AD=AD032 589
J LEE» F RAICHLEN
KH=R=26
o

AUG 71

UNCLASSIFIED

CALIFORNIA INST OF TECH PASADENA W M KECK LAB OF HYD--ETC F}G 1372
WAVE INDUCED OSCILLATIONS IN HARBORS WITH CONNECTED BASINS.(U) 1

DA=22=079-CIVENG-64~=11 [
WES=CR=H=71=2 NL




U.S. DEPARTMENT OF COMMERCE
National Technical Information Service

AD-A032 589

WAVE INDUCED OSCILLATIONS IN HARBORS WITH
CONNECTED BASINS

CALIFORNIA INSTITUTE oF TECHNOLOGY, PASADENA

Aueust 1971

~




MOV 27 19716

I
!

GBSy







ADAO32589 :

. . CONTRACT REPORT H-71-2

WAVE INDUCED OSCILLATIONS IN HARBORS
WITH CONNECTED BASINS

by

Jiin-Jen Lee

Research Fellow in Civil Engineering
(1969-1970)

and

Fredric Raichlen
Associate Professor of Civil Engineering

Supported by

U. S. Army Corps of Engineers
Contract No. DA-22-079-CIVENG-64-11

W. M. Keck Laboratory of Hydraulics and Water Resources
Division of Engineering and Applied Science
California Institute of Technology
Pasadena, California

Report No. KH-R-26 August 1971

APPROVED FOR PUBLIC RELEASE; DISTRIBUTION UNLIMITED

REPRODUCED BY
NATIONAL TECHNICAL
INFORMATION SERVICE

U.S. DEPARTMENT OF COMMERCE
SPRINGFIELD, VA, 22161




i

e

e e

L 6. CONTRACY OR GRANT NO. 98, ORIGINATOR'S REPORT NUMBER(S)

§ o ﬂﬂl;ev

DOCUMENT CONTROL DATA-R&D .

CURITY €

REPORT
Unclassifi

"W. M. Keck Laboratory of Hydraulics & Water Resources

California Institute of Technology
Pasadena, California

. W 7 TITLE

WAVE INDUCED OSCILLATIONS IN HARBORS WITH CONNECTED BASINS

4. OESCRIPTIVE NOTES (Type of repert and inclueive dotes,
Final report ’

v BE@O, 0! name)

Jiin-Jen lee

Fredric Raichlen
Fﬂm‘ba_u 78 TOTAL NO. OF PAGES 76. NO. OF REFS
August 1971 3 Th I 35

Contract No. DA-22-079-CIVENG-64-11

& PROJECT NO.

Report No. KH-R-26

g e R e e T e S e —
w"’"\iatervm Experiment Station Con-
e : tract Report H-71-2

e e e
10. DISTRIBUTION STATEMENT

Approved for public release; distribution unlimited.

m 12. SPONSORING MILITARY ACTIVITY
/Prepared under contract for U. S. Army En- Office, Chief of Engineers, U. S. Army

l!
gineer Waterways Experiment Station, Vicks-
burg, Mississippi ‘| Washington, D. C.

A linear, inviscid theory, termed the coupled basins theory, has been
developed to analyze the response to periodic incident waves of an arbitrary shape
harbor containing several interconnected basins. The region of consideration is
divided into an open-sea region and several inner-basin regions (the number depending
on the harbor geometry). The solution in each region is formulated as an integral
equation in terms of the normal velocity at the entrance and/or at the common boun-
daries between regions. An approximate method is used to solve the integral equation
by converting it to a matrix equation. The initially unknown boundary condition at
the entrance is determined by matching the wave amplitudes and their normal deriva-
tives at the harbor entrance and at all the common boundaries. The solution for the
response and the amplitude distribution within the complete harbor can then be ob-
tained. It has been found that the coupled-basins theory gives results which agree
well with experiments both for an irregular shape harbor as well as for a harbor
composed of two comnected circular basins. Various aspects of the response of harborar
composed of several types of circular connected basins as well as circular harbors
with rectangular entrance channels have been investigated. It is found that to a
first approximation the response of a coupled harbor system can be constructed by
superposing the response of the individual harbors. Certain aspects of the effect
of viscous dissipation on harbor resonance are discussed. Some attention is given
to problems of scaling model results to the prototype harbor.

Unclassified




ey ; 4 7 t
. ]
Unclassified :
T Securlly Classlllcatien
o LINK A LINK B LiNK € 1 !
®REY WORDS 3
noLg | wy noLk | wr noLE | wr ?
Coupled-basins theory
Harbors !
Harbor response y
Water waves y
Wave-induced oscillations ]
‘ :
4?
R
L ‘

s o S A IR




4 M4

FOREWORD

The study reported herein was authorized by the Office, Chief of
Engineers, U. S. Army, and was conducted by the W. M. Keck Laboratory of
Hydraulics and Water Resources, Division of Engineering and Applied Science,
California Institute of Technology, Pasadena, California. This report was
prepared by Dr. Jiin-Jen Lee and Dr. Fredric Raichlen. :

The work was performed under Contract No. DA-22-079-CIVENG-64-11, which i ;
was successively monitored by Mr. R. Y. Hudson, Hydraulics Division Consultant, g
and Dr. R. W. Whalin, Chief, Wave Dynamics Branch, Hydraulics Division,

U. S. Army Engineer Waterways Experiment Station, under the general super-
vision of Mr. E. P. Fortson, Jr., and Mr. H. B. Simmons, respectively, Chiefs
of the Hydraulics Division.

Successive Contracting Officers were COL John R. Oswalt, CE, COL Levi A.
Brown, CE, and COL Ernest D. Peixotto, CE, Directors of the Waterways Experi-
ment Station. Technical Directors were Mr. J. B. Tiffany and Mr. F. R. Brown.

FRS———




No. H-T-% i

ABSTRACT

A linear, inviscid theory, termed the coupled basins
theory, has been developed to analyze the response to periodic incident
waves of an arbitrary shape harbor cohtaining several interconnected
basins. The region of consideration is divided into an open-sea region
and several inner-basin regions (the number depending on the harbor
geometry). The solution in each region is formulated as an integral
equation in terms of the normal velocity at the entrance and/or at the
common boundaries between regions. An approximate method is used
to solve the integral equation by converting it to a matrix equation. The
initially unknown boundary condition at the entrance is determined by
matching the wave amplitudes and their normal derivatives at the
harbor entrance and at all the common boundaries. The solution for
the response and the amplitude distribution within the complete harbor
can then be obtained.

‘It has been found that the coupled-basins theory gives results
which agree well with experiments both for an irregular shape harbor
as well as for a harbor composed of two connected circular basins.
Various aspects of the response of harbors composed of several types
of circular connected basins as well as circular harbors with rectan-
gular entrance channels have been investigated. It is found that to a
first approximation the response of a coupled harbor system can be

constructed by superposing the response of the individual harbors.
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Certain aspects of the effect of viscous dissipation on harbor

resonance are discussed. Some attention is given to problems of

scaling model results to the prototype harbor.
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CHAPTER 1

INTRODUCTION

Waves whichpropagate from the open-sea into bays and harbors
usually experience changes in wave direction, shape, and amplitude
due to the local bathymetry and horizonal geometry of the embayment.
The harbor shape and the internal reflections associated with the harbor
boundary can cause amplification or attenuation of the incident wave
system. This phenomenon usually is referred to as harbor resonance,
seiche, or harbor surging and can be the cause of significant damage to
moored ships and adjacent structures especially if the resonant period
of the ship-mooring system is close to that of a mode of oscillation of the
harbor. In addition, the currents induced by these harbor oscillations
can create navigational hazards near the entrance and within the harbor.

For an existing harbor that experiences operational problems due
to the effect of resonant oscillations, corrective action must be taken to
reduce or eliminate such oscillations. In the case of new construction an
attempt should be made to use a harbor geometry that will be free from
possible resonance effects for the local wave conditions. In either case
an analytical method for predicting resonance and the associated wave
amplitudes is quite useful for preliminary investigations as well as
providing a guide for experimental studies if they are deemed necessary.
The existing methods, to be discussed, are not advanced to the state

where the resonance characteristics of a harbor can be determined
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accurately analytically; however, as mentioned, these methods certainly
can assist the engineer in early design stages, in assessing existing

problems, or in conducting experiments in the laboratory.

1.1 PREVIOUS HARBOR RESONANCE STUDIES

Previous analytical and experimental studies of harbor resonance
can be divided into two groups. The first deals with the problem of wave-
induced oscillations in harbors of simple geometry such as circular,
rectangular, or combinations of these simple shapes, e.g., McNown
(1952), LeMehaute (1961), Miles and Munk (1961), Ippen and Goda (1963),
Raichlen and Ippen (1965), Miles (1970), and Carrier, Shaw, and Miyata
(1971). The second group of investigations is concerned primarily with
harbors of complicated geometry, e.g., Knapp and Vanoni (1945),
Wilson (1959, 1960), Wilson, Hendrickson and Kilmer (1965), Leendertse
(1967), Hwang and Tuck (1970), Lee (1969), and Lee and Raichlen (1970).
In this section the work of these investigators will be briefly discussed
in the order just presented.

McNown (1952) investigated some of the response characteristics
of a circular harbor of constant depth excited by wave incident upon a
small entrance gap. In his analysis it was assumed that the crest of a
standing wave (antinode) occurred at the entrance when the harbor was
in resonance. A similar method was applied to rectangular harbors by
Kravtchenko and McNown (1955). Thus, for resonant motions, this
assumption led to a boundary condition identical to that for a completely
closed basin. Therefore, the wave periods associated with resonant

oscillations would be those which correspond to the eigenvalues for the
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free oscillations of a completely closed circular (or rectangular) basin.
Due to this assumption this method can determine only approximately the
resonant periods of a harbor of simple planform.

Other theoretical work on rectangular harbors include Aptés (1957)
study of a rectangular harbor with an entrance connected to a relatively
long wave channel and the study by Biesel and LeMehaute (1955, 1956) and
LeMehaute (1960, 1961) for rectangular harbors with various types of
entrances. Apté obtained a theoretical solution for the amplitude dis-
tribution within the partially closed harbor by matching the entrance
velocities between two domains: the harbor and the attendant wave
channel. Although agreement between theory and experiments was good
the analysis did not attack the problem of a harbor connected to the open-
sea. LeMehaute's method was based on complex number calculus and
was applied to a rectangular harbor connected to an infinitely long but
relatively narrow channel. He superimposed various incident, reflected,
and transmitted waves incorporating an empirical reflection coefficient
and attenuation parameter to obtain a solution.

