869), n=

Fig. C.5 - Basin response, t=75 s, T=120 s.
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€ ==l i L 3=0 , >0
RESPONSE PARAMETER CONTOURS , So= 1.G60E-02, & VECTORS.
wERYRIREE! 98655772 2474 TERATARERTALE" 835
GRID SPACE = 30 m
AUN DATE/TIME = 12-03-1991 / 22:25:54
Chezy Coefficient using Ganguillet & Kutter (1869),

Fig. C.6 - Basin response, t=90 s, T=120 s.
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=7

TR

G e el , € =0 , >0
RESPONSE PARAMETER CONTOURS , So= 1.60E-02, & VECTORS
WAXFNTRRL038532). 110 BERATIRYERVNE = 183

GRID SPACE = 30
RUN DATE/TIME = 12-03-1991 / 22.36.41
Chezy Coefficient using Gangulllet & Kutter (1869), n=.03

Fig. C.7 - Basin response, t=105 s, T=120 s.
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e Il o Curmememesr 320 5 €
RESPONSE PARAMETER CONTOURS , So= 1.60E-02, & VECTORS.
HAXFMTRRIOD285120- 1054 1ERAT[RYERVHE = 188
GRID SPACE 30 m
RUN DATE/TIME = 12-03-1991 / 22:43:51
Chezy Coefficient using Gangulllel & Kutter C1869), n=.03

Fig. C.8 - Basin response, t=120 s, T=120 s.
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L oSRe
—
BT

C <0 , o= *J)=0 , C 3-0
RESPONSE PARAMETER CONTOURS , So= 1 §0E-02, & VECTORS
WAXFWTRRLO0333020. 15 EERAT IR RIKE = 183
GRID SPACE = 30 m
RUN DATE/TIME = 12-03-1991 / 22 54 25
Chezy Coefficlent using Ganguillet & Kutter (1869),

=03

Fig. C.9 - Basin response, t=135 s, T=120 s.
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C J<0 C - =0 C >0
AESPONSE PARAMETER CONTOURS , So= 1.60E-02, & VECTORS

WAXFMTRRLO0250d20- 34505 PAT|RYRVNE = 789

GRID SPACE = 30 m
RUN DATE/TIME = 12-03-1991 / 23:01:53
Chezy Coefficient using Gangulliet & Kutter (1868, n=.03
Fig. C.10 - Basin response, t=150 s, T=120 s.
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e

C =—3<0 , C* = . €=
RESPONSE PARAMETER CONTOURS , So= 1.60E-02, & VECTORS
MRS AF R %1332 Fee'T E.“:‘ ThRERVAE s
GRID SPACE = 30 m
RUN DATE/TIME = 12-03-1981 / 23:11:24
Chezy Coefflicient using Ganguillel & Kutter C1869), n=.03

Fig. C.11 - Basin response, t=165 s, T=120 s.
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T e sl

€ o R, € =0 , (=————)>0
RESPONSE PARAMETER CONTOURS , So= 1.GOE-02, & VECTORS.
HAXFMRRPLO0250820- 03,5 3ERATIRVERINE = 189
GRID SPACE = 30 m
RUN DATE/TIME = 12-03-1991 / 23:19:15
Chezy Coefficlent using Gangulllet & Kutter C1868), n=.03

Fig. C.12 - Basin response, t=180 s, T=120 s.
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J<0 ., C v J
RESPONSE PARAMETER CONTOURS , So 1.B0E-D2, & VECTORS
MAXFMTRRL90553920 50485 RATIRYAVNE = 183
GRID SPACE = 30 m

RUN DATE/TIME = 12-03-13931 / 23:30 03
Chezy Coefficlient using Ganguillet & Kutter C1869),

Fig. C.13 - Basin rasponse, t=195 s, T=120 s.
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0 , == )=0 , (——3>0
RESPONSE PARAMETER CONTOURS , So= 1.B0E-02, & VECTORS
HAXFMTRRLOC553820. 1335 T60AT | RNERINE = 249
GRID SPACE 30 m

