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ABSTRACT

This report describes an experimental investigation
into the potential use of return flow from rectangular
harbour resonators incorporated into semi-infinite harbour
entrances. Thé mechanism studied includes: the bandwidth
of the reduced energy spectrum transmitted into a harbour,
the concobitant reflected wave spectra and the enexrgy
available for return flow. This report is intended to
provide data for the design of on-channel harbour resonators
so as to eliminate or reduce the transmission of a selected
band'of harmful wave frequencies and to maximize/the‘energy
of scouring currents so as to prevent the-influx and

.

deposition of littoral sediments in harbour entrances.
Observations were also made of the potential danger to small
vessels provided by the movement of waves into and out of
the resonators. The vessels would probably be ejected from

the resonator without:risk of bdttering, although the motion

locally in the mouth of the resonator will be amplified.
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SYMBOLS

Notation - Lower Case

aj incident wave amplitude .

ar reflected wave amplitude

ag transmitted wave amplitude

resonator length

g gravitational constant = 32.2 ft/sec? r

he main channel water depth

hpy resonator rear wall height

hé submerged depth of flap hinge

Rgp, mean depth increase in overflow resérvoir

.k wave number = 2n7x

w resonator width

X horiz. dist., in direction of wave propagation

Y vert. dis?., with origin at surface
‘Notation -~ Upper Case

Ao area of junction element = W.w

C velocity of wave fpropagation (phase velocity)

Cg wave group velocity

fk average kinetic energy

Ey, (Hy) clapotis envelope antinode height

Ex (Hy) clapotis envelope node height

Eb average potential energy

E¢* .transmitted wave energy

E&o total wave energy

Hy incident wave height

H, reflected wave height

He transmitted wave height

I flow into junction element

L¢ length of overflow ramp
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flow out of junction element

average incident wave power

averade reflected wave power

average return flow power

average transmitted wave power

total wave power

single resonator return flow discharge
still water level

wave period

main channel width

Notation - Subscripts

to

Notation

© € Q v 3 m ¥ > o3 M < R

junction eiement

incident

reflected

return flow .
transmitted

total

-~ Greek Letters - Lower Case

(alpha) coefficient of reflectiwvity

(beta) coefficient of transmissivity
(gamma) specific weight of water = pg
(epsilon) overflow ramp angle to horizontal
(eta) vert.displacement from mean position
(theta) power extraction coefficient
(lambda) local wave length

(mu) velocity in x-direction )

(xi) * horiz. displacement from mean position
(pi) = 3.1415926 .

(rho) density - mass per unit volume = Yy/g
(sigma) wave angular frequency = 21/T
(upsilon) velocity in y-direction

{(phi) velocity potential function
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INTRODUCTION

1. General Harbour Design

-

For as long as man has sailed ships he has reguired
and built safec shelters for his vessels. Since mest natural

ports have now been developed, further expansion must turn
. ’

to less desirable sites., For both natural and man—ma@e
harbours, the engineer must deal with a variety of problems
before the harbour will function properly or economiéally.

Bdsicaily a harbour must serve as a shelter iﬁ
adverse weather conditions and as an easily accessible
port for loading and unloading cargo and passengers. The
main design considerations in the construction of a harbour
facility for usec by.eithgf pleasure crafts or commercial
vessels include provisions for:

a) manoeuvering gpace‘

b).easy approach

c) ample depths

d) instantaneous currents less than 3 knots

e) self-cleansing water circulation

f) a minimum of dredging and maintenance.



General rules-of-thumb design criteria are given by
the A.s.C.E. (1) for entrances allo&ing simultaneous moveme;t
into and out of the harbour. The width should be 5 times
the beam width of the largest vessel likely to use the

facility; depths should be at least the sum of maximum draft,

squat due to the vessel's speed, one half the maximum wave

- height plus a small additional. depth for a margin of safety.

A d

1.2 Traditional Harbour Entrance Structures and Wave Problems

In the past the provision of an easy approach has

been difficul@&due to the limited methods available for

AP
s iy

.preventing wave penetrétion into the harbour. These methods-

included qonventionai breakwaﬁers, to disgipate and reflect
the waves, and staégered or offset entrance channelg, to
isolate the harbourlfrom reflected and diffracted waves.
Jetties were also used in an attempt to prevent littoral
sediments from éncroachihb upon and entering into the gérbour
entrance channel(l). These jetties often caused more damage
than tﬁey purported to prevent. A disruption of sediment
transport along a coastal zone often results in extensive
erosion along the down drift coastline and substantial

accretion in the area immediately updrift of the jetty.

Methods for bypassing of this material include sediment

‘ bypassing plants, pumping dredges and dragline dredges.

Most authorities annually spend large amounts of money on

these drédging or by-passing facilities. In tidal ports

-
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it has been possible to use the fluctuations'in water depth
for periodic recharge of sluicing basins which provide small
scour flows during ebb tide%} Acéording to Cornick(3), this
small return flow helps prevent siltdtion and aids
manoeuvering. Unfortunately , Cornick found that transmission
of incident waves into the harbour domain was not

significantly affected by the passage of these small

currents.
1.3 Canadian Ha?bours with Resonators

Harbour tesonators have recently been used in a
number of Canadian harbours, both tidal and non-tidal.
James (13) has'demonstratéd experimentally, that these
structures effecti&ely reduce wave energy transmitted into
the harbour, yet p;ovide no restriction to shipping. On the
contrary, a clear navigable channel is provided which
requires little, if any, navigational manoeuvers. Resonators
basically comprise a system of short rectangular branch
canals completely enclosed on three sides, built
orthogonally onto the.entrance breakwaters af a~harbour(l3).
Valembois (25) was a pioneer in the use of these resonators
and first proposethheir aperation in 1953. Their
performance has been well studied in the interval between
their conception and their use on real harbour situations.

In Nova Scotia, the ports of Dingwall, Inverness and

Pleasant Bay have resonant structures to improve harbour
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entrance effectiveness.

The Dingwall harbour incorporates a special geometry
for a batterQ of resonators, described by‘Donnelly and .
MacInnis (3) as a\“limit" geometry. The simple triangular
geomeﬁ%y shown ig Figure 1~1, has the same general shape as
a battery of numerous resonators ofuincreasing depth aé
shown‘hn Figure 1-2. This harbour, built iﬁ 1962, has
reported a periodic self-flushing cuféent which was
inexplicable. A model study of this harbour by White (26)
was unable to reproduce the periodic flushing action.’White
believed@ that this ‘action was due to mass transport in the
incident waves into the resonators due to their position

of breaking relative to the harbour entrance. ‘The

self-scouring performance of this harbour has been

unsatisfactory. The average depth of the main channel in

1962 was approximately 12 feet. Donnelly and MacInnis (5)
found that even after extensive dredging the harbour is now
silted to a depth of 5 feet during low tide. This is only
marginally acceptable fo; the vessels using the port.

) - Prandle (?2) studied the inland port of Kincardine
which emploves a siqqle resonator to reduce 'inner harbour
oscillations. It was reported that wave action in the
vicinity of the resonators was troublesome but not as bad as
previously recorded at resonant modes for the harbour. This
might be exacerbated b& the reduction in channel width

caused by the location of the resonator wing-walls.
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1.4 Introduction to Resonatgr Studies

’

The performance of rectangular resonators for
various configurations, wave periods, entrance widths and
water depths has been previously studied and documented.

The theory describing their behaviour is based upon first

\

order linear wave theory and the assumption of irrotational

motion. A summary of the important findings regarding the
behaviour of resonators illustrates the degree of
development of this innovation.

James(llllz':m'\l4> carried out considerable work
in this field and has developed numerous\design methods and
innovations for improving the performance of harbour
resonators. The design curves reproduced in Figures‘l—3 to
1-5, were developed to predict the performance of resonators
for various geometries for the first resonant mode. The

Ay

first and second resonant modes occur when the resonator

acts as either a branch canal or expansion chamber
respectively as shown in Figures 1-6 and 1-7. In these
studies it was found that resonator performance was
dependgnt on the actual size of the resonator chamber as
.

well as the main channel width and the uniformity of water
depth in' the resonator and main entrance channel. James(l3)
found that résonator operation was acceptable provided that
the main entrance channel width did not exceed the design

-4 . i

wavelength of the resonator. This limitation seems to be
/

the most restrictive in the potential mse of resonators.
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1.5 Innovations in Harxrbour Resonators

Resonator geometry for most efficient operation,
as initially derived by Valembois, has depth "d4d" equal‘to
1/4 or 3/4 of the design wavelength and width "w" eqgual to
1/2 the design wavelength. We know now that these values
are dependant on channel width "W" as 'shown in Fig. 1-3,
and on uniformity of water depth in the resonator and
main channel. In fact quarter-wavelength resonators can
give anti-resonance with total transmission of the incident
waves into the 'harbour. Still water depth "hg" is of little
Or no conseguence in the resonator geometry‘for resonance
since the results are plotted in the ka plane. Non-uniform
depths effectively reduce éhe performance and alter the
'response downward toward smaller frequencies according to

games (11,13,17)