The problem of a rectangular harbor connected directly to the
open-sea was first investigated by Miles and Munk (1961). They included
the effect of the wave radiation from the harbor mouth to the open-sea
thereby limiting the maximum wave amplitude within the harbor for the
inviscid case to a finite value even at resonance. They also considered,
in a general fashion,an arbitrary shape harbor and formulated the problem

as an integral equation in terms of a Green's function; however, no

attempt was made to solve the resulting expression for harbors of
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complicated shape. In the case of a rectangular harbor, Miles and Munk
applied this general formulation and found for periodic waves that
narrowing the harbor entrance leads to an enhancement of harbor
surging (oscillation) instead of a reduction. This phenomenon was
termed the "harbor paradox'. The increasing wave amplification at
resonance as the entrance width decreased was also found by LeMehaute
(1955) and Ippen and Goda (1963).

Ippen and Goda (1963) employed the Fourier transformation method
to evaluate the waves radiated from the entrance of a rectangular harbor
to the open-sea and the method of separation of variables for the region
inside of the rectangular harbor. A solution for the response was obtained
by matching average amplitudes from the two regions at the entrance.
They found good agreement between experiments and the theory.

Ippen and Raichlen (1962) and Raichlen and Ippen (1965) have studied,
both theoretically and experimentally, the wave-induced oscillations in a
rectangular harbor connected to a larger highly reflective rectangular wave
basin. They found thatthe response characteristics of the harbor were
radically different from a similar prototype harbor connected to the open-
sea. The response curve of the former was characterized by a large
number of closely spaced resonant maxima where for the harbor connected
to the open-sea only several distinct resonant modes of oscillation would
be experienced for the same wave period range. It was pointed out that
to reduce the coupling effect of the reflection of the wave energy which is

radiated from the harbor entrance efficient wave absorbers were necessary

i i i e




in the main wave basin. A subsequent study by Ippen, Raichlen, and
Sullivan (1962) showed that the coupling effect is indeed significantly
reduced by wave absorbers in the main wave basin.

Most recently, Miles (1970) re-examined the '"harbor paradox"
using electrical circuit analogy and used as examples a coupled rectan-
gular and circular harbor connected to the open-sea. Carrier, Shaw
and Miyata (1971) also theoretically studied resonant oscillations in
harbors of special shapes (rectangular, circular, or circular sectors)
connected to the open-sea through a rectangular entrance channel and
found that for inviscid conditions the length of the entrance channel affects
both the wave amplification at resonance within the harbor and the
frequency bandwidth of the response near resonance.

Attempts to study the problem of wave induced oscillations in
harbors of complicated geometry began with the two independent hydraulic
model studies by Knapp and Vanoni (1945) and Wilson (for work in the
period of 1942 to 1951, see Wilson (1959, 1960)). Knapp and Vanoni's
study was in connection with harbor improvements at the Naval Operating
Base, Terminal Island, California (the present East and West Basins of
Long Beach Harbor). One¢ purpose of the study was to choose the optimum
mole alignment and in this connection the characteristic response of the
basin was also determined. Wilson's work dealt with the problem of
s{xrging in Table Bay Harhor, Capetown, South Africa and the interaction
of moored vessesl with wave-induced oscillations in the harbor. Through
experimental studies certain proposed modifications were suggested for

reducing the harbor surging.
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Although hydraulic model studies usually can provide reliable
information on harbor surging and the investigator can develop corrective
procedures using the model, generally these models are expensive and
require a considerable amount of time to operate intelligently. There-
fore, many researchers have been searching for a method to theoretically
determine the wave-induced oscillations in harbors of arbitrary shape.
Such theoretical results at the very least provide a guide for initial
calculations and for the experimental program if indeed a model study

is deemed necessary.

Wilson, Hendrickson, and Kilmer (1965) and Leendertse (1967)
have studied numerically the three-dimensional oscillations in bays or
harbors of arbitrary shape and variable depth by using finite-difference
techniques. Both methods require that the wave condition at the open
boundary (or at the harbor entrance) be assumed or specified from field
data. Recently two independent studies on wave oscillations in an arbitrary
shape harbor with constant depth have been reported by Hwang and Tuck
(1970) and Lee (1969, 1970) and also Lee and Raichlen (1970). Hwang
and Tuck obtained their solution by superimposing the scattered wave
pattern along the entire reflecting boundary (including the coastline) to
the standing wave system; they have confirmed their analysis by com-
paring with the experimental results obtained by Ippen and Goda (1963)
for a fully open rectangular harbor. In Lee (1969) the domain of interest
was divided into two regions: a region which defines the limit of the
harbor and the open-sea region. Solutions in each region were obtained

in terms of the unknown boundary condition at the entrance with the




response determined by matching the solutions at the harbor entrance.
This theoretical analysis has been confirmed experimentally applying
the theory to two circular harbors, a rectangular harbor, and a constant

depth model of the East and West Basins of the Long Beach Harbor.

1.2 DESCRIPTION OF PRESENT STUDY

The present study is an extension of the studies by Lee (1969) and
Lee and Raichlen (1970). As just mentioned, in those studies, the entire
domain was divided (at the harbor entrance) into two regions: (1) the
harbor region which forms the interior limit of the harbor boundary and
(2) the open-sea region. The solution in each region was formulated as
an integral equation in terms of the unknown boundary condition at the
harbor entrance. A method was used to solve for the integral equation
by converting it to a matrix equation. In this method the harbor boundary
was divided into a sufficiently large number of straightline segments,
thus, continuous integration in the solution is replaced by discrete
summation along the harbor boundary. The final solution was obtained
by matching the solutions obtained from both regions at the harbor
entrance. This method has been successfully applied to harbors of
several geometrical shapes including a complicated harbor geometry.
In principle, this method can be applied to a harbor of any arbitrary
shape connected to the open-sea as long as the water depth in both
regions can be assumed constant. However, in order to realize a
prescribed accuracy for the numerical calculations, the ratio of the

length of the straightline boundary segments to the wave length must

be kept within certain limits. It was found that to insure good experi-
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mental agreement this ratio should be less than one-tenth. This require-
ment implies that for a harbor with a very complicated shape or short
waves the storage space of a digital computer must be quite large to
handle the problem and the computation time on such a computer may be
'f fairly long.

— In order to improve this aspect of the analysis the present study
was initiated. A method has been developed where the harbor region is
divided into several subregions, and the same method as just described
is used to form a solution in each region in terms of the unknown boundary
condition at the common boundary which separates adjacent regions. In
this way both the required computer storage and the computation time
are reduced significantly. As an example, the size of the computer

7 storage for the computer program presented by Lee (1969) for the Long

| Beach Harbor Model was 206,000 bytes on the IBM 360/75. (Each eight
binary ''bit'' is referred to as a byte; four bytes form a word.) The
execution time for one wave number (k = 2. 35 ft'l) including the com-
pilation of the main program was 28. 9 sec. Excluding the time required
{. for compiling the main program, the computation time was 24. 0 sec.

By applying the coupled-basins method to compute the response character-
istics of the same Long Beach Harbor Model (with the interior harbor
now divided into two regions: the East Basin and the West Basin) the
computer storage on the same IBM 360/75 computer was reduced to

2 145, 000 bytes while the execution time for the same wave number was

now 23. 4 sec (including the compilation of the main program). Sub-

; tracting the time for compilation of the program from this, the actual

computation time was 13.0 sec. Thus, immediate advantages of the
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present method are clearly seen and more complicated harbor geometries
can be studied for a given computer size as well as investigating shorter
waves than could be investigated with the method of Lee (1969).

The coupled-basins theory which was developed is presented in
Chapter 2. The experimental results obtained for a model of the East and
West Basins of Long Beach Harbor reported by Lee (1969) were used as
initial confirmation of the present theory. In addition, experiments were
conducted using an arrangement of two connected circular basins and a
harbor which consists of a circular segment with a rectangular channel
connecting it to the open-sea. In Chapter 4 theoretical results are
compared to these experiments for the three cases.

The second objective of this investigation was to study in detail
certain aspects of the response of coupled basins of simple geometry
compared to the response of the individual basins alone. This aspect of
harbor resonance is quite important considering that one method of
expanding harbors is to add additional slips and side basins. Before
construction takes place it is important that the effect of these basins on
the main harbor be completely understood. Several different arrangements
of circular-coupled basins and circular-rectangular-coupled basins have
been investigated theoretically in this connection and the analytical results
are presented in Sections 4.2 and 4. 3. In addition to the response
characteristics of such harbors, the amplitude distribution in a coupled-
circular harbor is presented for a particular arrangement for several
values of the wave number parameter ka (the product of the wave number

k and the radius a). The effect of a rectangular entrance canal on the
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response of a circular harbor is presented in Section 4. 3. 2. This
aspect of the problem was not pursued in detail, but was investigated
primarily to determine the effect on the response of one basin with a
particular shape of one with a different shape; these results indicate a
fruitful area of further study. In connection with this preliminary study
of entrance channel effects, the effect of the side-channel resonators

on the response of harbors with entrance channels was briefly investi-
gated theoretically with results also presented in Section 4.3.2. A
qualitative discussion of the effect of energy dissipation on the harbor
response is presented in Section 4. 4 with some attention given to the

problem of scaling model results to the corresponding prototype.
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CHAPTER 2
THEORETICAL ANALYSIS

The theoretical analysis for the wave induced oscillations in
harbors which are composed of coupled basins with arbitrary shape and
a constant depth is presented in this chapter. The complete harbor is
divided into several regions, and the solution to the boundary value pro-
blem in each region is formulated as an integral equation. This integral
equation is approximated by a matrix equation which can be solved using
a high-speed digital computer. The final solution is obtained using
matching conditions at the harbor entrance and the common bourdaries
between regions, i.e., equating, at the entrance as well as at the
common boundaries, the wave amplitudes and their normal derivatives

obtained from the solutions in each region.

2.1 DEVELOPMENT OF THE HELMHOLTZ EQUATION
Assuming an irrotational flow, a velocity potential, &, can be
defined such that the fluid particle velocity can be expressed as u = V3.
Thus, from the continuity equation for an incompressible fluid, Laplace's
equation is obtained:
Veu = ¥?% = 0, (1)
A solution of & is sought in the following form:

8(x,y, 23t) = —=f(x,y) Z(z) e 7", (2)

where 0 is the angular frequency defined as 2n/T (T is the wave period),
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A =,/-1, and f(x,y), termed the wave function, describes the variation
of ¢ in the x,y direction. (The coordinate system is defined in Fig. 1.)

Substituting Eq. 2 into Eq. 1 one obtains:

VEate 8% N a8t
Flasts ) = -Z3z% - (3)

If Eq. 3 is equated to a constant, say -k?, then the following equations
are obtained:
S—= -k*z =0, (4)

B Sg¥raia

9%3 iz w2 Rt =0k (5)
The boundary condition at the bottom and the linearized dynamic

free surface condition are respectively:

9%
a—z(xv Y 'h:t) =0 ’ (6- a)
ok /
nix,yit) = Aflxy)e Ot = 2 (&) (6. b)

where the depth h is assumed constant, 7 is the displacement of water
surface from the still water level, Ai is the amplitude at the crest of the
incident wave, and g is the acceleration of gravity.

