
, 
;, 

! 
: 
l.. 
} 

~; 

i 
1· 
It , 
:-' 
, 
:!. 

~ 

, 
I 

I 
I 
I 

7: 
I 

·t 

) 

"{ 

• 

Copy: Mr.& Mrs. S.C. Spiers 
136 Henry St., 
Brantford,Ontario. 

EXPERIMENTAL STUDY OF 

RE;TURN FLOW HARBOUR RESONATORS 
/1 

, . . " 



<. 
I' 
( 
i r· • 
~ 
I 

t 

i 
~ 

t 
j" . 

& 
.,;. 

j .4 

J 

EXPERIMENTAL. STUDY OF RETURN FLOW 

DRAWN FRO~ HARBOUR RESONATORS 

.. 

\ 
/ 

I 
1 
~ 

By 

\ 

\ 

TERRENCE G. SPIERS, B.ENG. 

i. 

A Project 
I 

Submitted to the School of Graduate' Studies 

in Partial Fulfilment of the Requirements 

for the Degree 

Master of Engineering 

McMaster University 

April 1976 

TERRENCE G. SPIERS 1977 ... 



· . MASTER OF ENGINEERING (1976) 
(Civil) 

McMASTER UNIVERSITY 
Hamilton, Ontario 

TITLe: Experimental Study of Return, Flow 
Drawn from Harbour Resonators 

AUTHOR: Terrence G. Spiers, B.Eng. (McMaster University) 

SUPERVISOR: Doctor W.James 

NUMBER OF PAGES: x , 90 

( 

ii 

I . 



ABSTRACT 

This report describes an experimental investigation 

into the potential use of return flow from rectangular 

harbour resonators incorporated into semi-infinite harbour 

entrances. The mechanism studied includes: the bandwidth . ' 

of tpe reduced energy spectrum transmitted into a harbour, 

the concoritant reflected wave sp~ctra and the energy 

available for return flow. This ~eport i~ intended to 

provide data for the design of on-channel harbou~ 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 pr€vent 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 battering, although the motion 

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

Notation - Lower Case 

ai incident wave amplitude 

a r reflected wave amplitude 

at transmitted wave amplitude 

d resonator length 

w 

gravitati?nal constant 32.2 ft/sec 2 

main channel water depth 

resonator rear wall height 

submerged depth of flap hinge 

mean depth increase in overflow reservoir 

wave number = 2n/A 

resonator width 

/' 

x horiz. dist., in direction of wave propagation 

y vert. dist., with origin at surface 

Notation - Upper Case 

Ae area of junction element = W·w 

C velocity of wave~ropagation (phase velocity) 

CG wave group v~locity 

Ek average kinetic energy 

EL (HL) clapotis envelope antinode height 

EN (HN) clapotis envelope node height 

Ep average potential energy 

Et .. . transmi t ted wave energy -Eto total wave energy 

Hi incident wave height 

Hr reflected wave height 

Ht transmitted wave height 

Ie 'flow into junction element 

Lf length of overflow ramp 

vii 
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Oe flow out of junction element -Pi average incident wave power -Pr average reflected wave power 

P~f average return flow power -Pt average transmitted wave power -Pto total wave power 

Orf single resonator return flow discharge 

SWL still water level 

~. 
T 

W 

wave period 

main channel width 

Notation -

e 

i 

r 

rf 

t 

to 

Notation -

a 

f3 
y 

e: 

n 
6 

A 

11 
~. 

n 

p 

(J 

\J 

cf> 

Subscripts 

junction element 

incident 

reflected 

return flow 

transmitted 

total 

Greek Letters - Lower Case 

(alpha) coefficient of refle9t~vity 

(beta) coefficient o! transmissivity 

(gamma) specific weight of water = pg 

(~psilon) 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 = y/g 

(sigma) wave ~ngular frequency = 2n/T 

(upsilon) velocity in y-direction 

(phi) velocity potential function 

viii 
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INTRODUCTION 

l.~ General Harbour Design 

For as long as man has sailed ships he has required 

and built safe shelters for his vessels. Since mGst natural 

ports have now been developed, further expansion must turn • 

to less desirable sitcs~ For both natural and man-made 

harbours, the engineer must deal with a variety of problems 

before the harbour will function properly or economically. 

B~sically a harbour must serve as a shelter in 

adverse wqather 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 use by eithe~ pleasure crafts or commercial 
~ 

vessels include provisions for: 

a) manoeuvering space 

b) easy approach 

c) ample depths 

d) instantaneous currents less than 3 knots 

e) self~cleansing water,circulation 

f) a minimum of dredg.ing and maintenance. 

1 
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General rules-of-thumb design criteria are given by 
i 

the A.S.C.E.(l) for entrances allowing simultaneous movement 

into and out of the harbour. The width should be 5 times 

the beam width of th~ largest vessel likely to use the 

facility; depth~ should b~ at least the sum of maximum draft, 

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

height plus a small ~dditional,depth for a margin of safety . 
• 

1.2 Traditional Harbour Entrance Structures and Wave Problems 

In the past the provision of an easy approach has 
, , 

been di.fficul~~~ue to the limited methods available for 
~~ . 