This could provide considerable savings

in construction due to reduced excavation depths and
resonator sizes, but at tﬁe expense of resonator éfficiency,
higher traﬁsmissivity and lower reflectivity. Smaller
values of the resonator width parameter "w/)\", resulted in
decreased efficiency and higher velocities in the resonator
mouth(l3). This is also the condition for resonant mode 1.
Resonant mode 2 will incur much smaller amplitudes and thus
lower velocities in the resonator mouth. Thus this mode is
safer for névigation. Incident wave amplitude affects

energy losses and has little effect on the resonator

geometry for resonance. Both transmissivity minima and
1

8
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reflectivity maxima are amplitude dependant(l4).
1.6 Spectral Response

Battery configurations are used to cover a broader
band of incident wave frequencies. In this case the smallest
resonatoxr, that is the resénator tuned to the highest wave
fregquency, is usually placed nearest t%e ocean ox incident
wave domain, with larger resonators iffs ascending order
downstream toward the harbour. The operation of such
resonators in battery form has been shown to be approximately
linear in that the effect of the battery is the sum of the

(17). Resonator

effects of the independant resonators
batteries operate most efficiently when they are not
contiguous(ll'l7). The triangular "limit" geometry,
mentioned earlier, is not as cffective as the same
configuration with isolating resonator walls. The design
‘curves presented in Figures 1-3 to 1-5 can be used to
calculate the anticipated spectral response for the battery,
but only for the f{first resonant mode. The spectral response
can also be determined very effectively and quickly by

using an écoustic model. Acoustic models used in this type

of work showed no scale effects and provided quick and

accurate response curves at very little cost(l7).
1.7 Sediment Transport Aspects

Rectangular resonators, used either individually or
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in battery form should be placed as necar as possible to the
ocean end of the entrance channel. This rcduces the extent
of the partial clapotis, caused by the superposition of the
reflected waves on the incident waves, to a relatively
short section of the entrance channel., The partial clapotis
also helps to prevent influx of littoral sediments by
reducing mass transport. The amplified orbital bed motion
causes bed sediments to saltate; this suspension 1s
transported by the second order mass transport or drift

currents. In a series of tests, Lates(ls)

observed that by
constructing a minimum of three resonators in a battery
configuration, where main channel widths were limited to
O.7) to A , influx of littoral sediments wag greatly
reduced by the action of the reflected waves or partial
clapotis in the ch;nnel mouth. Agitation in the harbour

entrance discourages deposition of materaial and would

obviously be an effective means of sediment by-passing.
1.8 Return Flow Resonators

The canfiguration tested in this report is a single
pair of geometrically opposed rectangular resonators. The
partial clapotis phenomena will provide the agitation
required to keep the sediment in suspension while a new
innovation; a return flow derived from overflow in the
resonator basins, will prohibit the movement of this

sediment into the harbour entrance. Cornick (3) gives ‘the
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typical return flow velocities required to move various

classifications of sediment as listed in table 1.

TABLE 1
MATERIAL CRITICAL VELOCITY
Silt,mud,very soft clays 3 in/sec.
Fine sand, loam 5 in/sec.
Ordinary clay 6 in/scc.
Coarse sand, fine gravel 7 in/scc.
Fairly coarse gravel 1 ft/secc.
Large shingle(l-1/2 in. pebbles) 3 ft/sec.

The return flow velocities in this study cannot be compared
directly with these flows becausc of the effect of the
amplified orbital velocities. However, general conclusions
can be drawn as to whether this method will provide a
plausible solution to the problems encountered in

maintaining sediment-free harbour entrances.

o



THEORY

2.1 Notation

A definition sketch, together with the co-ordinate

\

system ‘used, is presented in Figure 2-1. R
2.2 Relevant Results from Potential Theory(g)

Wave motion is assumed to have been generated from
rest by normal forces and the resultant motion is thus
irrotational. Hence there will be a velocity potential
function ﬂ such that the principle of conservation of ﬁass
can be expressed as:

2 2
99 ,24% o0 (1)
ox Jy

The momentum equation can be written:

_ 2, Lwievh) P gh (2)
at 2 P

At the surface the average orbital velocity 1s negligible

for small amplitude waves, hence:

ot o)

These equations decribe the body of the fluid.
There are two boundary conditions:

a) At the bed the fluid particles remain in contact

-

14
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with the bed:

ay y:—h
3 b) At the free surface (y = 0), the pressure 1is
kY
1 .
i zero. Hence from equation (3):
3 .
K X0 £
3 °¢ _ <
; 5c - 9 (5)

Since amplitudes are assumed to:be small, h + n , hence:

,./

n:’-‘

B

193¢ (6)
g 3t
, Partial differential equations may be solved by the method

of separation of variables, in which a solution is assumed

Rla i o LU

in product form, each term being a function of only one of

g the independent variables. /

? The solution is assumed to be:

% ¢(x,y,tf = X(xng(y)°T(t) (7)

% where X is a function of x alone

é Y is a function of y alone

; aqd T is a function of t alone.

3 Substituting equation (7) into equation {(1l):

§ YeT+3%%x | X:T-3%Y _ (8)

; x? oy ?

; DPividing by X « Y - T:
31X 3y

1 2 = - oy (9)
X Y

Each term in equation (9) is a function of only one
. -~

variable and hence each term cannot vary and must be a

" constant. If this constant is -k ?, equation (9) becomes:
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22X 3%y
ax? Jv?
— = - — = -k’ (10)

Hence two diffcrential equations are formed:

2
%§§ + k2x = 0 (11)
and
8%Y _ a2, _ 12)
@T— y = 0 ( .

The solutions of which are:

X A coskx + B sinkx

Y = C eX¥Y + p e”kKY

where A, B, C and D are arbitrary constants.
Equation (7) may now be written:

$(x,y,t) = (A coskx + B sinkx)- (C ekY +p e"ky)'T(t) (13)
Since solutions which are simple harmonic with respect to
time are wanted, it is reasonable to express T (t) as

cos ot or sin ot where:

o = 2n/T (angular frequency)

There are four separate elementary combinations of the

terms which themselves are solutions to Laplace's equation:

$,= A, (C eKY 4p ¢7KY) coskx cosot (14)
$,= A, (C XY 4p e—ky) sinkx sinot (15)
_ ¢$.=A (C eXY +p e™XY) sinkx cosqt- (16)
¢“= A“ (C ekx +D e~KY) coskx sinot .(17)

This facilitates the evaluation of the unknowns and, since
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Laplace's equation is linear, the separate solutions may
be recombined linearly if necessary.

Using<g, to solve for the unknowns:

[iﬂx] = A, coskx cosot {C ke kh-p xekh} (18)
3y jy=-h
From equation (4) this must be zero for all x and t thus:
N C = D e2kh (19)

and ¢, = 2 A, D ekh coshk (y+h) coskx cosgt (20)
Then

=;{§gl] _ _ 20A, Dekhcosh kh coskx sinot (21)

glot Jy=0 g

The maximum value of n is the amplitude "a", and will

occur when cos kx-.sin ot = 1.

Hence kh _ ag
- By D e = - eSSk kb (22)
and thus n = a cos kx-sin ot (23)
Hence _ _ ag _cosh k(y+h)
¢1 = o cosh kh cos kx cos ot (24)

In order that ¢:, be periodic in x with wavelength A it is

necessary ?Pat:
f

\J' k = —%1 ( wave number )

f

The constants in the other elementary potential function

expressions can be evaluated in the same way:

ag cosh k(y+h)

cos kx cos ot - (25)
o cosh kh '

$1

ag .cosh k(y+h ; ;
by = + g (y*+h) sin kx sin ot (26)
¢ cosh kh

18
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ag cosh k(y+h)

by = - sin kx cos ot (27)
. 0 cosh kh
_ . a9 cosh k(y+h) cos kx sin ot (28)
¢, = +
0 cosh kh

Thesc may be combined linearly to form solutions such as:

b = $ - ¢,
= ag cosh k(y+h) cos (kx-ot) (29)
o cosh kh
or ¢ ==(%3 + ¢u)
¢ = ag cosh k(yth) sin (kx-gt) (30)
o cosh kh

From these expressions the equations for particle

displacement and velocities can be dexived:

3¢ _ agk cosh k(y+h)

we-3. 2 L sin (kx-ot) (31)
cos
v = - %%_?__agk sinh k(y+h) o5 (kx-ot) (32)

(o] cosh kh

Integration of the velocity term with respect to time

provides the particle displacements:

£ = Ju dt = agk cosh k(y+h) cos (kx-ot) (33)
o? cosh kh

&9



- AR e

PRNDEEIIRSI S Ty Py el S aite 7 gL Sl Nt S M b B LR et

LU K 1 TP T

Y = fu gt = 2gk sinh k{y+h) oy g¢) (34)
o? cosh kh(
2.3 Potential Enexgy

R n =~ sk v
t ~I_ 7
h h' 1 h+n T[], h
x|

t

—o k-
dx

The potential energy in a progressive wave 1is that
due to the wave deformation from the still water level,

minus the potential energy of the water in the absence of

any wave. The average potential energy per unit surface
area 1is
E,6 = —— JTJA (h+n) 2dxdt (35)
p 2AT Jg4lp

Substituting H sin(kx-ot) into (35):

3
1l

_ T (A H
E, = X J J (h+ = sin(kx-ot))? dxdt (36)
p 22T 0’0 2 .