The function Z(z) which satisfies Eqs. 4 and 6 can be found as:

Aig cosh k(h+z)

EapE cosh kh

Thus, the velocity potential $ becomes:

. A.g cosh k(h+z)
1 -Aot
é(x, Y;t) = E 1 cosh kh f(x, Y) e . (7)
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Substituting Eqs. 6b and 7 into the linearized kinematic free

surface condition, 9n/dt = (8%/ 9z), the well known ''dispersion

=0’
relation" for water waves is obtained: o° = gk tanh (kh); therefore,

the arbitrary constant k used in Eqs. 4 and 5 is the wave number defined
as 2w/L (L is the wave length).

To complete the expression for the velocity potential, the main
problem which remains is to determine the wave function, f(x,y), which
satisfies Eq. 5, known as the Helmholtz equation, and the boundary
condition that there is no flow through solid boundaries (such as the

coastline and the boundary of the harbor in this problem) and also the

radiation condition which will be discussed later.

2.2 SOLUTION OF THE HELMHOLTZ EQUATION FOR COUPLED BASINS
The procedure for determining the wave function, f(x,y), and thus
the response of the harbor to periodic incident waves canbe outlined as follows:
(1) The domain of interest shown in Fig. 2 is divided into
several regions: the infinite ocean region (Region I),
and regions bounded by the limits of the harbor and various
interior divisions (Region II-1, Region II-2, Region II-3).
(ii) The function f; in Region I is expressed in terms of the
unknown value of the normal derivative 9f, /9n at the
harbor entrance. The function f;; in Region II-1 is expressed
in terms of the unknown value of 3f;; /9n both at the harbor
entrance and at the common boundaries between other basins
in Region II, e.g., line CD and EF in Fig. 2. Similarly, the

function f55 in Region II-2 (or the function fo3 in Region II-3)
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is determined in terms of the unknown value of 8f;2 /9n (or

3,3 /9n) at the common boundary between Regions II-1

and II-2 (or between Regions II-1 and II-3). It is noted
that the functions of f,, fa;, faz, - - . . . all must satisfy 1
the Helmholtz equation, v?f + k°f = 0, in the respective |
region,

(iii) At the boundaries between regions the wave functions and

the normal derivatives are equated to solve ultimately for ;

the value of the normal derivative at the harbor entrance,
9f, /3n. This is denoted as the '"continuity'' condition and

can be formulated as:

f, = fo,, 9f; /9n = -3f,, /dn  at the entrance to the open-

sea (boundary AB as shown

in Fig. 2),

= fy5, 0fyy/0n = -9f,,/9n  at the imaginary boundary

m"\
-
|

between Regions II-1 and II-2,
(boundary CD as shown in Fig.
2),and

= f,3, 9f,,/3n = -8f,53/8n at the imaginary boundary

(\)H
-
|

between Regions II-1 and 1I-3
(boundary EF as shown in Fig.
2).

| This matching procedure is done simultaneously.

The negative sign in the normal derivative appearing in the

formulated matching conditions is the result of the adapted

sign convention that the outward normal to the domain of

interest is considered positive.

——
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(iv) Once the normal derivative, 3f/dn,at each common boundary
is determined, the wave function f within each basin can be
evaluated.

This method can be applied to an arbitrary number of coupled

interior basins, although the example to be discussed (Fig. 2) only has

three obvious interior regions.

2.2.1 The Function f;, in Region II-1

The function f;; at any position x inside Region II-1 can be
expressed in terms of the values of f,; and 3f;, /3n at the boundary of
the region by applying Weber's solution of the Heimholtz equation (see

Baker and Copson (1950) or Lee (1969)):

f21 (%) = -%L[fm&o)g"’,;(ﬂf,”(krn BV k) (60 &) Jas& ) , )

where ;o is the position vector of a point on the boundary, Hf)”(kr) is the
zero order Hankel function of the first kind, n is directed outward and
normal to the boundary, and r is the distance |;-;o|. The contour
integration is to be performed along the boundary of the region moving
in a counterclockwise direction.

Eq. 8 shows that the wave function £, (;o) must be known at all
boundaries of Region II-1 before the function f5, (;) at any interior point
can be obtained. To ~btain a solution, the wave function at the boundary,
fay (;o), is expressed in terms of the normal derivative of the wave function
at the boundaries between Region II-1 and Regions II-2 and II-3 and that at
the harbor entrance. This is accomplished by modifying Eq. 8 by allowing the

field point X to approach a boundary point ;i(xi’ yi) from the interior of
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the region (see Fig. 2). Thus, if the boundary is sectionally smooth,

Eq. 8 becomes (see Lee, 1969 for this derivation):

for ) = - 5[ [8: G2 1 k) - B D an & 6, G JasE) . @)
S

15,5, .

where r

This integral equation (Eq. 9) cannot be solved analytically for
an arbitrarily shaped boundary; however, an approximate method can
be applied. Eq. 9 is expressed in discrete form by dividing the boundary
of Region II-1 into a sufficiently large number of straight line segments

(N ):

N,
2k i Sy (1) 8 ~].

for () = -5 [for Gz Very) - B kr ) Rt G5 Jas,

j#i

As, : #4s,
A - 3 i (1) or A O = i,..(1)
=5 le(xi)‘[) 2[ -kH, (kr)an]dr * 5% f21(xj)Jo 2H ' '(kr)dr,
(10)

where rij = l;i-;jl' The notation and the numbering system used for

the straight-line segments are shown in Fig. 3. The segments are
numbered starting at the right-hand-corner of the harbor entrance and
then proceeding counterclockwise. (It should be noted that for the other
two regions, Region II-2 and Region II-3, the numbering system starts
at the right-hand-corner of the common boundary between regions and
then also progresses counterclockwise. )

Eq. 10 can be expressed in matrix form as:

A
Ei = -3 (G,F-GRy) (an
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Common boundary between Regions II-1 and II-2: d, segments
Common boundary between Regions II-1 and 1I-3: d, segments

Fig. 3 A Definition Sketch of the Harbor Boundary Approximated by
Straight-Line Segments




Fy = fay () e 0 A e (12. a)
P = 8?1£21(x) oo 2, oo 0r NS (12.b)

- (1) r
(Gplyy = - KH; '(kr, )' : (Qz T ( )-‘“
Tij j ij
(fori,j = 1,2, ..... NyiiAj), (12.c)
i
(G.) -i(?&l’.{.-aaxﬁla (fori = 1,2 N ) (12.d) |
n'ii = w\ds 9s Wasisi il B T SR N :
- 13ll) S ik
(G)ij =0 (kx'ij)Asj fori,j =1,2, ..v.0 M i83)  (12.8)
kAs
G); = 1+ 12[10g(—2) - 0.42278] } s,
(ford-= "1, 2, isoeav Ny)s (12. 1)

For the derivation of the diagonal elements of the matrices Gn

and G (Eqs. 12.d and 12.f), the asymptotic expressions for the Hankel

2 g (1) 2(1 (1) 2
functions are used, i.e., H; ’(kr) ~ -L;(-E;) and Ho (kr) ~ 1 +1,-;

(longr +vy) as kr -0 (y = 0.577216, Euler's constant). Detailed
derivations of Eqs. 12 are given by Lee (1969).
The vector P; in Eq. 11 involves the unknown value of 3f;, /dn

at the harbor entrance and at the common boundaries between Regions

1I-1 and II-2, and Regions II-1 and II-3. Since the value of 8f;, /8n at

solid boundary is zero, the vector P; can be expressed as follows:




/
a -
oo f21 (1)

o fa1 (%a)

a -
a—nf21(xp)

\

RV et
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ey
Eq. 13 can be written in a simpler fashion as:
By = Heieo , (14)

where U, is a N; x D matrix as defined in Eq. 13, (in which D = p+d, + d;
and p is the total number of segments at the entrance to the open-sea, d, is
the total number of segments at the common boundary between Regions

II-1 and II-2, and d; is the total number of segments at the common
boundary between Regions II-1 and II-3). The vector C in Eq. 14 consists

of the unknown values of 9f,, /9n at the harbor entrance, and at the common
boundaries between Regions II-1 and II-2 as well as between Regions II-1 and
II-3.

Substituting Eq. 14 into Eq. 11 and rearranging, one obtains:

|
o
Q
b
-
\/
|
—~
|
Q
s
N——r
O

¥y

=MC . (15)

Sl
where M; = (%—Gn +I) (%GU;) is a N; x D matrix and can be computed

directly, since the matrices Gn’ G, U, are known matrices at this stage
of the development (I is an identity matrix).

Eq. 15 shows that the value of f5, (;i) on the boundary of Region
I1I-1 can be expressed as a function of the values of 3f,, /9n at the harbor
entrance and those at the common boundaries. Th2 vector C, i.e., the

normal derivatives, will be determined through a matching procedure

which will be described in Subsection 2. 2. 5.

R L T S
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2.2.2 The Function f;o in Region II-2

Following a procedure which is similar to that used in Sub-
section 2. 2.1, the function fzz(;) at any position x inside Region II-2 can
be expressed in terms of the values of f,; and 3f;; /9n on the boundary

as:

2o @) = -] [a G H0r) - W) 2 6. ) lasE ), (16)

where r = |§-; 2
o
By allowing the interior point % to approach a boundary point ;i

the following integral equation (analogous to Eq. 9) is obtained:

Lalm) = -—f[faa( D2 BN - 5 e 2 5.6 lasE ) L a7

where r =

The approximate method used in Region II-1 is applied; thus Eq.

17 can be written as a matrix equation:
A
S i (ang £

where: Fy = fzg(;i)

and: P: = o foo(¥;)

the matrices Gn and G are each an N; x N; matrix. The elements of
the matrices Gn and G can be calculated from the same expressions
given in Eqs. 12c¢, 12d, 12e, 12f. Of course, it is realized that the index
i or j referred to in these equations represents the boundary points of

the Region II-2.
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The vector P, involves the unknown values of 3f,, /9n at the
common boundary between Region II-1 and Region II-2. Thus, using
the conditions described at the beginning of Section 2.2 (see iii) the
vector P, can be related to the value of 3f,, /0n at the common
boundary.
The vector P, can thus be written as follows:
€ - X / et \ :
a—nfgz(xl) -Cnl O ] |
i 4
g N -C 0 -1 0 | b
an 22 2 n1 1 . . ,’
X e
/
/
/
/
/
/
) = : £
: Ea = E{fzz(xdl) = 'le = -1 . . . 0 . o U2 .92, (1{
0 0 o C
nl -l \
0 . Cn
e
a%faa(zN) 0 i SRR
\ TN ¥ X /
where the matrix U, is a N, x dy matrix with the antidiagonal elements
‘, of the first d; rows and d; columns equal to -1 and with the other
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elements equal to zero. The vector C, is a d; dimensional vector

)';h element of the

with its elements equal to the (p-t-l)th element to (p+d,
vector C defined in Eq. 13.
Substituting Eq. 19 into Eq. 18 and solving for the vector F,, the

following matrix equation is obtained:

-1

/ A\
e = (-Z—Gn * I) \%GUQ Ca = MaCo (20)

where M, is a N; x d; matrix which can be calculated directly. It

should be stressed that the matrices Gn’ G in Eq. 20 are different from
the matrices C'n' G in Eq. 15 although the formulas for calculating them
are the same. This is because they are based on the boundary points of
two different regions. From Eq. 20, the value of f;; at the boundary of

Region II-2 can be expressed in terms of the unknown value of 9f,, /9n at

the common boundary between Regions II-1 and II-2.