. . preventing wa~e penetration into th~ harbour. These methods-

included conventional breakwaters, to dissipate and reflect 
) 

the waves, and staggered or offset entrance channels, td 

isolate thc,harbour'from reflected a~d diffracted w~ve:J 
Jetties were also used ih an attempt to prevent littoral) 

sediments from encroaching upon and entering into the harbour 

entrance channel(l). These jetties often caused more damage 

than they 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 immed~ately 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 d~dging or by-passing facilities. In tidal ports 



it has been possible to use the fluctuations in water depth 

for periodic recharge of sluicing basins which provide small 

scour flows during ebb tides? Ac~ording to Cornick(3) , this 

small return flow helps prevent siltation and aids 

3 

manoeuvering. Unfortunately , Corni~k found that transmission 

of incident waves into the harbour domain was not 

significantly affected by the passage of these small 

currents. 

1.3 Canad~an Ha~bours with Resonators 

Harbour ~esonators have recently been used in a 

number of Canadian harbours, both tidal and non-tidal. 

James(13) has '~emonstrated experimentally. that these 

structures effective;y reduce wave energy transmitted into 

the harbour, yet provide no restriction to shipping. On the 

co~trary, 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 of aharbour(13) . 

Valembois(25) was ~ pioneer in the use of these resonators 
I 

and first proposed their opera~ion 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 Din~vall harbour incorporates a special geometry 

\ . 
for a battery of resonators, described by Donnelly and 

Maclnnis(5) as a\"limit" geometry. The simple triangular 
~ . 

geometry shown in Figure 1-1, has the same general shape as 

a battery of numerous resonators of increasing depth as 

shown ~n Figure 1-2. Th~s harbour, built in 1962, has 

reported a periodic self-flushing cu/rent 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 ~2 feet. Donnelly and MacInnis(S) 

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 for the vessels using the port. 

Prand1e(22) studied the inland port of Kincardine 

which emploves a sinqle resonator to reduce ~nner harbour 

oscillations. It was reported that wave acti9n 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 by the reduction in channel widt~ 

caused by the location of the resonator wing-walls. 
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Fig. 1-1 

- Fig. 1-2 

"Lim'i t" Geometry 

Resonator Battery 
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1.4 Introduction to Resonat~ 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 irrotationa1 

motion. A summary of the important findi~gs regarding the 

behaviour of resonators illustrates the degree of 

development of this innovation. 

James(ll(12,13,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 1-3 to 

6 

1-5, were developed to predict the performance of resonators 

for various geometries for the first resonant mode. The 

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 

dependant 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(13) 

found .that resonator oper~tion was acceptable p~ovided that 

the main entrance channel width did not 'exceed the design 
G I 

wavelength of the resonator. This limi~ation seems to be 

the most restrictive in the potential ~se of resonators. 

I 
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1.5 Innovations in Harbour Resonators 

Resonator geometry for most efficient operation, 

as initially derived by Va~embois, has depth "d" equal to 

1/4 or 3/4 of the design wavelength and width "w" equal to 

1/2 the design wavelength. We know now that these values 

are depcndan t on channel width "w" as ·shown in Fig. 1-3, 

and on unifor~ity of water depth in the resonator and 

main channel. In fact quarter-wavelength resonators can 

give anti-resonance with total transmissipn of the incident 

waves into the 'harbour. Still water depth "hc " is of little 

or no consequence in the resonator geometry for resonance 

since,the results are plotted in the ka plane. Non-uniform 

depths effectively reduce the performance and alte~ the 

Jresponse downward toward smaller frequencies according to 

James(11,13,17). This could provide considerable savings 

in construction due to reduced excavation depths and 

10 

resonator sizes, but at the expense of resonator efficiency, 

higher transmissivity and lower reflectivity. Smaller 

values of the resonator width parameter "w/>...", resulted in 

decreased efficiency and higher velocities in the resonator 

mouth(13). 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 f?r navigation. Incident wave amplit-ude affects 

energy losses and has little effect on the resonator 

geometry for resonance. Both transmissivity minima and 

, . 
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reflectivity maxima are amplituda dependant(l4). 

1.6 Spectral Response 

Battery configurations are used to cover a' broader 

band of incident wave frequencies. In this case the smallest 

resonator, that is the reso,nator tuned to the highest wave 
I 

frequency, is usually placed nearest t.he ocean or incident 

wave domain, with larger resonators ~~ 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 

effects of the independant resonators(l7). ~esonator 

batteries operate most efficiently when they are not 

contiguous (11,17). The tr~angular "1imi t." geometry, 

mentioned earlier, is not as effective as the same 

configuration with isolating resonator walls. The dasign 

curves presented in Figures 1-3 to 1-5 can be used to 

calculate the anticipated spectral response for the battary, 

but only for the first resonant mode. The spectral response 

can also be determined very effectively and quickly by 

. using an acoustic model. Acoustic models used in this type 

of work showed no scale effects and provided quick and 

accurate response curves at very little cost(17). 