Simplifying and substituting identity (A), page 27, gives:

T .
E = Y| {n2x-Hhcos (kx-otJ+H#(x-1 sin2(kx-0t))}} dt  (37)
P~ 2XT) " 5 2k 0

Expanding cos(kx- ot) and sin(kx— ot) with identities (B)

and (C) and simplifying

e

20
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T
X f h2X + H?A dt (38)
2AT J o 8
_ yh? yH?2
2 Y5 ~ (39)

in the absence of a wave 1is

v T A
. h? dxdt (40)
]
0/0
yh?
2

Thus the average potential energy per unit surface area .

due to the presence of a wave 1is

= _ yh® . H?y _ yh?
Ex = 27" 18 T 2 (41)
- yH?
16
2.4 Kinetic Energy
< ]
y <_-
4 1}
- dyT__ — U
4k

The average kinetic energy per unit of surface

area is given by



BT T e amgseperary cov . g 4 v € =

S

_ T A0 g
E, = J J J P (u?+v?) dydxdt (42)
-h 2AT

%

Substituting for p and v and simplifying

_ Loz (T(h O
E) = gy J J J {cosh?k (y+h)sin? (kx-ot)+
2)To%cosh?®kh! g9/ 9/ =n

sinh?k (y+h)cos? (kx-ot) } dydxdt (43)

22

Substituting identities (D), (E), (F) and (G) into equation

(43) and simplifying -:

= gya’k?

Ey= 2 2
4XTo“cosh“kh

TrA (O
J J f {cosh2k (y+h)-cos2 (kx-0ot) }dydxdt
-h

0’0 (44)

After integrating

YH2.gk-tanh kh

E 45
B 1602 (45)
Since ¢? = gk-tanh(kh), equation (45) reduces to
= _ yH?
Ey = 3¢ (46)
2.5 Continuity‘Equétion. . .

— g
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A continuity equation for the junction element may be



formulated as follows

I,~ Og =2Q.¢ = A, gﬂ (47)
ot
where I, = flow into junction element
Oe = flow out of junction element
and A, = surface area of junction element (W-w)

The partial derivative of the average vertical surface
displacement with respect to time cannot be evaluated at

this time, preventing further development along these lines.

2.6 Return Flow

The return flow mechanism is a dynamic system and
thus; for simplification, some averaging must be incorporated

in the equations describing it's behaviour.

S.W.L- "'f:—'- - - loop - - -nc‘>‘de—-—--————“—_—.
hgp '
' C T - -—"'Qrf

It is necessary to use average values for both stilling
basin height and discharge, due to the flucéuations in water
surface elevation above the discharge in the main channel.
This head fluctuation across the return flow pipe greatly
affects discharge unfformity due to the relative magnitude
of the stilling basin head de?eloped. The orbital

motions at the discharge also a ffects the uniformity, if

the discharge is not deeper than twice the incident
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wavelength. The effect of both inertial and frictional
drag on the fluid in the pipe tends to help dampen out

the fluctuations somewhat. The fluctuation of the stilling
basin depth can be minimized by providing a large holding
basin or reservoir from which the return flow discharge

may be drawn. Thus it seems reasonable to develop an

expression in terms of the average hcad and discharge.
2.7 Power

Wave power 1s the time rate at which work is done
by a wave. It is well known that wave energy propagates

at the group velocity (g where

(1 + —2kh ___ (48)

Co © sinh 2kh

| S @]

and C is the phase velocity of the individual waves. The
energy propagated is the total wave energy, which is the
sum of both kinetic ‘and potential wave energies. Thus total
average wave power over one wave period per foot-of width

C
may be written :

2 . v
Pp.= BpgCo = M .cq (49)

Power in flowing water, as in pipes, is calculated
by multiplying the‘number of paounds of fluid flowing per
second, by the energy lost or gained across the control

section. This results in an cquation of the form



P .

| s RioRein b 1567 AR

P = yQh (50)

From equations (49) and (50) we now have expressions for

all the cnergies involved in the junction element except

25

for losses due to eddy formation and turbulence. Summarizing

we have

s _  Wiyn?*,
Pro= —a—1Cq (51)

which represents the total wave power in a channel of width

"W " feet. This applies to all waves including incident,
reflected and transmitted, and is differentiated by
subscripting the wave height term; and~:

P =2YQ,.ch (52)
which represents the total average return flow power from
both resonators.

By pérforming a power balance on the junction
element, it is ppssible to deveclop an expression for the
average return flow that might be cxpected ffom the

operation of a return flow resonator. Balancing the power

terms we _have

N\

P. =P

i -+ Py + P + power losses (53)

Substituting for each term gives :

WyHiCq = WYHECo + WyHE-Co+ 23T fhgy (54)
8 © 8 8 ’
®
Substituting
2 _ 21712 2 27,2
HE = a®HJ and HL = B°H] (55)
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and reducing gives

2
= {1 - (a7+87)) ‘-"ii—-cc (56)
Ghsb

0]

rf

For perfect reflection or transmission, the return flow will
be zerxo., The return flow would only be dependant on W for
W<A . For W larger than A , energy will be transmitted
into the harbour and not greatly affected by the resonators.
This equation of course does not relate Qr¢ to word
directly, but, o and B values are highly dependant on both

" w " a n d n C]
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"IDENTITILS"USED

s1n2 (kx~ ogt)= 1/2(1-cos 2(kx- gt))

cos(kx- 0t)= coskx cos ot + sinkx sin ot
sin 2 (kx- 0t)= sin2kx cos20t - cos2kx sin2ot
cosh? k(y+h)= 1/2(l+cosh 2k (y+h))

sinh? K{yth) ~-1/2(l-cosh 2k{yth))

COSz(kX— ot) - sin?(kx- ot)= cos 2 (kx- at)
cos? (kx= ot) + sin?(kx- gt)= 1

sinh 2kh = 2 sinh kh cos kh

02 = gk tanh kh ) //

27



APPARATUS

3.1 Wave Flume

In designing the wave {lume 1t was ncéossary to
allow for the i1nstallation of all essential wave devices.
For cach of the two absorbers, two {ilter banks and
resonator test section, distances at least equal to the
maximum test wavelength were allowed. For cach of the two
measuring domains, distances equal to three fnaximum
wavelengths were allowed. The experimental apparatus used
in the study cemprised a wave {lume measuring 44 feet long,
2 feet wide by 1 foot deep with a central resonator basin
4 geet long and 6 feet wide as shown in Figure 3-1. Clear
plexiglass walls were provided adjacent to the resonator
basins. A false¢ concrete bed approximately 3/8 inches
thick was placed in the flume to provide a uniform depth

throughout the length and width of the tank.

3.2 Absorbers

~

At the oxtréme ends of the tank, wave absorbers
4 feet in longth; as described by Lean{19) fabricated from
1/4 inch steel plate; with 1/2 inch diameter holes drilled
evenly on a two inch square grid, were rigidly fixed to the

channel end walls. The downstream absorber was also fitted

28
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with sheets of 1/2 inch ;hick fibreglass, matting as shown
' in Figure 3-2 to further reduce wave réflect%on as dgscribéd
by Garrett(6).‘ This wiil produce a better decoupling of ‘
’ tge sysgem. Permeable absorbers such as these are
particularly .suited to low waves which are harder to absorb
than steep waves. With these. absorbers, steep waves tend
to break upon entry; energy losses due to breaking a?e much
greater than the eﬁergy losses due to friction and eddy
formation, Lean states(lg) that energy dissipation is a

function of wave amplitude, i.e. losses are proportional to

the deptﬁ at breaking and/or the height of the breaker.
3.3 Wavé Generatér

At the extreme upstream end immediately adjacent
to the wave absprber, a paddle-type wave generator was
installed consisting of a plate linked by a drive arm to an
electrically driven eccentric as ghown in Figuie 3-3.
Both eccentricity and linkage length were variable so that .
paddle stroke and position could be adjusted. The waves
éenerateg were approximately one inch in height. The'linkagé
L_connect}ons remained constant throughout the test period,
\
with the result that wave amplitudes varied and were
frequenéy &ependent. However the maximum wave steepness of
0.055 waJ guch that linear theory was still appropfiate.

, :
. The drive mech#nism included a low hbrsepower A.C. motor with

both a gear reduction and pulley reduction system to allow
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motor speeds to cogsiderably exceed the wave genéﬁator speeds.,
This ensured regularity in the periods ‘and éinpsoidal profile
of the waves generated. The mechanism was controlled
remotely by a rhefstat at the resonatoxrs and éuccessfully

produced a monoperiodic wave train.

’

3.4 Low Piss Filters

.Immediately adjacegt to the wave generator and wave
absorbers, a system of low pass filters was installed. These
filters improved the uniformity of the monoperiodic wave
train by eliminating the harmonfés of higher frequency that
wexre generated. The filters were constructed éf aluminium
tubing to form a framework, over which continuous fibrégl%ss
screening was stretched so as .to form a series of vertical
panels, aligned in the orbital planes, spaced at 1/2 inch
intervals across the width and extending to full depth of
the tank as shown in Figure 3-4. .Each of these filters was
approximately 2 feet long by 2 feet wide to enable rigid
installation in the fluﬁe.- A each end, two of these filters
were used in series to ensure that the length exceeded the
haximum~wavelength to be tested, ag described by James(lo).
The performance of such filters is amplitude independenE
but frequency dependent in thatvtransmissivity increases with

increasing wave period.
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3.5 Wave Guides

In the upstream domain between the resonators and

the filters, a wave guide was installed to prevent transverse

oscillations. in the tank. Such transverse resonance occurs

at frequencies whose wavelengths are near or at multiples of
the tank width. The wave guides consisted of aluminium
screening stretched parallel to the tank walls positioned

at the nodal points for the fundamental transverse resonant

frequency as shown in Figure 3-5.