2.2.2 The Function f,, in Region II-3

The value of f,4 (;i) on the boundary of Region II-3 can be

formulated exactly the same way as was done in Eq. 17:
2 Aile 2y ull 1 ) ~ ~
faalX)) = - E.,-rstaa(xo)a—n H M) - BN ) & @) Jas® ), @1)

where r = ‘xi - xo, .
Eq. 21 can then be approximated by the following matrix equation:

= '%‘(ans v Gfa) , (22)

: 72008

g2
»




where Fj

P

fas(xi) ’
9 -
3; f23(xi)v

.26 =

L R L S

eyl

. Na, and

the matrices Gn and G are both N3 x N3 matrices, their elements can be |

calculated by applying the formulas which are given in Eq. 12c, 12d,

12e, and 12f to the boundary points of Regions II-3.

Similar to Eq. 19, the vector P; can be expressed as follows:

( 9

9

\

3 f23(%1)

a_nfaa(i?z)

9 -
ggfaa(xdz) o

a -
on foa (st)

N

/

(

\

-C

-C

N\

nz

nz-l

0

/

\

0.

0

/

mng

where the matrix Uz is a N; x d; matrix with the antidiagonal elements

of the first d; rows and d; columis equal to -1 and the remaining elements

equal to zero.

The vector C; is a d; dimensional vector with its elements

equal to the last d, elements of the vector C defined in Eq. 13.

siuligaa el




e Bl oo

Sk i

R R R

R, P
Substituting Eq. 23 into Eq. 22 and solving for the vector F;, one
obtains:

Fy = (%Gnu)-l(g-cus)ga = MsCs . (24)

where M; is a N3 x d; matrix which can be calculated directly.

If the region forming the boundary of the harbor is divided into
more than three regions, i.e., more than Region II-1 and II-2, and II-3,
an approach similar to that used in Subsections 2.2.2 and 2. 2.3 can be
used to formulate the solutions for additional regions.

In order to solve for the unknown vector C defined in Eq. 13, the
solution in Region I (the open-sea region) must first be obtained. This
is presented in the following subsection.

2.2.4 The Function f, in Region I (Open-Sea)

The solution f, of the Helmholtz equation in Region I can
be considered as composed of three separate parts: a function fi
representing an incident wave, a function fr representing a reflected
wave considered to occur as if the harbor entrance were closed, and a
function f; (termed the radiated wave function) representing a correction
to fr due to the presence of the harbor.

Thus the wave amplitude, m, (x,y:;t) in Region I can be expressed

as:

Ny (x,y;t) = A fy e

: (25)

-A0
Ai(fi + fr + fs)e

e

PP N




The incident wave function, fi' can be specified in an arbitrary
fashion; for example, a periodic incident wave with the wave ray at an
angle a to the coastline (x-axis as shown in Fig. 2) can be represented
as f,(x,y) = exp[Aik(x cos a +y sin a)]. The reflected wave function 1
can be obtained from: fr(x,y) = fi(x , ~y). For the case of a periodic
incident wave with wave ray perpendicular to the coastline (a = 900), the
function fi(x,y) can be represented by %e"'ky (the factor % is chosen for
convenience). In the following discussion, the incident waves will be
considered as normally incident to the coast line; this condition also was
treated experimentally in this study.

The major problem in defining the open-sea wave system, i.e., the
function f,, is to evaluate the radiated wave function f; which must also

satisfy the Helmholtz equation:

2 2
3_f£ +_3__fg + kafa =
ox oy

and the following boundary conditions:

(i) -a—fi =0 at the coastline (boundary AO and BO' of Fig. 2)

an

%{3_ = - 951 at the harbor entrance (boundary AB of Fig. 2), aj
n n t

lim
ro® fs

(where r = J/x; +y,) .

The function f; which satisfies Eq. 26 and the boundary condition is

= 0 , this is called the radiation condition

obtained using Weber's solution of the Helmholtz equation:

66 = -4 [16,G )2 B Do) - B en 2 6,3 )1as(®) . 27)
-]
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where ;o is the source point (xo. 0) along the x-axis, x is the field point

(x,y) in the open-sea region, r = J/(x - xo)' + y2 , and the integration is
to be performed along the x-axis. It should be noted that the fundamental
solution H(ol)(kr) is necessary to satisfy boundary condition (iii) above,

i. e., the radiation condition, (see Lee, 1969 for a detailed discussion).
In order to solve for the value of f; at the harbor entrance in
terms of the value of 3f; /9n at the entrance, the field point X is allowed to
approach the x-axis at the point (xi, 0), thus, from Eq. 27 one obtains the

following integral equation (similar to Eq. 9):

fa(xi' 0) =i

N

9 (1) (1) "5
.};‘[f"(xo'o)ﬁHo (kr) - Ho (kr)an fa(xo.O)]ds(xo.O) , (28)

where r = |x. - x l.
i o

Substituting the boundary conditions associated with Eq. 26 into
Eq. 28, and expanding the terms inside the integral, the following simplified

equation results:

1
£a(x;,0) = %LHL Jiclx, - x Dz [fay (x_, 0)1dx,
A
P
A xieasll) A ri‘Asi 2 kr
-5 ) Hy (klx, - x; l)chsJ. JFC, 2[1 + 4= (log() + y)lar ,
. . o

j#i

(29)
where x, and . are the mid-points of the e and jth segments of the harbor
entrance respectively, Asj is the length of the jth segment, the term Cj in

Eq. 29 is the value of 3f,, /9n at the mid-point of the jth entrance segment,

T
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and p is, as mentioned before, the total number of segments into which
the entrance is divided. (The symbol y in Eq. 29 is referred to as
Euler's constant which is equal to 0.577216.)

Once the value of f, (xi, 0) at the entrance is determined from

Eq. 29, the value of f, (xi, 0) at the harbor entrance can be obtained by

adding the contribution of fi and fr to f3; thus:

p
fx;) =1+ )_Hij cj (30)
3=l

for i = 1,2, ...p. The first term on the right-hand side of Eq. 30
represents the incident plus reflected wave if the entrance is closed.
This amplitude is unity since for convenience the amplitude of the
incident wave was chosen as one-half. The matrix Hij in Eq. 30

represents the contribution of the function f; and it is rewritten in

matrix form from Eq. 29, where Hij = -%Hgl)(krij)Asj for i,j = 1,2,
1 co.pii £ j, and Hy, = -%Ll+ x% :\1og(k;ﬁ)-o.4zz78)1pal, fori = 1,2,

T 2

At this stage of the development the solution of the Helmholtz
equation: v3f + K°f = 0, for each region has been formulated in terms
of the value of the unknown derivative 9f/9n at each common boundary
between interior regions and at the harbor entrance. In the next subsection,
a matching procedure is discussed which results in a solution for the
harbor response for the individual basins from these solutions.

2.2.5 Matching Solutions at the Harbor Entrance and the Common

Boundaries Between Regions

The solutions for the wave function, f, for the various

regions are summarized as follows:
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(a) At the harbor entrance between Region I and Region II-1:

p
HE) =1+ ) H.C i dai®r ann @ (31a)
1 1) ) = p
j=l J » ) e o
% 2 i=.2,...p
fa1lx;) = E(Ml)ijcj e 2. p L D
=l
(31b)

(where D = p +d, +d;)

(b) At the common boundary between Regions II-1 and II-2:

% _; i=m;, m+l, ... n :
faa ) = LG i e ple)
J=1
o tsiag e s U
faale] = E(Me)ij(CE)j' FE LR e
J=l
(31d)
(c) At the common boundary between Regions II-1 and II-3:
& . i=m,,my+1, ... n,
f21(xi) A .Z(Ml)ijc_] ’ _] 1) [ S e (316)
=1
E d  EE . TR RS IR s e S |
fza(xi) = 'z (Ma)ij(ca)j j = 1'2' Frad d2
=1 (31£)

Because of the sign convention used in the contour integration (the
counterclockwisedirection is positive in each region) the rows of the matrix
M, in Eq. 31d are interchanged so that the equation for every segment will

correspond to that of Eq. 3lc.

Similarly, the rows of the matrix M; in

L S i s A A
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in Eq. 31f are interchanged so that they will correspond to those of
Eq. 3le.

The matching procedure consists of equating Eq. 31a to Eq. 31b,
Eq. 3lc to Eq. 31d, and Eq. 3le to Eq. 31f simultaneously. Thus, one

obtains the following matrix equation:

M,C =S+H,C (32)

where:

1) MA is a D x D matrix consisting the first p rows, the m, o

row to nlth row, and the m, th row to nath row of the matrix M, whose

elements are defined in Eqs. 12, 14, and 15:

/
(M1 )11 (Ml )12 e e o o e o o (M1 )l D
(Ml )pl (M1 )pz ® o o o & o (M1 )pD
(M]_ )ml 1 (M1 )ml 2 e e o o e o o (Ml )ml D
| i : BT S
(M, )n1 1 (M, )n12 ....... (M, )nl D
(M1 ) (M1 ) ----- .
m, 1 m22 (Ml )sz
(M1 )n2 l (M1 )naz e e o & o o o (M1 )rI2 D
b /
2) C is a D x 1 column vector consisting ot the values of 3f,, /8n at
every segment representing the harbor entrance and the common boundaries ¢

between regions and is defined as:
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[c,c.‘,..cpcml 44 - AL o cn.]

3) Sis a D x 1 column vector with its first p elements repre-
senting the value of the incident wave plus the reflected wave at the
harbor entrance, these are equal to unity, and with the other elements

equal to zero. Thus, itisdefinedas: [ 1 1..10...0]

4) HA is a D x D matrix defined as:

/ N
Hll le . Hlp 0 . 0 0 . 0
HZI HZZ . Hzp . . . . . .
H H . H 0 5 0 0 : 0
B PP % 4 ;
H = o ¢ Ui 0 (hﬁz )dll 4 (M2 )d1d1
A . . . . . . . . . .
0 it . 0 (M) -« (Mz)yg O SR
i ! : e S 0 Mg,y - Ma)y o
\
0 ; 3 0 0 : 0 (M), - ‘M"'ld,)
N\

Thus, Eq. 32 can be solved for the unknown vector C as follows:
\-l
c=(mMy-H,) s =3

The unknown value of 3f,, /9n at the harbor entrance is equal to

the first p elements of the vector C, the value of 9f,, /9n at the common

boundary between Regions II-1 and II-2 is equal to the next d; elements
of the vector C, and the value of 9f,, /9n at the common boundary between

Regions II-1 and II-3 is equal to the last d; elements of the vector C.