AUN DATE/TIME = 12-03-1991 / 23:37:01
Chezy Coefficlent using Geanguillet & Kutter C1868), n=.03

Fig. C.14 - Basin response, t=210 s, T=120 s.
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C -)<0 , € i, )>0
RESPONSE PARAMETER CONTOURS , So= 1.60E-02, & VECTORS
WAXFWTRRLIOC230d20. 27 43E0AT | RVCRIKE = 283
GRID SPACE = 30 m
RUN DATE/TIME = 12-03-1991 / 23°47:07
Cnezy Coefficlent using Ganguillet & Kutter (18693,

Fig. C.15 - Basin response, t=225 s, T=120 s.
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¢ <0, (e )=0, C 0
RESPONSE PARAMETER CONTOURS , So= 1.60E-02, & VECTORS

WAXFMTRRLO0976320. (5, STERATIQNRINE = 248
GRID SPACE = 30 m
RUN DATE/TIME = 12-03-1991 / 23:54:24
Chezy Coefficient using Ganguillel & Kutter (1868), n=.03

Fig. C.16 - Basin response, t=240 s, T=120 s.
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[ES—

C - =0 , ¢
RESPONSE PARAMETER CONTOURS , So= 1 60 & VECTORS

E-
MAXFUTR"L00457320- sn’;é“”lﬂ?slv%ﬁ HEEH
GRID SPACE 30 m
RUN DATE/TIME = 12-04-1991 / 00:04 10
Chezy Coefflicient using Ganguillet & Kutter (1869), n=.03

Fig. C.17 - Basin response, t=255 s, T=120 s.
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3 )>0
.60E-02, & VECTORS.

C ~=J<0 .
RESPONSE PARAMETER CONTOURS , So= 1
HAXFMTRRL045832- 45185 AT |RVERVNE = 288
GRID SPACE 30 m
12-04-1991 / 00:11:03

n=.

RUN DATE/TIME
Chezy Coefficlent using Gangulllet & Kutter C1869),

Fig. C.18 - Basin response, t=270 s, T=120 s.
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C J<0 .,
RESPONSE PARAMETER C

[ 3=0 . >0
ONTOURS , So= 1.60E-02, & VECTORS
MAXFMTRRI00453320. 153 TERAT | RYERINE = 263
GRID SPACE = 30 m
RUN DATE/TIME = 12-04-1991 / 00.20.40
Chezy Coefficient using Gangulllet & Kutter C1069), n=.03

Fig. C.19 - Basin response, t=285 s, T=120 s.
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€ =meiey4 o € e 3=0 ., ¢ o
RESPONSE PARAMETER CONTOURS , So= 1.B0E-02, & VECTORS
WAXFMTRPLOD254127. (394 2ERAT |QVRUNE = 28
GRID SPACE = 30 m
RUN DATE/TIME = 12-04-19891 / 00:27:42
Chezy Coefficlent using Gangulllet & Kutter (1869), n=.03

Fig. C.20 - Basin response, t=300 s, T=120 s.
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C I . £ J=0 , >0
RESPONSE PARAMETER CONTOURS , So= 1 BOE-02, & VECTORS
UAXFMTRRLO0450420- 1 566554 T IRV RVNE = 343
GRID SPACE = 30 m
RUN DATE/TIME = 12-04-1991 / 00'37 21
Chezy Coefficient using Ganguillet & Kutter (18693, n=.03

Fig. C.21 - Basin response, t=315 s, T=120 s.
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i o, €
RESPONSE PARAMETER CONTOURS
MAXFMTRRLOD 450120 524 5EFAT [RVERVNE = 238
GRID SPACE = 30 m
RUN DATE/TIME = 12-04-1981 / 00:43:51

Chezy Coefficient using Ganguillet & Kutler C1869), n=.