3.6 Instrumentation

Ori the central 25 feet of the tank -a system of
horizontal elevated aluminium rails was constructed to.
accommodate the instrumentation trolly. .These rails were
brought to uniform'height above the water surface by-

adjustment of the threaded supports and use of an engineer's

‘transit. The instrumentation £7olly was fabricated from

extruded aluminium sections and rode on three free turning
brass wheels as’illustratéd in Figure 3-6. The trolly
carried a micrometer with 2 inch gravel, set in a steel !
support frame. A long needle probe /of appropriate length

was attachéd tq the micrometer head for accurate measurement
of wave envelopeg. The probe was insulated from the carriaqge

frame and connected directly to a cathode rav oscilloscope

as shown in Fiqure 3-7. Determination of probe entrv and
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exit points was thus more precise than visual observations

would be.
3.7 Resonator Chambers

At the channel mid-point, a resonator and junction
élemeqt with a total width of ¢ feet, was provided. This J
section covered the central 4 feet of{the tank. Within this
area on each side of the tank, two false walls weré
constructed to provide a lateral base for the resonators.
The downstream wall was a "LI" section.installed so that
one leg of the section was in 1line with the main channel
wall while‘thc open end faced the wall of the expansion
chamber as shown in Figure 3-8. The upstream wall was an
"L" section with a circular re-entrant curve instead of
a sharp 90 degree corner. This cg;Ve effectively reduced
turbulent eddies that resulted frqm the high velocities
prodhced when the incident wave ffonts exéand at this point.
These two sections formed the side walls of the resonaio;s.

The rear walls weré constructed from-1/16 inch steel plate.

. The rear wall had to be hinged to provide an adjustable

overflow flap. The vertical section of the rear wall was
6-1/2 inches high and the movable flap section was 2-1/2

inches wide so that when the flap section was vertical

1

the total height of the rear wall was approximately 9 inches

as shown in Figure 3-9. The water depth during the tests

was’ held constant at 7-1/2 inches. The hinge comprised

.
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an oveflapping rubber strip bolted to each section of the
rear wall aé sﬁpwn in Figure 3-10. This provided*a water
tight hinge which was considered essential. This rear
Qall was simply clamped in place for testing. A number
of "W" shaped walls were used to systematically reduce.
the resonator width simply by adding them one at a time
to the existing wall already secured in the tank as shown
in Figure 3-8. Bach time an additional "W wall was
added the rear wall was accordingly cut down in length.

These false walls in the expansion section provided a

P - e

storage area for the overflow from the resonators. Large

quantities of fibreglass screening was packed in the

P T

stiliing chamber to pfevent oscillations. A plexiglass
chamber approximately 14 inches Ligh was secured to tﬂe‘
rear wal% of the overflow basin. This 4 incﬁ by 4 inch
squaie chamber had two 1/16 inch diameter holes drilled
innigs base below normal still water éepth. This allowed

°the water level inside the tower to rise and fall slowly

.

}
?
i
i
F

according to the water level in the overflow basin. A
2 inch travel micrometer with a needle probe attachment
was used to monitor fluctuations in the overflow basin

water depth as illustmpted in Figure 3-11.
3.8 Return Flow Arrangement

A 3/4 inch diameter- pipe was attached to the rear

corner of each upstream wall and ééssed externally back
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into the main channel entering in an upstream dirxection.
A control valve was placed in each of these return flow
pipes to intérrupt the flow returning to the main channel.

A vertical overflow was provided as shown in Figure 3-12,

‘free to rotate in a vertical circle. At the start of each

)

test the overflow invert was set to the same level as the
main channel water level. Once the test had started,
resonator overflow discharge ffom this pipe} with the
return f%ow valve shut, was measured using a stopwatch
and a 500 millilitre graduated cylinder. The ov;rflow
was caught in a large drum and pumped back into Ehe main
tank behind the wave generator by means of a small

submersible bilge pump. This maintained a constant water

depth throughout the test period.
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EXPERIMENTAL PROCEDURE

4.1 Wavelength Calibration ;

Before experiments on the resonator arr;ngement
could begin, it was necessary to evaluate the characteristics
of the tank itself. The flume was first examined to
determi;e the best operating depth. The criteria for
"best depth" was the correlation bétween first order
theoretical wavelengths and generated measured wavelengths.
Generated wavelengths were ﬁeasured by observing crest to
crest distances against a tape secured to-the elevated
rails. A number of tests were performed at various depths

and wavelengths given by:

2
g tanh 21mh

A= 55 )

were plotted against observed wavelength. The best depth
is given by the best linear fit to a line drawn at 45
degrees, makiﬁé due allowance for the limitatiéﬁs of the
measuring equipment and testing facilities. Inspection
of Figure 4-1 ind;cates tﬂat a déoth of 7 1/2 inches

provides a good relationship within the limits of the

measuring instruments.

47
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4.2 Reflectivity and Transmissivity Calibration

The second eonsideration was an evaluation of the
reflectivity and traesmissivity tfansfer\funetions, with
the resonators isolated from the main chennel. That'is,
the behaviour of the flume decoupling system alone was
evaluated as a fugction‘ofnincident wave period. Envelope
loop and node he;ghts were measured in both the upstream
(Domain 1) and downstream (Domain 2} regions and resﬁlting
values of transmissivity and ;efiectivity were plotted
against wave period. Figure 4-2 shows the results of the
second test series.and indicates that both transfer
functlons are approx1mately llnear over the range of periods
of interest in this study. Thus the frequency band

" indicated would be satisfactory. for testing the resonator
-

" configuration.
4.3 Resonator Geometry Limits \

These periods also dlctated the range of resonator -
'dlmenSLOns to be tested as shown by James(lz) since it was
felt that max;mum overflow conditions would be at or near
resonant geometries. For wave periods ranging from 0.60
seconds to appro#imately 1.5 seconds, it was evident that
resonator test width "w" ranging from 21 inches te 12 inches

and resonator test depths nge ranging from 9 inches to

4 inches would cover the required range of resonant
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geometries. In fact such resonator sﬂapes would vary
between the‘eﬁpansion chamber resonant mode and the branch
canal gesonant mode (13) and should cover the best mode of
operation for maximizing return floQ(energies and
minimizing transmitted wave energies. | f

-

4.4 Test Procedure for Variation of Geometry

In order to expedite the large number of tests it
Qas decided that éhe geometry would be held constant while
" the wav® periods varied over the full range. The resénatqr
depth "d" was varied in one inch steps from 9 inches to
4 inches. Once all resonator depths "d" had been tested;
éach for the full frequency rénge, the tank was drained and
resonator width "w"-was then decreased by welding in£o
. place the next' "W" shaped wall section. The rear wall was
then simply cut to the new width and refitted for the next
test series for depths and periods. ,§or each geometiy and
. test period the following #ere measured:
. a) upstream maximum and minimum envelope heights
b) downstream wave height
c) stilling basin dep£h increase

d) overflow discharge.

" 22 4.5 Loop and Node Technigue for Domain 1

The upstream envelope node and loop amplitudes were

'measured(by placing the micrometerbéfﬁgg at a trial‘depth



52

and successively lowering or raising until the wave

envelope was delineated By the signal on the C.R.0.. The
loop or node positions were {ound by bisecting the position
of two equal envelope heights as shown in Pigure 4-3. The
probe was then poéitioned at the mid-point and probe depth
set, so that at least ten consecutive pulses were bbsérved.
This ensured that high or low waves éue to parasitic or
seiche oscillations wefe not measured. The fBop and node
method is based on the assumption that tﬁe incident wave
form is sinusoidal. Reél laboratory waves are significantly

L 4]
trochoidal. Thié'difference introduces some error in the

analysis of the partial clapotis en?elope and according to
James(ls), gives a larger value than/is indicated by first
‘order theory. The alternate measureﬁent technigue called
‘the "Three Point Method"; in which envelope heights are
measured at three poidts.qne-eighth wavélength apart, méy‘
give an unreliable reflectivity at high reflecﬁivities.

The downstream‘;ave height was measured at two stations
separated by 1/4 of the generated wavelength(16).‘ The
transm{tted wave amplitude as given by the average of these,

two readings would not be in error due to the reflections

from the downstream absorber and filter.
4.6 Return Flow Measurement . -

The discharge was naturally related to the stilling

basin depth increase and thus a steady sState condition had
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to be achieved before measurements could be taken. This

" measurement was tﬁe last to be taken in all test series.
The position of the ove;flow flap was critical in the
discharges obtained. It was observed that if tlhe overflow
flap was low, excessive back wash over the flap would take
place. If the flap was too steep the stilling basin water
level would be lower than the crest of the overflow flap.
The most effective position'was set manually by observing
the system in operation. The "best" position was such that
a smali quantity of backwash was allowed. This produced

- maximun discharges and stilling basin depths. In other
words, a trial and error procedure was adopted to pfoduce
maximum stilling basin depths. The overfldw discharge was
then measured by observing the time taken to £fill a ’
500 millilitré“measuriné cylinder.' Each discharge was
measured at 1ea§t three times to ensure accuracy of

~measurement and uniformity of fiow.