T A R A Pt
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Once the vector C is obtained from Eq. 33, the value of the
wave function at the boundary of each region can be determined. The
wave function f;, at the boundary of Region II-1 can be obtained from
Eq. 15, while the value of f,, at the boundary of Region II-2 can be
obtained from Eq. 20 and f,; at the boundary of Region II-3 can be
obtained from Eq. 24.

The value of wave function f at any position .within each region
can be determined after the vector C and the wave function f at the
boundary of each region are evaluated. For example, for an arbitrarily
chosen point;:. in Region II-1 the value of f,, (X) can be calculated by the
following discrete form of Eq. 8:

N, D
£, (%) = -4/ fm(;j)[-kHQ)(kr)gf—l:lAsj -gHgl)(kr)CjAsj} (34)
j=1 j=1
where %, is the mid-point of the jth boundary segment in Region II-1, and
r = I:? - ;j |. In an analogous manner, similar expressions can be used
to determine the wave functions in Regions II-2 and II-3.

The response of a harbor to incident waves is described by a
parameter called the "'amplification factor'. This is the ratio of the
wave amplitude 1,i(x,y) at any position (x,y) inside the harbor (i = 1
refers to Region II-1, i = 2 refers to Region II-2, and i = 3 refers to
Region II-3), to the sum of the incident plus the reflected wave amplitude

at the coastline with the harbor entrance closed:

Ing3 (% it | ) |Aifai(x.v)e'mt|
..,wtl z -,Lot‘

= f,; 9| (35)

|A(f; + £ )e

|A, 1€
1
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The value of f,,, fy5, or f;3 is a complex number; therefore, in

computing the amplification factor, R, the absolute value must be

taken.,




- 36 -

CHAPTER 3
EXPERIMENTAL APPARATUS & PROCEDURES

In general the experimental equipment used for this study is
described by Lee (1969) and only will be summarized here. An over-
all view of the experimental equipment is shown in Fig. 4.

The wave basin used is 1 ft 9 in. deep, 15 ft 5 in. wide, and
31 ft 5 in. long with vertical walls of 3/4 in. marine plywood and a
floor constructed of 1 in. marine plywood. The bottom of the wave
basin is horizontal to within at least +0. 02 in. and has been treated with |
a layer of polyester resin approximately 1/8 in. thick to provide a ‘
water-tight seal.

The wave generator is of the pendulum type 11 ft 8 in. long and
2 ft high located at one end of the basin, and is designed to operate either
as a paddle- or piston-type wave generator; for a detailed description,
the interested reader is referred to Raichlen (1965). The wave gener-
ator is driven by two arms connected to independent cranks which in
turn are connected through a pulley system to a 1-1/2 hp variable speed
motor. The cranks allow for a maximum stroke of +6 in. and they
can be adjusted to within 0.001 in. of each other. Wave periods ranging
from 0. 34 sec to 3.8 sec can be obtained with this system.

The wave period is determined by measuring the rotational speed
of one crank of the wave generator. This is accomplished by attaching

a disc with 360 evenly spaccd holes arranged at its outer edge to the
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crank and then counting the number of holes passing a light-photocell
arrangement in a fixed period of time with an electronic counter. Wave
amplitudes are measured electronically using resistance wave gages
and an oscillograph recorder with the gages calibrated before and after
an experiment (a duration of approximately one hour). A calibration
curve representing an average over the duration of an experiment is
used in reducing the experimental data; generally these curves are
linear over the range of wave heights used and show very little change
during an experiment (see Lee (1969)).

In order to simulate the open-sea in the laboratory two wave
energy dissipators are used around the boundaries of the basin: a wave
filter placed in front of the wave generator, and wave absorbers located
along the side-walls of the wave basin. The wave filter is 11 ft 9 in. long,
1 ft 4 in. high and 5 ft thick in the direction of wave propagation. It is
constructed of 70 layers of galvanized iron wire screen with each screen
spaced 0.8 in. apart. The wire diameter of the screens is 0.011 in. with
18 wires per inch in one direction and 14 wires per inch in the other. The
wave absorbers, placed along the side-walls of the basin are each 1 ft 6 in.
high, 1 ft 10 in. thick, and 30 ft long and consist of 50 layers of the same
galvanized iron screen as used in the wave filter with a 3/8 in. space
between screens. These wave absorbers are supported by structural
frames outside the wave basin; one of these structural frames can be seen
in Fig. 4. Sodium dichromate (Na,Cr,0,) was added to the water in the
basin to control corrosion of the galvanized wire screens. This additive

was used in a concentration of 500 ppm (by weight) with the pH of the

¢ IS
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water maintained between 6.2 to 6.5 to insure its proper functioning as
a corrosion inhibitor.

The wave filter and wave absorbers used have reflection coefficients
which are less than 20% for the experimental range of depths, wave heights,
and wave periods. This means that the a.mplitﬁde of a wave which passes
through the absorber (or filter) and reflects from the wall (or wave
machine) and then passes back through the absorber (or filter) to the
main wave basin is reduced by more than 80%. A more detailed discussion
of the characteristics of the dissipation system is given by Lee (1969).

Experiments were conducted in a well defined coupled harbor to
test the theory which is described in Chapter 2. The harbor consisted of
two circular basins with the same diameter connected together on the axis
which is perpendicular to the ''coastline'. The first basin of the harbor
had a 60° orening which communicated directly with the ''open-sea' and
a 10° opening diametrically opposite connected to the 10" opening of the
second basin of the harbor. Each harbor was 1 ft 6 in. in diameter and
1 ft 3 in. high. The model used is showninthe photograph presented in
Fig. 5. Itis seen in Fig. 5 that the two cylinders which make up the
harbor are connected top and bottom to lucite reinforcing plates which
were used to keep the basins circular. The edges of the entrance between
the two basins and at the ''open-sea' do not have a zero thickness as
assumed in the theory, but due to construction limitations this thickness
was approximately 1/2 in. for the former and 1/4 in. for the latter. The
two vertical lucite plates to either side of the main harbor entrance shown

in Fig. 5 fitted into the existing end wall of the basin to form a perfectly
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reflecting '"coastline'’; the ''coastline'' is located 27 ft 6 in. from and

parallel to the wave paddle. The water depth in the basin for all experi-

ments was 1.0 ft.
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CHAPTER 4

PRESENTATION AND DISCUSSION OF RESULTS

Theoretical results obtained using the method developed in
Chapter 2 are presented here along with some limited experime ntal
results. The effect of interconnected basins in a harbor on the overall
harbor response is discussed relative to the response of the individual

basins.

4.1 A MODEL OF THE EAST AND WEST BASINS OF LONG BEACH
HARBOR

A model of the East and West Basins of Long Beach Harbor was
studied previously, both theoretically and experimentally, by Lee (1969).
The theoretical results of that study were obtained by dividing the domain
of interest into two regions: the open-sea region (Region I) and the
harbor domain (Region II). The boundary of Region II was divided into
75 segments (with two segments for the harbor entrance) to obtain a
numerical solution; this subdivision is shown in Fig. 6. (The theory
presented in Lee (1969) was referred to therein as the "arbitrary-shape
harbor theory''; herein it will be referred to as the ''single-basin
theory''.)

The validity and accuracy of the coupled-basins theory, presented

in Chapter 2, was tested initially using the model of Long Beach Harbor
which, as can be seen in Fig. 6, is essentially composed of two basins

(the East and the West Basins). For the analytical model the harbor was
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divided at the junction of the East and West Basins; this division is
shown in Fig. 7. The boundary of Region II-1 (the West Basin) is
divided into 50 segments with two segments for the entrance to the open-
sea, and four segments for the common boundary between the East and
West Basins. The boundary of Region II-2 (the East Basin), shown in
Fig. 7, is divided into 34 segments including four segments for the
common boundary between Regions II-1 and II-2.

Response curves have been obtained using the coupled-basins
theory and are presented in Figs. 8 through 11 for four different locations
in Long Beach Harbor. The ordinate is the ratio of the wave amplitude
'at the particular location to the open-sea standing wave amplitude (Eq.

35) and the abscissa is the product of the wave number and a characteristic
harbor length, a, (in the model a = 1. 44 ft, in the prototype a = 6768 ft).
In these figures, both the experimental results and the theoretical results
for the harbor treated as one basin are presented for compzarison (see

Lee (1969)). Figs. 8 through 11 show that the present results agree well
with the previous single-basin theory throughout the full range of ka which
was investigated. Only small differences between the theories can be

seen in the response at resonance which is the region where both theories
are somewhat unreliable because both theories neglect viscous and non-
linear effects. Actually the maximum difference between the two theoretical
results is less than 3%. Since both theoretical curves agree well with each
other and with the experimental results at all four locations, it can be con-

cluded that the wave amplitude distribution within the harbor is also pre-

dicted correctly by the coupled-basins theory.
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4.2 THE RESPONSE OF A CIRCULAR BASIN WITH A 10° OPENING
., CONNECTED TO A CIRCULAR HARBOR WITH A 60° OPENING

Theoretical and experimental results have been obtained for a
coupled-harbor consisting of two circular basins: the first with a 10°
opening connected to a second basin which has a 60° entrance which
opens directly on the open-sea (see Fig. 5). The response curves for
two positions in each of the basins are presented in Figs. 12 through 15
where the ordinate is the amplification factor and the abscissa is the
wave number parameter ka (the product of the wave number and the
harbor radius). In the experiments the radius of each circular basin
is 0. 75 ft and the depth of the water in both the harbor and the ''open-
sea' was 1.0 ft.

The boundary of Basin A was subdivided, in applying the coupled-
basins theory, into 38. segments with six of these at the harbor entrance
and two at the common boundary between Basins A and B. Basin B was
divided into 37 segments including two segments at the boundary between
Basins A and B.

Figs. 12 through 15 show that the theoretical results agree reason-
ably well with the experiments except near resonance for the range of ka
covered. Near the various resonant modes of oscillation the amplification
predicted by theory is greater than that measured experimentally; how-
ever, the resonant frequencies are accurately predicted by the theory.
The differences in amplification mentioned are probably due to viscous

dissipation which affects the experiments but does not enter the inviscid
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coupled-basins theory. Similar differences were reported by Lee (1969) in
connection with the application of the single-basin theory. It is interesting
to note that some of the largest responses are associated with peaks with
very narrow bandwidths, and in the experiments these responses are
significantly attenuated. In fact, in some cases these maxima have almost
disappeared in the experiments due to viscous effects. Thus, viscosity
can play an important role in minimizing resonance effects. Some
comments on the effect of viscous dissipation on harbor response will be
presented in Section 4. 4.