Fig. C.22 - Basin response, t=330 s, T=120 s.
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=0 , ¢ ——2>0
. So= 1.B0E-D2, & VECTORS

03



PPN

T

T

)=0 ., ¢

<0

o

C- 5 — >~
RESPONSE PARAMETER CONTOURS , So= 1 GOE-02, & VECTOHS
WAVE PERIOD = 120 :° ITERATION TIME = 345
MAX/MIN = .3329 /-.3617 INTERVAL = a3
GRID SPACE = 30 m
RUN DATE/TIME = 12-04-1991 / 00 53 04

& Kutter (1869). n= 03

Chezy Coefficient using Ganguillet

Fig. C.23 - Basin response, t=345 s, T=120 s.
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wveneren= J @0, ( wem==te )20, ( ———3)>0
. So= 1.BDE-D2, & VECTORS
360

C - B g
RESPONSE PARAMETER CONTOURS
WAVE PERIOD = 120 :: ITERATION TIME =
MAX/MIN = 1631 /-.2745 INTERVAL = .02
GRID SPACE = 30 m
RUN DATE/TIME = 12-04-1991 / 00:59:36
Chezy Coefficient using Ganguillet & Kutter (1869),

n=.

Fig. C.24 - Basin response, t=360 s, T=120 s.
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(3 <0 4 € >——-=3=0 , C )>0
RESPONSE PARAMETER CONTOURS , So= 1.60E-02, & VECTORS
WAVE PERIOD = 120 © ITERATION TIME = 3
MAX/MIN = .403S /-.2983 :: INTERVAL = .03

GRID SPACE = 30 m
RUN DATE/TIME = 12-04-1991 / 01 08°11
Chezy Coefficient using Ganguillet & Kutter (19637,

01

Fig. C.25 - Basin response, t=375 s, T=120 s.
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[ J<D , ( we=iseiy=0 |, (=)0
RESPONSE PARAMETER CONTOURS , So= 1 BOE-02, & VECTORS
WAVE PERIOD_= 120 :: ITERATION TIME = 390
MAX/MIN = .5774 /-.3587 :: INTERVAL = .04
GRID SPACE = 30 m
RUN DATE/TIME = 12-04-1991 / 01:14:45
Chezy Coefficient using Gangulllet & Kutter (1869), n=.03

Fig. C.26 - Basin response, t=390 s, T=120 s.
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Appendix D

LONGWAVE HArRDCOPY ouTPUTS FOR SOHILCO HarBOUR
DEVELOPMENT, FRESHWATER BAY, INNER BASIN, RESPONSE
PARAMETER ANALYSIS.



X
7
( - )<0 , =0 , ( >
RESPONSE PARAMETER CONTOURS , So= 1.B6E-02, & VECTORS.
WAVE RERICD = 20 . ITERATION TIME 15
AXIMIN = 0 /-3.94E-D2 INTERVAL = .003

GRID SPACE = 10 m
RUN DATE/TIME = 12-05-1991 / 19:27:52
Chezy Coefficient using Ganguillet & Kutter (1869), n=.03

Fig. D.1 - Response parameter, t=15 s, T=120 s.
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( )<0 , 0. ( >0
RESPONSE PARAMETER CONTOURS , So- 1.B6E-02, & VECIOAS

WAVE PERIOD = 120 ITERATIOM TIME = 30
MAXIMIN = Q /-5 28E-02 ' INTEAVAL = 002
GRID SPACE = 10 m

RUN DATE/TIME = 12-05-1991 / 19 44 43
Chezy Coefficient using Ganguillel & Kutter (1663), n= 03

Fig. D.2 - Response parameter, t=30 s, T=120 s.
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e s aa e

D e N

)50

(

y<0

RESPONSE PARAMETER CONTOURS ,

C

& VECTORS.
45
0gz

So= 1.BBE-02,
I TERATION TIME
T INTERVAL

WAVE | RERIOD

MAXIMIN

RUN DATE/TIME
Chezy Coefficient using Ganguillet & Kutter (1869),

n=.03

Fig. D.3 - Response parameter, t=45 s, T=120 s.
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