4.7 Control of Experiments

+

~

-

, The incident wave period was, measured both prior to
and immediately following the test procedure. The Qave
period was measured over a two minute interval to achieve
the required accuracy. This was particularly necessary when
obtaining the peak values of "g", the ratio of the return

- flow power to the incident wave power. All data measured

were reduced and ‘plotted immediately so that the resulting



curves were well defined at all points. Any anomalies
encountered were immediately re-examined and either

corrected or noted. -
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EXPERIMENTAL RESULTS
5.1 Return Flow

The simple relationship used to express the
effectiveness of the return flow resonator is termed the .
"power extraction coefficient",g . It is a measure of the

ratio of return flow power to available incident wave

power. The incident wave power is given by:
2

Return flow power is given by:

Pre = YQrghgp (2)

This ratio is plotted against the tuning parameter d/A for
_differept values of d/w, praducing families of response

wcurves for each w/W ratio tested in Figures 5-1 to 5-4.
5.2 Transmissivity

Transmissivity is the ratio of the amplitude of
the wave transmitted into the harbour past the resonators
to the amplitude of the incident wave usually denoted

"g", and also known as. the coefficient of transmission:
- at Hy .
B ay °F s (3)

B is also plotted against-d/A for different values of

d/w again producing families of curves for each w/W ratio
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tested in Figures 5~5 ta 5-8.
5.3 Reflectivity

The coefficient of reflection or reflectivity is
the ratio of reflected wave amplitude to incident wave

amplitude, usually denoted "a":
a = 2L or E; (4)
aj, Hji .

Unlike “aé“ the accurate evaluation of "ay" is not straight
forward because of the superposition of the reflected wave
train on the incident wave train. This produces a partial
or full clapotis in which the envelqpe is characterized by
loops and nodes, denoted Ej, and EyNy as preViousl? outlined
in Figure 2-1, providing the wave heights are small enough
for linear theoxry. Once these envelope heights are.khown

the coefficient of-reflection is easily obtained from:

o = ErL, - EN (5)
EL+EN

Equation (S5) can give riseé to serious errors if the waves
are steep and non-linear. a is plotted against d/X . for
different values of d/w producing curves for each w/W ratio

in Figures 5-9 to 5-12.
5.4 Slope of Overflow Ramp

The wave run-up on the resonator overfiow flap is
essentially similar to wave run—@p on any sloping surface.

Wave run—-up has been studied gxtensively and it has been
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M
found tha£ run-up is a function of both the wave and
beacﬁ characteristics. In this study factors such as beach
porosity,-beach_foughness, water depth, approach angle
and spectral irregularity were either: constant or negligible
and so overflow angle has been plotted against incident wave

steepness in Figure 6-13 for all discharges and Figure 5-14

for maximum discharges.

5.5 Surface Agitation and Streamlines

Because of resonator draw-off there exists a
suspicion that small vessels may be drawn into the resonator.
Hence both surface agitation and surface flow patterns were
observed in the vicinity of the.resonator moutﬂ and witﬁin
.the resonator chamber itself. Surface agitation was
detected by observing the-movements of a floating picce of
wood approximatelyfl inch by 1/2 inch by 1/8 inch. Surféce
flow patterns were detected by placing small quantities of
a dye solution at various points in the resonator and
observing only the trace at the sﬁrface. The results of

these tests are shown in Figure 5-15 and 5-16, for the two

common modes of resonator operation.
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CONCLUSIONS

6.1 General'Observations

1. General observations may be made regafding the
power extractlon coefflclent curves presented in Figures
5-1 to 5 4. .  The most smgnlflcant result, easily observed

e ’
from the power extraction curves, is that both efficiency

‘and versatlllty of return flow resonators is very much

. dependant on the re;dnator width w. Efficiency decreases

’d

" with width, and becomes ‘very poor (approx. 1%) for w/W

-

2. The bandwidth for power extraction at a giwven
eff1c1ency is 'also dependant on resonator width. The
narrower'the resonator, the finer the tuning for given

. .
powexr extraction, as illustrated Hy the narrow response

cu;ves in ﬁigure 5-3. '

P 3. Peek power extraction tends to increase’ for
decreaéing'd/wl In other.words, the best -resonator
configuration for power extraction occure for smeli
values of d.. Thue from the‘exberimental rLsults obtained
in this study it is evident that the most effeetfve .
tesdnator geonetry for return flow 1s‘the channel expansion
confiéuratien Fortunately thlS geometry is.alsa the most
economlcal due to the reduced 1engths ofxbreakwater

s 7
N
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reéﬁired. Channel oxpansion_resonators are probably more
easily adapted to existing harbour entrances. -

4. From the eﬂberimental'resdlts, between 2 and‘S
percent of incideot”wave power might be obtained for return
flow. This. pyebably represents a significant quantity of
inexhaustab;e energy for dredging porposes.

5. When equation (56), page 26, was goecked‘agaiﬂst
experimental dischargeé it yielded:-flows which weré generally
an order of magnituae_too‘large. This might be egpla%ned'
by- the absence of any eneréy loés terms in io's derivation.
This suggests a significanf energy élséipation in the
opergtion.of the resonator or overflow ramp. NoO attempt

%, Was made to account for this eneroy’losé. o

6. Pargheters.for beak retqrﬁ flow, in some cases, -
did not coincide with the design curve, Figure 1-3,
presented by James; the &glues'for o}A.onainod in this
séudy beiﬁg consisteotly larger. The'aisagieemeot increased
for-increasing resdnator depth 4 and also inc;eASed,for
increasing main ohannel-widﬁh W. Insufficient daté Qeré.
avalilable fo§ preparatlon of a 51m11ar design curve for\

.geométry for reQOnonoe of return flow resonators.
. 7. Transm1531v1ty and reflectLV1ty peaks were
found to c01n01de w1th the return flow peaks. Thus
,transm1551v1ty mlnlma, reflect1v1ty maxima and return flow

y

power maxima all occur at the-same geometrles. That "is

‘

to“say, the resonator is working.most effédtively with



e

regard to reduction of transmitted waves at the same time
as maxim%m efficlency for return‘flow is achieved.

8. A general trend in the transmiseivit& and
reflectivity curves suggests'that minimum wavevtransmittance,
accompanied.by maximum wave reflection, occurs for smaller
values of resonant d4/\A. This again verifies that the
“channel expansion cohfiguratipn is more efficient.

¢

" 9. During the experiments, the overflow flap in’
the;resodators had‘;o be set manually to obtain‘the
maximum discharge and maximum overflow reservoif helght.
Thus eetting of the flap‘angle cpuld only be controlled
by constantly monitoring the stilling basin water depth. \>
The methog[was slow and subject‘to.errbr. Hence the
discharges recorded/may not have heen the absoluée
maxiﬁﬁm poseible. &he moet'efficient flap anéle was
‘generally obsefved to occur wheh'a small duantity gf
water spllled back over the flap into the resonator.

. 10. Amplltudes in the resonator were,‘of course;
affected by the.flap angle. With the flap ‘in a vertical
position, maximum amplitudéS'were obtained; as the flap
was Iewered increasing the overflow, amplitudes decreaSed
producing a smaller overflow than ei&ected._ The flap had
to be lowered further untll a steady state conéltlon was
achieved and at whlch polnt some back wash generally
0ccurred This c01nc1ded with max1mum.levels in the

stilling chamber behlnd the reservoir.

o
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11. From Fiéureo$-13, éage 71, it can be seen that
flap angle tended éo increase for increasing values of
wave steepness and wasxé maximum for incident wave
steepness of approximately 0.03. Regretably there is no
well-defined relation evident in Figure 5-13, or
Figure 5-14 which shows flap anglésAat resonance. To
some extent, this is to be expected dqé to the drastic
amplificétion in the resonator chamber. Figures 5-13

l

and 5-14 are presented here in the hepe that they may

initiate‘research.
’ <12./ Stilling basin depth increasgs above the
normal still wa#er level varied between the incident
wav% amplitude and the incident wave height for the
geometriés testéd. N
13. Navigability, especialiy for small craft, in
the viqinity’df-the resonator was of concern in this
,sf.udy.~ Simple experiments carxied out maﬁlbe noted.'
The motion of a floating piece of wood 1 inch.by -
1/2 inch by 1/8 inch w%s ébserved carefully. Evidently
small craft may experiénce émplified movement in the
juﬁction~éléﬁent,rbut theré appears to bé n6 risk that
'these-small craft will be drawn into the resonator chamberl
‘14.'Ob§ervation-of st;eémlines; detected by the .
. éadition of a liguid dye solution i;dicated very smgll.‘

currents entering the resonator. Mode 2 operation

" experienced a slow rotational motion in the resonator as

&
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.