In each of these response curves eight maxima appear; however,
some of these resonant conditions are not immediately apparent from the
figures. The reason for this is that Figs. 12 through 15 refer to the
response at a particular locaticn in one harbor as a function of the wave
number parameter ka. Hence the effect of resonance for a particular
wave number at one position in one basin may be important, but at
another location no effect may be seen. Consider Fig. 13 for the range
of ka between 1.8 and 3.0. There are two well-defined resonant maxima
shown in that range for a positon r/a = 0.934, a = 45° in the first basin
(A) whereas for the center of the second basin (B) (Fig. 14) only one.
rather poorly defined maximum, is apparent for the same wave number
range.

The effect of location can be eliminated when investigating resonance
by plotting the maximum amplification, regardless of location, as a function
of ka. The theoretical response curve defined in that way is presented
in Fig. 16 for these two coupled circular basins. The eight resonant

modes are immediately obvious. To see where these modes of oscillation
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come from, the maximum response for a circular harbor with a 10°
entrance gap directly connected to the open-sea and a circular harbor
with a 60° opening directly connected to the open-sea has been deter-

mined using the '""arbitrary harbor theory' presented by Lee (1969).

These theoretical results are presented in Fig. 17 and show an increase
in the amplification at resonance as the harbor entrance width decreases
along with a corresponding shift of the maxima to smaller wave numbers.
The former is referred to as the "harbor paradox'' by Munk & Miles (1961).
The latter effect is the shift of resonance toward closed basin resonance
as the entrance width decreases.

One effect of coupling can be seen clearly by comparing Fig. 16
and Fig. 17. At firsi glance, Fig. 16 appears to be simply a combination
of the two response curves presented in Fig. 17, i.e., the first, third,
fifth, and seventh modes in Fig. 16 correspond to the four modes shown
by solid lines in Fig. 17 and the second, fourth, sixth, and eighth modes
of Fig. 16 agree qualitatively with the four modes by dashed lines in
Fig. 17. Thus, it appears that the maximum response of this coupled-
basin system is a combination of the response of the individual basins
when each is connected directly to the open-sea. This suggests one

problem which can arise in an actual harbor when it is enlarged by

changing its configuration from a single basin to a system of inter-
connected slips. The original response of the harbor may be changed
to a more complicated one with additional maxima for the same range

of wave period. (However it is possible that this effect may not be too
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serious due to the influence of viscous dissipation which tends to reduce
the maximum amplification for modes of oscillation whose peaks have
small wave number bandwidths.)

The shape of the water surface for the eight resonant modes of
oscillation shown in Fig. 16 are presented in Figs. 18 through 25. These
may be compared to similar distributions for the individual basins (10°
and 60° openings) which have been presented previously by Lee (1969).

Fig. 18 shows the wave amplitude distribuiion inside the harbor
for the first resonant mode of the coupled-basins system (ka = 0.26).

The wave amplitude has been normalized with respect to that at location

P (in the inner basin) which is a position at which the amplitude is very
close to a maximum (the maximum is at the back-wall on the diameter

of symmetry). The wave amplitude shown in Fig. 18 is relatively uniform
within each basin; however, the average wave amplitude in the inner basin
is about twice that in the outer basin. In addition, either positive or negative
water surface displacements occur simultaneously in both the inner and
outer basins. Therefore, this mode is usually referred to as the

""pumping mode''.

The wave amplitude distribution inside the harbor for the second
mode of oscillation (ka = 0.72) is presented in Fig. 19. The maximum
wave amplitude is located in the outer basin; the wave amplitude shown
has been normalized with respect to that at location P (which is very close
to the position of the maximum wave amplitude). Fig. 19 shows that

positive water surface displacements exist in the outer basin while
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negative water surface displacements exist in the inner basin with a

nodal line (line of zero wave amplitude) located near the common
boundary between the outer and inner basins. Considering the out-of-

E | phase motion in the two basins, this mode of oscillation may be called
the ''sloshing mode', i.e., sloshing between basins. The increased

complexity of water surface oscillations with increasing wave number

is seen by comparing Figs. 18 and 19.

Fig. 20 shows the wave amplitude distribution inside the harbor
for value of ka = 1. 94 which corresponds to the third resonant mede of
oscillation. The normalized surface amplitude exhibits two nodal lines:
one in the outer basin and one in the inner basin. Thus, for this value
of ka a sloshing mode exists in each basin with the water surface at the

3 inner part of the outer basin and the outer part of the inner basin moving

in phase. In addition, for this mode the water surface displacement in
the inner basin is at least twice the wave amplitudes in the outer basin.
The wave amplitude distribution inside the harbor for the fourth
resonant mode (ka = 2.34) is presented in Fig. 21. The position of the
maximum wave amplitude for this mode is in the outer basin near the
entrance to the inner basin. There are three nodal lines in the harbor:
| one in the outer basin, one near the common boundary between the two
basins (the entrance to the inner basin), and another near the center of
the inner basin. Even though the water surface displacements in the
inner basin are relatively small compared with those in the outer basin,

the water surface shape for this value of ka is still approximately that

R
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of a sloshing mode within each basin. However, this mode of oscillation
is more complicated than the one shown in Fig. 20 in the sense that an
additional nodal line exists near the common boundary between the two
basins.

A wave amplitude distribution for the next resonant mode of
oscillation (ka = 3.15) is presented in Fig. 22. For this mode the
maximum wave amplitude occurs in the inner basin at the position
r =a, 0 = 90° (and its symmetric counterpart at § = 2700). There
are two nodal lines in each basin with the nodal lines somewhat similar
to the crossed nodal lines of the corresponding mode of oscillation for
a closed circular basin. The mode shape for the inner basin is similar
to the one shown in Fig. 6.23 of Lee (1969), while the mode shape for
the outer basin is similar to that presented in Fig. 6.24 of Lee (1969)
except near the entrance to the inner basin. As can be seen from Fig.
22 water surface displacements in the inner basin are significantly
larger than those of the outer basin.

The mode shape for ka = 3,45 is presented in Fig. 23. This
value of ka corresponds to the sixth resonant mode of oscillation shown
in Fig. 16. For this mode, the maximum wave amplitude occurs in the
outer basin at the position: r = a, § = 1000 (and its symmetric
counterpart § = 2600). There are two nodal lines in the outer basin,
another one near the entrance to the inner basin, and two nodal lines in

the inner basin. Comparing Figs. 22 and 23 it is seen that the water

surface shapes appear similar; however, corresponding regions in the

basins are in phase in Fig. 22 (ka = 3.15) while they are out of phase

in Fig. 23 (ka = 3.45).
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The wave amplitude distribution inside the harbor for the seventh
rasonant mode of oscillations (ka = 3.86) is presented in Fig. 24. For
this value of ka, the maximum wave amplitude occurs at the center of the
inner basin, and the water surface displacements in the inner basin are
much larger than those in the outer basin. The contour lines of constant
amplitude near the center of the inner basin (including the nodal line)

are nearly circular. It is also seen from Fig. 24 that water surface

motions in the regions near the center of both the inner and outer basins
4» '-, are in phase.

Fig. 25 shows the wave amplitude distribution inside the harbor
for ka = 4. 05 (the eighth resonant mode of oscillation). The position of
maximum wave amplitude is at the center of the outer harbor, and the

shape of the water surface in the outer basin is similar to that shown in

Fig. 6.26 of Lee (1969) for a circular harbor with a 60° opening coupled
directly to the open-sea. For this wave number water surface displace-

ments in the inner basin are small compared with those of the outer basin

e e

and in contrast to the distribution shown in Fig. 24 the water surface
oscillations near the center of the two basins are out-of-phase.
Thus, although it is seen that the response of coupled basins and
f the amplitude distributions within a harbor can become quite complicated
as individual basins are connected, it may be possible to investigate these
facets of the problem by viewing the basins as separate units. For example,

in the case of the coupled-circular harbor just discussed some aspects of

the response and the water-surface displacements could be constructed from |

a knowledge of the response of the individual basins.
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4.3 THE RESPONSE OF VARIOUS COUPLED-BASINS SYSTEMS

In Section 4.1, it has been shown that the response of the Long
Beach Harbor Model obtained using the coupled-basins theory agrees
well with the theoretical results (single-basin theory) and experimental
data obtained by Lee (1969). This agreement demonstrates how well
the present method can be applied to basins of arbitrary shape coupled
together and excited by waves from the open-sea. In Section 4. 2,
experimental data for coupled-circular basins have also provided
further evidence in support of the theoretical approach, although in the
hydraulic model the effect of viscous dissipation does significantly
reduce the amplification factor at resonance, especially for peaks where
the wave number bandwidth is small.

In this section, the effect on the overall harbor response of
coupling basins together will be explored analytically for various basin
arrangements. For simplicity rectangular basins and circular basins
of different radii and/or different openings are used. The purpose of
this portion of the investigation was twofold: to show the applicability
of the method developed, and to study the effect of coupling on harbor
response. For this reason only the maximum response curve for each

case will be presented and discussed.

4.3.1 Two Coupled Circular Harbors

In Fig. 26, the maximum response curve is presented for
a circular harbor with a 10° opening connected along its diameter of

symmetry to another circular harbor of the same size also with a 10°

R A D T 0
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opening. As before, the ordinate represents the maximum amplification
factor defined as the maximum wave amplitude inside the harbor (regard-
less of the location) divided by the standing wave amplitude at the harbor
entrance when the entrance is closed. The abscissa is the wave number

parameter, ka, where a is the radius of the outer harbor (the same as

the inner harbor for this case). From Fig. 26 it is seen that there are
eight maxima in the range of ka presented corresponding to eight
resonant modes of oscillation. The values of ka for these resonant
modes are 0.210, 0.62, 1.90, 2.18, 3211, 3.34,:3.85 and 3.93. The
position at which the wave amplitude reaches the maximum is located in
Basin B (inner basin) for the 1st, 3rd, 5th and 7th resonant modes of

oscillation, and for the 2nd, 4th, and 6th and 8th resonant modes the

< O s 1 ORGSR 0 i R

maximum is in Basin A (outer basin). The location of eachmaximum as

R AT I

beingin either Basin A or Bis indicated in the figure along the abscissa.

The effect of coupling on the harbor response can be inferred by comparing

Fig. 26 with the response curve for a single circular harbor of 10°

T

opening connected to the open-sea, presented in Fig. 17. The response

of these coupled basins appears to be composed of the resonant modes

of the individual circular harbors with some differences in both the

A

resonant wave number and the maximum amplification. Thus, Fig. 26
again demonstrates that the number of resonant modes of oscillation for
a coupled basin is larger than the number of resonant modes for either
basin alone, and for two identical basins connected the number of modes

is increased by about a factor of two for a given wave number range.
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The effect of the width of the harbor entrance on the response of
the harbor is demonstrated from a comparison of Fig. 26 and Fig. 16;
in the latter the outer harbor has a 60° opening. It is seen that the
maximum amplification factor for most resonant modes for the example
shown in Fig. 16 is less than that for the corresponding modes shown
in Fig. 26; however, in contrast the wave-number-bandwidth for the
resonant modes in Fig. 16 is generally greater than those of Fig. 26.
These results again show that as the entrance width decreases the
maximum wave amplification within the harbor increases while the wave
number bandwidth near resonance decreases. However, the reader is
reminded that for the prototype, viscous effects, which are not con-
sidered in the present theory, may be very important in limiting the
maximum amplification at resonance especially for resonant peaks with
narrow bandwidths. (This has been demonstrated by the experimental
results presented in Figs. 12 through 15, and as mentioned will be
discussed in Section 4. 4.)