. indicated in Figure 5-15, page 73. This motion. might

~

contribute to an accumulation of floating debris at the
"vortex" shown. & .

15. The highest orbital velocities, accelerations
and d}splacements occur immediately adjacent t9 the
resoniator mouth and the curved corner. The bigger the
radius of curvature of the corner the s;iggter will be the
vector accelerations. The velocities and dispiacements

appear to be inversely related to the width of the

resonator.

In summaﬂy general design guidelines may be
o ! . : .
suggested. The most effective resonator geometry for wave

iment control apgears to be the channel expansion

metry. Such a'resonaﬁor might employ non-uniform depths N

in the resonator and main channel to reduce-constructioh_
costs and also to favorably alter the respdnse 6f-the
résonator A battery configuration employlng a common \
overflow basin might provmde protectloﬁ and scouring flows
over a wide range of troublesome wave pérlods. In any
désign layout, the resonator-or battery should‘bg placed -

 §§/élose to the ocean domain as possibie[ té reduce the -

length of'entrgnce adversely affected by the outgoing .

reflected waves:~ The agitation provided by the.partial

clapotis combined with the rezﬁrn flow currents will

"provide an. excellent system o sediment bypassing. * This .
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innovation in harbour resonators has the potential for .
saving millioqsxof dollars annually in dredging costs as
well as preventing severe erosion or accé¢retion of coastal
zones by not disrupting the natural 1littoral sediment

transport phenomena.

6.2 Experimental Difficulties

s -

- Among the difficulties encountered in the control
of the experimental test program was the generation of

waves of accurate wave period. This difficulty was

overcome by a gear and pulley reduction drive system
‘ . \’ » 3
utilising the rotational inertia ‘of the motor. By timing

the waves over a sufficiently long time ihter&al, usually

50 waves, periods were measured to an accuracy of 0.01

seconds.
Transverse oscillations in the tank, occurring

at wave periods whose wavelengths were multiples of the

l

~——tank width initially caused severe deformation in the

clapotis envelopé. This introduced considerable error

~

* over a specific narrow wave frequency band. This problem
was overcome by -introducing wave guides as described .
[} l / *
previously into the thannel at the nod¥1 points for the

highest possible harmonic of the transverse oscillation.
o Loop and node heights were foung to be slightly
time dépendént. Enveloges&would increase and decfe;se

. éeriodically if tge time of ébservatéon»éxtended over

»
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a long enough period. This is evidence of long period waves

or seiching action in the tank. It was noticed that the

‘ennvelope minima would .decrease while .the maxima

simultaﬁeously incrgased. The actual envelope height
recorded was the maximum envelope height measured during
the periodic variation. . ‘ :

The resonator rear wall had to’%e reduéed_in léngth
for each reduction in resonator width: It was initially
difficult to place the rear wall in position, due to the
rough fit sometimes encountered; without allowing leakage
of overflow\discharge back into the main channel. Thus the
joints between the rear wall;and thq réesonator walis were'
Sealgd to reduce this leakage. This condition was N
aggravated by a sloshing condition set up in the overflow

< basin. This was overcome by damping{this motion in the

. )
reservoir~with fibreglass screening,
6.3 Expected Prototype Results

The appliéation of these £e§ults to full scale
refurn flow resonators is illustrated here.

The prototype hargour will have a width of
120 feet,agd a depth of 10 feet. The significant wase
entering the harbour has a peribd 6f 7 seconds and a
- height gf 6 feet. The wavelength associated with this

wave period and depth is approximately 120 feet. The ratio

w/W. should be as high as possible within the constraints

‘.
»

*
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of ¢he local topography. The higher th;s ratio, the
broader the band of wave frequencies that will be affected
by the resonator. 1In this case-a value of 6.85 will be
used., The corresponding resonator width w is thus
approximately 102 feet. The evaluatioﬁ of the resonator
depth d is a trial and error method in which the value

of éhe powexr extraction coefficient is maximized. The
evaluation of d will be condensed here but given,to
#llustrate the method. Firstly, a trial value of 4 must
be chosen. A good first, approximation for resonator depth
is one third of the resonator width. A first approximation
in this example will be 35 feet. Corresponding design
parametéré are then calculated as being; d/w - 0¢34? and
da/A » 0.291.“ From Figﬁre S—lh'page,57,‘the corresponding
value of 6 is- 0.021. Subseéuent guesses for the value of
d and'the resulting values,of.S are given below.

o
For d = 30.0 ft. .oa/

= 0.294 0 = 0.022 )
a/x = 0.250

For d = 25.0 ft. d/w = 0.245 ‘.8 = 0.022
d/\ = 0.208

For d = 20.0 ft. d/w = 0.196 6 = 0.015

' a/x = 0.167

For d = 23.0 ft. ‘ d/w = 0.225 6 = 0.0193
3/2 = 0.192 :

Foér d = 28.0 ft. d/w = 0.274 6 = 0.0225
a’/Aa = 0.233\

These valuesgmay then be plotted as shown in

. »
Figure 6-1.  The optimum value of d for maximum return. flow

-
' [ B -
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power may then be evaluated from this plot. In this case
a d value of 27 feet gives a power extracﬁion coefficient
of approximately 0.0227. The final resonator dimensions
are thus, w equal to 102 feet and d equal to 27 feet.
Incident wave power is then evaluated using equation 51,

page 25 as:
. 2
WAYH] |
8
(120) (120),(62.4) (6) % (15.8)
8 -

Pj

Cg

6.388 x 107  ft-1b/sec.

I

Therefore, power available for return flow is:

= i
P g = 6.388 x 107 (0.0227)

= 1.45 x 10°® ft-1lb/sec
or 2,636.8 Horsepower;
" Therefore, the product of discharge ;nd stilling basin
depth increase for one .resonator, from equation 52,
page 25, will eqgual 11,619 ft*/sec. Now, since stilling
basin depth increase was found to generally rgnge between
the incident wave amplitude and thc incident wave helght,
‘a stilling basin.depth increase of 4 feet mlgpt reasonably /
be expected. This’would yield a return floQ discharée of
over 2,900 cubic feet per second. The orbital bed motions
from the wave clapotis will be amplified and instantaneous
scour velocities will vary between 10 and 20 feet/second,
whicﬁ is more than ample for moving even coarse gravels.
The potential for scour and prevention of sediment

?
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depositioh and penetration into -the harbour is evidently
substaqtial and return flow resonators appear to proviée

a very dccépéable means of sediment bypassing and control.
With the design parameters obtained in the resogaéor design
it .is also possible to predict Qalues for both a and B.

From figures 5-5 gnd 5-9 expected values for reflectivity
and transmissivity respectively are 0.08 and 0.76 . These
values are not nea£ optimum and a new trial resonator could
be tried. It should also be noted that in this example the
W/XA ratio is 1.0 which is the upéer limit for effeé%iveness

of these resonators.

6.4 Possible Use in Canada

The Great Lakes system supports a large commercial
fishing fleet, and a large fleet Oof pleasure craft, based
in numerous small hérbours which have. problems related to
the intrQsion of ‘storm waves into the .inner harbour zone.
The use of return flow harbour - resonators wbuld evidently
provide a sound solution to the problems faced by these
small harbours due to their small dimensions, the range of
waves generated and. the absence of rocky ;oasts which might
hamper construction. Return flow resonators might be used in
small coastal harb0urs-provided'€hat the- tidal range does
not inactivate the rear overflow wall. A variable geometry

resonator .would be desirable, due to the wide wave energy

spectrum experienced in real wave climates.

.
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\RECOMMEN DATIONS -

7.1 Range of Geometries

hl ~

~

The range of resonator geometiies‘tested in this ..

\

.study'varied between entrance channel expanstens (ﬁ;g)
"to branch channels (w<d). The latter geometry proved to

be less efficient than the former. A'more extensive

-

.study of the channel expansion resonator shape is

advisable. Fine dimensional resolution with regard to

v ~

. .resonator depth "d"™ is recommended to provide accurate

tuning at resonance. R

7.2 Acoustic Modeling L. .

-

The use of acoustic modeling equipmént could
great%y ekpedite the extensive study rgéuired'to perfect |
the use gf resonators and return flow #esonators:
Acoustic modeling is very ineipensive énce the initial

‘ monitgring and generating equipment is provided. This
' method is qﬁick and'encorporates, much greatg¥ frgéueﬁcy
control throughout the experiment. AEPustic modeiing of

o the return flow requires develépment, since the hydraulic

results are now available for comparison.

«
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7.3 Prototype Tests N\

«

A return flow resonator should be built on ocne

of the Grgat*Lakes minor/harbou:s which experiences both

-~

wave and sedimentation prbbléms. The harbour should be

o -

easily accessible from an institutionAwhich‘could properly

monitor the test facility.

-~
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EXPERIMENTAL RESULTS °

_ - /
W - 24"
w - 20.5"
T. A a/A '« B, Q. h, P H By U OUHj P, Hy Py )
sec. ft. ml/sec  in. 10-%  in. " in. in. 1073 | in. 10-3 190”3
.54} 1.45| .517| [127|.784|13.83/0.135 0.69 0.894|0.692|0.793|™140.3/0.623| 86.16| 4.89
.66| 2.05| .365| .065|.759[40.00/0.368/ '5.41] 1.058|/0.929|0.994| 405.1{0.754|233.32|13.35.
.-80]" 2.75| .273| .568].459/87.60/'0.883|'28.41] 1..573]/0.433]/1.003| 705.8/0.461|149.10(40.25
-90f 3.25{.231} /721].236(63.93|0.594] 13,95| 1.292{0.209}0.751| 529.5|0.176| 29.62|26.34
-1.00; 3.74}.201| .710|.387|38,30]|0.348 71-.90_ 0.926(0.157]0.542| 349.9{0.210| 52.37}113.99
"53| 1.42|.469|.301].298 9[;0 0:211 0.38/0.874(%.469|0Y672] 97.1{0.201]| 8.66| 3.90
.64] 1.95| .342{.095|.821}41.50/0.388{ 5.91]1.104{0.912{1.008| 381.4/0.828|257.05)15.51
-75| 2.50}.267| .133|.768|43.50/0.401] 6.41]1.050{0.803(0.927| 506.4{0.712/299.03|12.65
-84} 2.97] .224} .5351.394165.83/0.614/.14.85/1.056/0.320(0.688| 380.7]0.271|. 59.07/38.99
-96| 3.55|.188).695|.512/56.67|0.531{11.05/1.123{0.202|0.663| 480.2|0.339{125.74[23.01
.53} 1.42].411|.125|.566{13.16{0:133| 0.64{0.796 0.619 0.708| 107.8|0.401| 34.55| 5.96"
65| 2.00).292).232|.773]47.00/0.441} 7.61]1.050|0.933{0.992] 385.9|0.766/230.36[19.72
+ 751 2,501 .2331,228|.769166.67/0.661116.19/1.069]0.672|0.871| 446.9]|0.670({264.79 |36.21
.86 3.05].191f.532/.263|70.00{0.681|17.51|1.035[0.316{0.676| 384.2[0.178] 26.68]45.57"
95| 3.501.167}.540(.661|49.50/0.456| 8.29/0.930{0.278|0.604| 389.8]0.400{170.52(21.27
.55} 1.501.333}.003}.744112.33}0.150| 0.68/0.884(0.879|0.882| 183.7|0.656|101.75} 3.70
-65| 2.00}.250|.046(.762{47.00{0.457| 7.89(1.028{0.937{0.983| 378.9{0.749{220.25/20.82
.75| 2.50/.200}.336|.57480.00/0.802{23.56/1.279/0.636/0.958| 540.8/0.550(178.11 |43.57
-85( 3.00|.167(.426(.445(72.50({0.717[19.09]1.138{0.458{0.798| 521.5/0.355({103.21(36.61
.95 /3~.SQ .143).4191.741143.00(0.407] 6.4311.027]0.420(0.724| 559.310.536(306.97111.49
- N . ‘ . - . \ .

T

1-¥

Sy



w - 20.5"

T A &/A o« B Q. hgy P Hp . Hy  H P, H P o

i} : 1078 1073 107 1073
.55| 1.50(..278| .034| .724} 12.33) 0.114| 0.52|0.932|0.871| 0.902| 192.2|0.653) 100.66| 2.69
.66 2.05| .203] .063| .739}50.50/.0.515|- 9.55/1.032{0.910| 0.971|"387.4{0.718] 211.51| 24.66
.76| 2.55|.163| .312|.349| 72.50| 0.760|20.24{1.244{0.652}0.948| 549.9/0.332| 67.24|36.80
.85| 3.00|.139|.184|.712|64.17} 0.657|15.48}0,908{0.626/0.767| 481.8|0.546| 42.56|32.14
.96/ 3.55|.117| .282|.744/38.00|{ 0,380| 5.30|0.850/0.476/0.663| 481.5/0,494 38.91|11.01
.55| 1.50|.222|.024| .876| 4.34{0.131] 0.21|0.944{0.899{0.923| 200.8|0.807|.153.98] 1.04
.65 2.00[.167|.108|.698|39.00| 0.421| 6.03|1.123|0.903]1.013| 402.9/0.708| 196.52|14,97
.75| 2.50f.133.122|.533/47.50{0.490| 8.55{1.021(0.798|{0.9X0 487.9{0.485] 138.75(17.52
.86| 3.05}.109|.020|,685|39.50/ 0.417| 6.05/0.851|0.817|0.834| 585.6|0.572|274.97{10.33
.96| 3.55|.094.056|.836|25.25/ 0.295| 2.74/0.723{0.646|0.685 513.210.973| 358.99| 5.33

: § A
) "



o —
W - 24"
w - 17.5"
o/ -
T A a/A « B qrf ; héb P.g Hp  CcHy.o  H; -5 H P, J
1078 N 10732 11078 10”3
.60] 1.72] .436|.214| .481] 9.83|0.126] 0.46]2.193|0.77%| 0.983] 290.2|0.473] 67.32] 1.57
.70| .2.26| .332|.070| .802/17.25/0.197 1.25/1.076| 0.935(1.006| 495.2(0.807[318.90/ 2.52.
.80 2.75{.273(.247(.620{64.17/0.603} 14.21/1.051f 0.634} 0.843] 498.1|0.523|191.61 28.53
. +75] 2.507300] .138} .731'39.00{0.336| 4.81|{1.101}0.833|0.967| 551.6|0.707|294.85 8.73
.85 3.00|.250|.319|.662|46.00}0.413| 6.98{1.048| 0.540{ 0.794{ .516.3/0.526|226.60{°13.51
.90| 3.25[..231).375]| .648{49.50/0.454] 8.25]/1.148} 0.522|0.835| .655.4|0.541]275.14] 12.59
.96 3.55|.211}.579|.376|47.00}0.440{ 7.60}1.327| 0.354]/ 0.841| 773.9]0.316[109.37] 9.8l
.65| 2.00|.3%3}.059|.820] 9.20}0.071] 0.24]1.093]0.971|1.032| 417.7l0.846|2806.28] 0.57
.75} 2.50].266f.178| .639|50.80(0.427| 7.97{1.227|0.856{1.041| 639.7[0.665|260.85} 12.45
.70{ 2.26|.295|.051{.823{22.00{0.158{ 1.28{1:684/0.978/ 1.031] 520.5]0.849]352.62] 2.45
.80) 2.77}.240}.242).581}57.00/0.481/10.07}1.030]/0.629]0.830{ 488.90.482]165.09] 20.59
85| 3.00|.222|.326|.678/47.00{0.380| 6.56{1.030|0.524{0.777| 494.5{0.527{227.11{,13.27
95| 3.48(.192|.608{.304{44.50{0.362| 5.92]/1.215/0.296|/0.756] 602.5|0.230| 55.84] 9.82
.78} 2.65|.252|.233|.485{60.63|0.662|14.74|1.081}0.673|0.877| 504.5(0.425{118.71| 29.22
.63} 1.911.305{.058{.579{11.17}0.122| 0.50]1.110}0.989}1.050] 398.8|0.608{133.64] 1.26
.70} 2.26/.258{.103|.765/22.75(|0.226| 1.89|1.155/0.939{1.047| 536.8[0.801|314.17| 3.52
.75| 2.50}.233|.251}.562|60.62{0.572{12.74{1.187[0.711{0.949} 531.2(0,533|167.'58] 23.97
.80{ 2.77(.210[.317}.595|53.12/0.493| 9.62/0.996]0.516}0.756| 406.1]0.450|143.90| 23.68
.85] 3.00|.194).426].500{44.50{0.399} - 6.52]1.003|0.404}0.704| 405.3]0.352[101.19| 16.09 -
.90 3.25[.179].473].226[45.00{0.402{ 6.64|1.063{0.380[0.722] 490.8}0.163| 25.06| 13.54
.95| 3.481.167|.582.677/43700[0.396f 6.25{1.152{0.304{0.728] 559.50.493}256.56/ 11.18
.78] 2.63].222].224].495|54.40}0.583{11.65]|1.146{0.727{0.937{ 567.2(0.464|139.24| 20.54
77| 2.60(.224|.247|.510{61.25/0.650{14.62{1.076{0.650{0.863| 471.60.440]122.59| 31.01



4—

W - 24" .
w - 17.5"