The response of two circular harbors with the entrances
oriented at 90° to one another was investigated. The basins have the
same diameter and each entrance has an included angle of 10°. The
maximum response curve for this harbor system is presented in Fig. 27
where the ordinate and abscissa are defined earlier. There are eight
maxima (four in each basin) in the response curve for the range of ka
presented corresponding to eight resonant modes of oscillation. The

values of ka for these resonant modes are: ka = 0.21, 0.62, 1.98,

2.10, 3.12, 3.35, 3.85, and 3.90. It is noted that the number of
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resonant modes of oscillation and the associated wave numbers for the
arrangement shown in Fig. 27 are similar to the response curve pre-
sented in Fig. 26 suggesting that for these two harbors the coupling
pattern does not alter the harbor response significantly. This is
reasonable since this constant-depth circular harbor system has the
same entrance width and only one characteristic dimension (the dia-
meter of the harbor). Thus, the position of the boundary opening pro-
bably will not affect the response of the harbor very much for this range
of wave lengths.

From Fig. 27 it is seen that the first two modes of oscillation
are almost identical to the first two resonant modes shown in Fig. 26.
This is reasonable since the basin dimensions are the same for the two
cases but only the arrangement is different. For a small ratio of radius
to wave length the effec’ on the harbor response of the arrangement
should not be too important. The wave amplitude inside Basin B for
the first mode (the pumping mode) is about twice the wave amplitude
in Basin A, similar to the case shown in Fig. 26. The theoretical
amplification at resonance for the other modes present in this wave
number range does vary somewhat with basin arrangement but not
significantly.

The maximum response curve for a circular harbor with a 10°
opening coupled to another circular harbor with one-half the diameter
is presented in Fig. 28. The larger harbor, which is connected to the

open-sea, has a main entrance of 10° and a 10° opening in the backwall,
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thus, the smaller basin has a 20° opening. In the abscissa of Fig. 28
the characteristic dimension '"a' is the radius of the larger basin
(Basin A).

Fig. 28 shows six maxima corresponding to the six resonant
modes of oscillation for the range of ka presented; the values of ka
for these are: ka = 0.30, 0.92, 2.12, 3.24, 3.84 and 4.06. The
position of the maximum amplitude for the first mode (the pumping mode)
is at the center of the backwall of Basin B as it was with the other cases
presented in the previous sub-sections. It is interesting to note that the
position at which the maximum amplification is reached is in Basin A
(the larger basin) for the third, fourth, and fifth resonant modes, and
for the first, second, and sixth resonant modes the maximum ampli-
fication is in Basin B. The wave numbers of the modes at ka = 0. 30,
2.12, 3.24, and 3.84 are similar to those of the four modes presented
in Fig. 17 for a circular harbor with a 16" opening. If the radius of the
smaller basin (Basin B) is used as the normalizing dimension the wave
number parameters for the two modes at ka = 0.92 and 4. 06 become
ka = 0.46 and 2.03 which are slightly greater than the values for the
"pumping' and ''sloshing' modes respectively for the single 10° harbor.
This is in the right direction since the inner harbor has a 20° opening.
Thus the results presented in Fig. 28 further demonstrate the fact that,
for these shapes, the resonant modes of oscillation of coupled-basins
are combinations of the resonant modes of the individual basins for the
range of ka considered. Therefore, connecting one harbor to another

does not necessarily improve the amplificalion characteristics of the



harbor system; however, it is possible that the wave amplitude ampli-
fication for some particular modes may be reduced if the proper

geometry is found and if viscous effects are considered.

: g . o
The maximum response curve for a circular harbor with a 60

opening coupled to a circular harbor of one-half that size with a 20°
opening is presented in Fig. 29. Similar to the previous example, the
characteristic dimension '"a'" which is used is the radius of the larger
basin (Basin A). From Fig. 29 it is seen that there are five resonant
modes of oscillation for the range of ka considered; the values of ka
for these modes are: ka = 0.41, 0.97, 2.32, 3.39 and 3.88. For
the first, second, and fifth modes (ka = 0.41, 0.97, and 3.88) the
maximum wave amplitude occurs in the smaller basin (Basin B) while
for the modes at ka = 2.32, 3.39 (third and fourth) the maximum
response is in the larger basin (Basin A). By comparing Fig. 29 to
Fig. 28 it is seen that except for the mode at ka = 3. 88 the maximum
amplification factor at resonance is smaller and the response near
resonance has a larger wave number bandwidth for the example where
the outer harbor has a 60° opening than for the one with a 10° opening.
Thus, the effect of entrance width on the response of harbors to incident
waves is further demonstrated.

The results presented in this section have demonstrated that the
modes of oscillation which exist in coupled-circular-basins are closely
related to the modes of the individual basins, and that resonance in one
basin will affect the oscillations in the other. Moreover, for a particular

range of ka, the modes of oscillation in coupled-basins appear to be a
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combination of the possible modes of oscillation of the individual basins.
This is in agreement with the earlier work of Raichlen and Ippen (1965)
in which it was found that a rectangular harbor connected to a highly
reflective and larger rectangular wave basin had many more modes of
oscillation compared to the response of the same harbor connected

directly to the open-sea.

4.3.2 Rectangular and Circular Coupled Harbors

In the previous subsection examples of coupled circular
harbors have been considered; in this subsection the response of circular
harbors connected to rectangular entrance channels will be discussed.
The entrance channel is a common feature of prototype harbors and the {
influence of the channel on the harbor response is therefore an important

feature in the design of harbors.

The harbor model which was chosen for the theoretical investi-

gation consists of a circular basin of constant depth with a radius of

o

0. 75 ft and an entrance gap of 10° included angle (an entrance width of
0.131 ft). Connected to this entrance is a channel 0. 198 ft wide with a
variable length. The other end of the channel is fully open and communi -

cates directly with the open-sea. There is a difference in the width of

the channel compared to the entrance width; the channel width was chosen t
|
to be the same as the rectangular channel investigated previously and !

reported by Lee (1969) and the dimension of the circular harbor were

H
.
i i

the same as that discussed previously herein.
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The response curves for the maximum response anywhere in
the harbor are presented in Figs. 30 through 33 for four different lengths
of the entrance channel. These response curves were obtained by using
the theory presented in Chapter 2 by dividing the entire domain into
3 regions: the open-sea region, the entrance channel region (Basin A), |
and the circular harbor region (Basin B). In all of these figures the
ordinate is the maximum amplification factor in the harbor regardless
of location and the abscissa is the product of the wave number and the
radius of the circular basin. Indicated near the abscissa in these figures
is the particular basin where the maximum occurs, e. g., "A' indicates
the maximum occurs in the entrance channel and '"B" denotes a maximum
in the circular harbor. Considering the shortest entrance channel to be
of unit length,the other three lengtﬁs studied were two, three, and four
times that length.

The response with the shortest entrance channel, a length approxi-
mately one-third the diameter, is presented in Fig. 30. Five resonant
modes of oscillation are evident for the range of ka investigated: three
occur in the circular basin, one in the entrance channel, and one mode has
maximum amplitudes in both basins. Referring to Fig. 17, it is noted
that a circular harbor with a 10° opening has four modes of oscillation
over a range of ka up to about 4. 0. The values of the wave number para- :
meter for the first, second, fourth and fifth modes of Fig. 30 are about
the same as those for the four modes of oscillation of the lOo-opening-
harbor shown in Fig. 17. The amplification at resonance is different,

in fact the amplification for the pumping mode is increased by nearly

45% by adding this fairly short channel.
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When the length of the entrance channel is doubled, as is shown
in Fig. 31, an additional maximum is introduced in the response compared
to Fig. 30 for the same wave number range. The four modes of the cir-
cular harbor become quite distinct and comparable in wave number to
those shown in Fig. 17 for the same circular harbor connected directly

to the open-sea. The two maxima shown in Fig. 31 at ka = 1.58 and

3. 67 correspond to maximum amplitudes in the entrance channel. By
multiplying these values by the ratio of the channel length to the harbor
radius, 4/a, the wave number parameter may be expressed in terms of
the channel length as: k& = 2.14 and 4.83. The value of this parameter
for the first two modes of a rectangular harbor (with the same aspect
ratio) connected directly to the open-sea is: k{4 = 1.32 and 4.2. There-
fore, when the rectangular channel is connected between the open-sea

and the circular basin the tendency is for the mode of oscillation to shift

toward the closed rectangular basin mode (kf = m and 2w). Nevertheless,
these are identifiable as modes of resonance for the entrance channel.

Fig. 32 shows the maximum response curve when the length of
the entrance channel is increased by 50% compared to the case shown
in Fig. 3}. For this configuration the four modes of the circular basin
"can still i)e recognized and are located at approximately the same values
of ka as before, but the wave numbers for the modes of oscillation in
the entrance channel have changed and the number of modes in the channel

have now increased to three. Thus, there are now seven modes of

oscillation for the range of the wave numbers shown, i.e., 0 < ka < 4.0,




oy
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For the modes corresponding to channel resonance the values of the

wave number parameter are: ka = 1.22, 2.56, and 3.97. When
expressed in terms of the channel length these values become: ki = 2.5,
5.25, and 8.23. Thus, for the increase in length, the parameter ki
approaches w, 2w, and 3w, the values for the first three modes of a
narrow closed rectangular basin. In addition the amplification associated
with these modes has increased. Forthe pumping mode the amplification
has increased by 60% compared to the case with the entrance channel one-
third this length.

When the length of the entrance channel is increased again by one-
third (or four times that shown in Fig. 30) additional modes become
evident as shown in Fig. 33. The pumping mode and the fourth mode of
the circular harbor (ka = 3.85) are still evident, but other modes of the
circular harbor have been masked by those of the rectangular entrance
channel. These now appear at values of ka = 0.98, 1.78, 2.12, 2.92,
3.27, and 4.05 or in terms of the channel length at kt = 2.67, 4.87,
5.78, 7.97, 8.93, and 11.08. The other modes that are introduced
here (k? = 4.87, 7.97, and 11.08) appear to be more comparable to the
second, third, and fourth mode of a narrow rectangular harbor connected
to the open-sea (ki = %n, %w. and %-rr). Again, for this case, the
amplification of the pumping mode and other modes have increased with
increasing entrance channel length.