T A 4/ « B Q. h, . P H Hy, H; P; H P, .8

1073 . 1078 "107° 1978
.65 | 1.97|.254}.023|.790{12.50{0.216| 0.99]1.086( 1.037|1.062| 430.4| 0.839]268.91| 2.30
.70 | 2.25|.222|.171}.746|27.00/0.343| 3.40/1.279/ 0.906|1.093| 580.4| 0.815]322.60| 5.86
.75 | 2.50{.200{..308{.429}58.75/0.635|13.70}1.297/ 0.686|0.992| 579.9| 0.426|106.80[23.63
.80 | 2.77|.180{.359|.460{50.63[{0,559{10.40{1.0580.499{0.779| 430.5| 0.358] 90.78|24.15
.77 | 2.62{.191{.309|.487|62.50|/0.680{15.61}1.281} 0.676{0:979] 614.2| 0.277|145.64|25.42
.85 | 3.00|.167{.432|.251}48.00}0.528}  9.31]|1.413] 0.561}0.987| 797.8| 0.248| 50.17|11.67
.778{2.63|.190(.325(.526/60.62{0.665[14.81(1.185/0.603/0.894] 516.9] 0.470|142.57|28.64
.65-1'1,97}.211.6801.999116.50(0.282] 1.71{1.131{0.963|1.047] 419.2| 1.250!597.57] 4.08
.70 | 2.25).185].294.646/47.50/0,555] 9.68[1.445/0.789|1.117] 606.7| 0.722]253.49/15.96
.75 | 2.50|.167|.373{.409}{59.37{0.660|14.39|1.232{0.562|0.897| 474.6| 0.367| 79.45|30.32
.80 [2.77].150(.371|.373(55.62/0.626]12.79/1.030] 0.472]0.751| 400.8| 0.280] 55.72|31.91
.845/2.97{.140{.464].264152.50/0.605{11.67|1.069{0.391]|0.730| 428.7| 0.193| 29.96{27.21
.925(3.37{.124{.458(.652}39.00{0.464| 6.65[1.282(0.476/0.879] 771.5{ 0.573{328.30] 8.61
.77 |2.60].160].390).519|58.75/0.659/M.22(1.124/0.493{0.809] 413.9| 0.420{111.43]34.36
.65 [1.97].169{.101(.790(23.75 0&538 3.47{1.200{0.979({1.090| 453.5[ 0.861{283.19| 7.66
-70 {2.25].148}.352|.466(50.62{0.635{11.81]1.345/0.645|0.995] 481l.4| 0.464|104.69[24.52
.84512.97].112.323|.,767{46.87[0.598{10.29/0.984]0.503|0.743| 444.5| 0.570|261.34{23.16
.90 3.25/.102{.417|.578/28.67]0.430| 4.53|1.101|0.453/0.777* 569.3] 0.449/190.08| 7.95
.75 |2.50].133]|.288].449]60.62)0.728{16.21|1.251}{0.692)0.972| 556.7 | 0.436]|111.87|29.11
.805[2.80{.119{.269{.387(59.37{0.728{15.87{1.182/0.680[0.931| 627.1| 0.360|. 93.50(25.31



W - 24"
- \ 14%5
T A A B Q. hy P . H o Hy H, P, H'o By 6
1073 10732 1072 1078
.70 12.26].3321.076] .834123.50(0.276f 2.3811.16410.99911.0821 572.7{0.902}398.39f 4.16
.75 {2.50{..300{.111{.765[{50.62| 0.516] 9.59{1.129/0.904{1.017| 609.5/0.778{356.58{15.74
.80 {2.75}.2731.177}.804)35.00{0.368] 4.73{1.006{0.703{0.855{ 512.3{0.687(331.13f 9.23
.855{3,03|.248].290{.861]29.67} 0.320| 3.49/1.001|0.55%{0.776f{ 501.1}0.668|371.31| 6.9%
.90 | 3.25].231|.456]:708]30.33/0.327} 3.64]/0.976|0.365[/0.671] 423.9{0.475{212.29| 8.5%9
.95 | 3.48| .216].652]1.535134.16{ 0.355} 4.45/0.940/0.198|0.569}- 263.8/ 0.305/ 75.54 16.89
1.00 [3.75{.200].517|.285|45.50{ 0.478] 7.99{1.180{0.376{0.778{ 725.4{0.222{ 59.07{11.01
1.05 14.004.187).703}.385/26.11{0.294] 2.82{0.838{0.14610.492] 322.1/0.190}(-47.79| 8.75
.96 |3.55|.211|.597{.534|33.75/0.360] 4.46[/0.963|0.243{0.603| 398.3/0.322]113.56/11.21
.71312.34}.320}.130}.709}60.00}0.595/13.1111.183{0.91011.047| 571,910.7421287.51(22.93
.733[2.431.308{.100}|.740|56.25/0.572| 11.82{1.129]0.924{1.027| 589.7/0.760|322.84|20.04
.725/2.37{.316{.167(.734({55.63{0.571[{11.67[1.131(0.808{0.970| 501.9/0.712 270(13 23.24
.70 |2.261.295}.171].651]{47.50}0.554] 9.67{1.261/0.892{1.077| 567.5/0.701|240.28{17.03
.73 12.40).2781.176(.622{53.75{0.622{12.28{1.190{0.834}{1.012] 560.5/0.630}216.88(21.91
.75 {2.50(.267}.164].758/47.50]0.554} 9.67|1.225[0.880{1.053] 653.4/0.798|375.64]{14.79
.80 [2.75}.242 .g;g .960{28.00{0.383| 3.94{1.129{0.616(0.873| 534.1{0.837[491.51( 7.38
.85 [3.00(.222]. .764126.33|0,369] 3.57}1.019]0.525}{0.772| +488.1{0.590|284.61( 7.31
.90 13.251.205(.597].371135.0070.432} 5.5511.48110.374(0.928{ 811.1/0.344|111.58! 6.85
.95 |3.50{.190|.739{.289|38.50{0.457| 6.46|1.248}0,187]0.718]| 550.1]/0.208| 46.00{11.75
1.05 14.00].167].692}|.385{15.00{0.296] 1.64{0.82410.150({0.487] 315.6(0.'188| 46.78{ 5.18
1,00 {3.75{.178{.713|.179(30.00{0.422| 4.65{1.178{0.197/0.688] 566.5{0.123( 18.13| 8.21
.973]3.60|.185}|.648}.366|20.00{0.333| 2.45/0.926(0,198{0.562| 354.1|0.206| 47.3%5] 6.91
.71512.321.287}.135}.727}54.37{0.611{12.20{1.125/0.857{0.991| 505.0{0.720(2866.58]24.16
.70 |2.26].258]|.241{.645|51.25{0.609]11.46/1.188]0.726/0.957| 448.5/0.617|185.41]|25.56
.75 12.501.233{.295{.656{40.0010.492( 7.2311.272{0.693§0.983{ 569.4({0.645(245.03({12.69
.80 |2.75|.2124.312{.784(21.00}0.352| 2.72{1.073]0.563]0.818| 469.5/0.643|288.72} 5.78
.84512.96.197].4411.726(29.00/0.403] 4.29]1.057|0.41010.734] 430.5{0.533{226.86| 9.97
.90 [3.25].179|.718{.349(31.67{0.432{ 5.03{1.047{0.172{0.610| 350.3{0.213] 42.58]|14.35




W - 24"
w - 14.,5"
d T A d/x a B Q. ¢ hsb P Hp Hy H, Pi‘ Hy Pt 8
' ’ 10~32 10-3 10-3 1073
7 |.95 |3.50 {167 |.776 |.177|31.00|0.422| 4.81]0.977]0.123|0.550| 323.2{0.098] 10.16|14.87.
.00 {3.75 {.156 |.662 |.494|35.42{0.473} 6.15 1.255}0.255]0.755| 683.1]10.373}166.74] 9.01
69 |2.22 .263 |.211 .653]53.13(0.632}12.33}1.35110.881|1.116 | 590.7/0.729/252.05}20.87
6 | .64 ]1.95 1.256 |.060 1.281]12.00(0.210| 0.93}1.14411.015{1.080 | 435.710.304| 34.44| 2,12
.69512,24 [.223 |.172 |.760]52.50|0.565|10.89{1.245-/0.880{1.063 | 544,1{0.808|314.25]20.02 ~
.74112.46 |.203 1.159 |.707]50.00{0.537] 9.86{1.170]0.849/1.010 | 582.6/0.714{291.42({16.93
.82 12.85 [.175 |.401 . 651(52.50{0.557|10.74{1.430(0.612{1.021 779,5 0.6651330.69/13.78
.87 (3.10 |.161 |.619 |.370/55.000.589[11.90/1.402/0.330/0.866 | 649.6 0.320| 88.69(18.32
1.02 [3.85 [.136,{.605 |.525}28.67]0.347| 3.65/1.005 0.24710.626 | 492.0(0.3291135.47| 7.43
.955{3.53 {142 |.702 {.3772%.00(0.327| 3.24]0.926(0.162]0.544 | 321.0)0.205| 45.58}10.10
.92 9.35 .149 |.625 1.390149.5010.541| 9.8411.48210,342{0.912{ 823.210.356{125,.43{11.95
.67- [2.10 {238 [.156 |.722(23.75{0.302} 2.63]1.239./0.904]1.072| 492.1(0.774|256.77} 5.35
.68512.18 1,230 |.167 J.712|52.50]0.569}10.97}1.248{0.891{1.070 | 524.9{0.762[266.44120.90 .
51.65512.03 {.205 [.176 |.757]26.2310.293) 2.83]1.291]0.904{1.098 | 486.1/0.831|278.34[ 5.83
.685(2.18 {.191 |.243 |.582{70.80{0%.721]18.76{1.369/0.83411.102| 556.7/0.642].188.84133.69
.74Y12.46 |.169 |.281 1.666]55.00{0.550}1a4.1171.34610.756{1.051 | 631.4{0.700{279.71{17.60
.78812.67 [.156 {.390 |.636{50.63!0.517] 9.61|1.097(0.481{0,789 | 413.8]/0.,5021167.51(23.23
.854(3.02 [.138 |.565 |.520{61..88|0.609[13.84/1.588]0.442}1.015] 852.8]0.528}230.76}16.23
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