In summary, with the addition of a rectangular entrance channel
to the circular harbor, the modes of oscillation of the circular harbor

are generally retained and additional modes due to the entrance channel

are introduced. These latter modes may mask resonance in the circular
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basin; however, the ratios of channel length to wave lengths for reson-
ance are comparable to the closed basin and open harbor resonant modes
one would expect for the rectangular basin alone. Another trend which is
evident is that, for the four cases chosen, the amplification at resonance
for the pumping mode increases with increasing channel length; for ratios
of channel length to harbor radius of 0.68, 1.35, 2,05, and 2. 74 the
corresponding values of the amplification of the pumping mode are 8.5,
9.1, 13.95, and 17.0. This is compared to a value for the circular
harbor alone of 5.9. Thus, again the response of a more complicated

harbor appears qualitatively to be a combination of the response of the

individual basins with certain effects relating to the influence of one

basin type on the other.

Various investigators have proposed the use of side channel

resonators to eliminate or at least reduce the effect of resonance on
harbors (see Valembois (1953), James (1968)). These resonators
are rectangular channels of various lengths which are connected per-
pendicular to the main entrance channel. Since the effect of the length
of an entrance channel on the response of a circular harbor had been
investigated, it was considered iovgical to extend this to a minimal
investigation of the effect of resonators of two different lengths on the
response of the harbor shown in Fig. 33. The channels were located
approximately one-third of the length of the entrance channel from the
open-sea with a width equal to the width of the entrance channel. The
cases chosen were for lengths of the resonators equal to one-half and

one-quarter of the length of the main channel. The maximum response

curves for these two harbor systems are presented in Figs. 34 and 35.
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Fig. 34 shows the response curve presented with the ordinate and
abscissa as previously defined for the case with the resonators one-half
the length of the main entrance channel; the arrangement is shown in the
inset in this figure. For this harbor system the wave number of the
pumping mode has changed only slightly while its maximum response has
been reduced from about seventeen to ten by the addition of the resonator.
The next mode has been shifted to a smaller wave number and attenuated
by a factor of nearly two by the resonator. It is noted that two curves are
shown for this peak: one where resonance is in the entrance channel (the
solid curve) and a curve for which resonance is in the side channel or
resonator (the curve composed of long dashes). For this case, resonance
in the side-channel dominates; however, with respect to the overall
response of the harbor this is not considered important. The next four
modes are not modified appreciably except for some shift in the resonant
wave numbers. The seventh mode which is associated with resonance in
the circular harbor is affected by the side channel resonators by both an
increase in amplification compared to the case shown in Fig. 33 and by a
decrease in the bandwidth of the peak. Although theoretically this appears
to result in a more responsive harbor, the reduction in the bandwidth of
the mode makes it more susceptible to viscous effects and hence the actual
response may be less than for the corresponding mode shown in Fig. 33

(see Section 4. 4).

The response curve which is obtained when the length of the side
channel resonator is halved is presented in Fig. 35. The peaks which are
labeled as B (occurring in the circular basin) are similar in all three

cases (Figs. 33, 34, and 35). There is a slight change in the maximum

LR AR e
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amplification of the pumping and the second mode, but essentially the

appearance is similar. However, the modes which correspond to

resonance in the entrance channel are quite different with respect to wave
number as well as amplification. Again viscous effects would probably
modify these peaks significantly.

The objective of this phase of the investigation was only to demon-

strate the applicability of the coupled basin theory to the evaluation of

resonance in a complicated basin system and it certainly does not repre-
sent a comprehensive study of coupled basin systems, entrance channel
effects, or the effect of side-channel resonation. The detailed study of
the effect of location and dimensions of entrance channel and side-channel

resonators would be an interesting extension to the present study.

4.3.3 Rectangular and Circular-Segment Coupled Harbor

The response of another example of coupled basins to

periodic incident waves was considered. The harbor consisted of a

rectangular entrance channel (connected to the open-sea with a fully

open entrance) coupled to a circular sector of 140° central angle. In

Fig. 36, the response curve at the center of the backwall is presented;
the harbor and the nomenclature used are shown in the inset in this
figure. The ordinate is the amplification factor R, as previously defined,
and the abscissa is the wave number parameter ka where a is the radius
of the circular sector. This harbor has been studied previously by
Carrier, Shaw, and Miyata (1971) employing a different method of
analysis. The theoretical curve shown in Fig. 36 is obtained by using

the coupled-basins theory presented in Chapter 2 with the harbor divided
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into two regions: the rectangular entrance channel and the circular
sector. The value of ka for the first two modes of oscillation are:

ka = 0.289 and ka = 3,744. The first resonant mode of oscillation is
a pumping mode where the maximum amplification (an amplification
factor of 7.48) occurs at the center of the backwall. This value of
amplification factor is very much smaller than the value reported by
Carrier, Shaw, and Miyata (1971) in which they have reported an

amplification factor of about 22. For the second resonant mode the

amplification factor computed using the present theory is 2. 75 which
is close to the value of about-2.9 reported by Carrier, Shaw, and
Miyata (1971).

Shown as insets in Fig. 36 are the computational details of the

response near resonance for the two modes; the data from the coupled-
basins theory are indicated by solid circles. It is seen that the maxi-

mum amplification was effectively determined for each mode of oscillation.

Thus, it appears that the difference in the amplification factor for the
pumping mode between the present theory and the theory of Carrier,
Shaw, and Miyata can be attributed to differences between the methods
rather than incomplete computations near resonance.

In addition to the theoretical results, some experiments were
conducted in the laboratory for comparison. Due to certain experi-
mental limitations and to cover the range of ka for the first mode of
oscillation it was necessary to use a small harbor model. Referring to
the sketch shown in Fig. 36, the dimensions of the harbor model used
for the experiment were: 6 _ = 70°, a = 3in., 4 = 1.54in., b = 0.18

(o]

in. Experimental data are shown as open circles in Fig. 36. It is seen
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that away from resonance the theory agrees reasonably well with the
experiments. However, at resonance the maximum amplification
measured was approximately 40% of the maximum predicted by the
linear inviscid theory; this reduction was due undoubtedly to viscous
effects which were quite important in these experiments because of the
small width to depth ratio of the entrance channel.

The amplitude distributions determined theoretically for the first
two mode of oscillation are presented in Figs. 37 and 38. Fig. 37 shows
the water surface elevation for the pumping mode (ka = 0.289) increasing
radially with distance from the entrance with the wave amplitudes inside
the circular-scctor region nearly uniform in the 6-direction at a given
radius. The variation of the water surface elevation inside the harbor
for the second mode of oscillation (ka = 3,744) is shown in Fig. 38.

For this mode of oscillation the maximum wave amplitude occurs within
the entrance channel relatively near the entrance to the circular segment
region with a nodal line present inside the circular sector basin. Thus,
negative water surface displacements are produced in the regicn near the
backwall.

The results presented in this chapter have shown the applicability
of the present theory in analyzing the coupled basins problem. For a
complicated harbor geometry it may not be possible or economical to
analyze the response using the method developed by Lee (1969); however,
problems of computer storage size and economy of computation may be
overcome using the present theory where the harbor region is divided

into several basins. The boundary segment size in each basin must
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still be small compared to the wave length; the criterion suggested by
Lee (1969) that the maximum boundary segment size be smaller than
one-tenth of the smallest wave length studied also applies to the present

theory.

4.4 THE EFFECT OF ENERGY DISSIPATION ON HARBOR RESONANCE

In this section the effect of energy dissipation on the response of
a harbor will be discussed qualitatively with attention given to the differ-
ences between hydraulic models and the corresponding prototype harbors
near resonance.

There are three major effects of viscous dissipation on the response
of a dynamic system; to describe these it is useful to refer to the simple
example of the forced oscillation of a single-degree-of-freedom oscillator
(such as a spring-mass-dashpot system) described by the following

equation of motion:

mi + ck +kox = 3 sin wt (36)

where m is the mass of the oscillating body, c is a coefficient of damping
for the system, k,, is the spring constant, x is the displacement, and Fo
is the amplitude of an applied force with circular frequency w. Eq. 36
may be rewritten as:

X + Zgwnic + wf‘x el

e
STwn sin wt (37)

where C = c/cc, . is defined as a critical damping coefficient equal to
men where wi =k*/m, and XST is the static displacement of the spring

system under the applied force Fo and is equal to Fo/k*' The dynamic
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response of this system is then described by:

(38)

l N o ey

In Eq. 38 M is the ratio of the maximum excursion of the oscillating mass
at the given frequency to the static movement of the mass caused by Fo’ i.e.,
XST' Eq. 38 is the well known expression for the system amplification
which indicates that the amplification goes to infinity for zero damping
when the forcing frequency equals the natural frequency, i.e., u)/u)n = 1.
The phase angle between the forcing function and the system output is
given by:

20"

tang¢ = —m . (39)

From Eq. 38 it is seen that the amplitude at resonance can be expressed

as a first approximation for small damping as:

Mp = 1eg (40)

where the subscript R refers to resonance. The shift of the resonant

; frequency caused by damping can be shown to be:

{ (w/wn)R s J1-20° (41)

The peakedness of a response curve is usually described by the

frequency bandwidth of the half-power point, i.e., the point at which the

power has dropped to one-half its peak value or the amplitude to 0. 707 of
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its peak. For small values of the damping factor, (, the frequency

limits of the half-power point are given approximately by:
w/wn =1 £ 2C. (42)

which gives a bandwidth for the half-power point of A(w/wn) 2= 2C.

Eqgs. 40, 41, and 42 are shown in Fig. 39 with the damping factor
as the abscissa and the ordinate as the amplification factor at resonance,
the shift of the resonant frequency due to damping, and the frequency
bandwidth of the half-power point. One obvious feature of these curves
is that the amplification factor and the bandwidth of the half-power point
are affected much more by damping than is the resonant frequency. For
the range of damping factor shown (0.05 < ( < 0. 3) the amplification
factor at resonance and the half-power bandwidth change by a factor of
six while the resonant frequency shifts by only about 4% to lower fre-
quencies. Therefore, for the single-degree-of-freedom oscillator the
major effect of increased damping on the resonant response are to
decrease the amplification at resonance and increase the frequency band-
width at the half-power point while maintaining approximately the same
resonant frequency of the system.

Miles and Munk (1961) and Ippen and Goda (1963) have shown that
the dynamics of a harbor near resonance, at least for the lowest mode of
oscillation, are similar to the single-degree-of-freedom oscillator.
Therefore, in qualitative sense one would expect similar effects of
damping on the harbor response with respect to the amplification at
resonance, the frequency bandwidth of the half-power point and the shift

in the resonant frequency.
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These effects would apply in the same way to both a hydraulic
model and the corresponding prototype harbor; however, the relative
energy dissipation (or the damping factor) in the two cases may be
quite different, i.e., scale effects may be important. In both model
and prototype generally there are at least five regions where energy
dissipation can be important<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>