1.7 Sediment Transport Aspects 

Rectangular resonators, used either individually or 
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in battery form should be placed as near as possible to the 

ocean end of the entrance channel. This reduces the extent 

of the partial clapotis, caused by ~e superposition of the 

reflected waves on the lncident 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 is 

transported by the second order mass transport or drift 

currents. In a series of tests, Lates(18) observed that by 

constructing a minimum of three resonators in a battery 

configuration, where maln channel widths were limited to 
. 

~.7A to A , influx of littoral sediments was greatly 
\ 

reduced by the action of the r~flected waves or partial 

clapotis in the channel mouth. Agitation in the harbour 

entrance discou~ages deposition of materlal and would 

obviously be an effective means of sediment by-passing. 

1.8 Return Flow Resonators 

The configuration tested in this report is a single 

pair of geometrically opposed rectangular resonators. The 

partial clapotls phenomena will provide the agitation 

required to keep the sediment in sus~ension 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 Lo move various 

classifications of sediment as listed in table 1. 

MATERIAL 

Silt,mud,very soft clays 

Fine sand,loam 

Ordin~ry clay 

Coarse sand,fine gravel 

Fairly coarse gravel 

TABLE 1 

Large shinglc(1-l/2 in. pebbles) 

CRITICAL VELOCITY 

3 in/sec. 

5 in/sec. 

6 in/sec. 

7 in/sec. 

1 ft/sec. 

3 ft/sec. 

13 

The return flow velocities in this study cannot be comp~red 

directly with these flows because of the effect of the 

amplified orbital velocltics. However, general conclusions 

can be drawn as to whether this method will provide a 

plausible solution to the problems encou~tered 1n 

maintaining sediment-free harbour entrances. 

J 



THEORY 

2.1 Notation 

A definition sketch, together with the co-ordinilte 

system /used, is presented in Figure 2-1. 

2.2 Relevant Results from Potential Theory(9) 

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 veloclty potential 

function ~ such that the principle of conservation of mQSS 

can be expressed as: 

o (1) 

The momentum equation can be written: 
-. 

( 2 ) 

} 
J 

At the surface the average orbital velocity 1S neglig1blo 

for small amplitude waves, hence: 

_ 2..P. + ~ + gh o ( 3 ) 
at p 

These equations ~ecribe the body of the fluid. 

There are two boundary conditions: 

a) At the bed the fluid particles remain in contact 

i4 
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with the bed: 

(a¢) _ 0 (4) 
ay y=-h 

b) At the free surface (y = 0), the pressure is 

zero. Hence from equation (3): 

a¢, = g~ 
at I 

( 5 ) 

Since amplitudes are assumed to :be small, h 7 n , hence: 
..-

n = l ~ 
g at 

( 6 ) 

Partial differential equations may be solved by the method 

of separation of variables, in which a solution is assumed 

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

the independent variables. 
I 

The solution is assumed to be: 

<P(x,y,t) = X(x) 'Y(y) 'T(t) 
! . 

where X is a function of x alone 

Y is a fUnction of y alone 

and T is a function of t alone. ,. 
Substituting equa~ion (7) into equation (1): 

Y·T·a 2 X + X·T·a 2 y = 0 
ax 2 ay2 

Dividing by X . Y . T: 

= -
. 

Each term in equation (9) is a fupction of only one 
.",. 

( 7 ) 

( 8 ) 

( 9 ) 

variable and hence each term cannot vary and must be a 

constant. If this constant is _k2, equation (9) becomes: 

16 
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a2 y 

ay2 
= _ -y- = -k 2 

Hence two diffcrentiul equations are formed: 

and 

( 
The solutions of which are: 

x = A coskx + B sinkx 

where A, B, C and 0 are arbitrary constants. 

Equation (7) may now be written: 

(10 ) 

(11 ) 

(12) . 

<j>(x,y,t) = (A coskx + B sinkx)' (C e ky +D 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 <J t or sin at where: 

a ::;: 2 niT (angular frequency) 

There ar~ four sepm;a te elementary combinatioI)s of the 

17 

terms which themselves are solutions to Laplace's equation: 

cj>l= Al (C e ky +0 e-ky ) coskx cosot (14) 

cj> = 
2 A2 (C e ky +0 e-ky ) sinkx sinot (IS) 

cj> = A (C e ky +0 e-ky ) sinkx cosot (16) , 3 3 

cj> = A (C e ky +0 e-ky ) coskx sinat (17 ) 
" " 

This facilitates the e.valuation of the unknowns and, since 



Laplace's equation is linear, the separate solutions may 

be recombined linearly if necessary_ 

Using <P , to solve for 
1 , 

(~l) = Al coskx 
ay y=-h 

the unknowns: 

(18) 

From equation (4) this must be zero for all x and t thus: 

C = D e 2kh 

and <PI = 2 A} D e kh coshk(y+h) coskx cosat 

Then 

n ::: !(~lJ g at y=O 
== _ 2aAI Dekhcosh kh coskx sinat 

9 

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

occur when cos kx-sin at ~ 1. 

Hence ag 
20 cosh kh 

and thus n = a cos kx-sin at 

Hence <PI = - ~ cosh k(y+ry) 
a cosh kh cos kx cos at 

(19 ) 

(20) 

(21) 

(22) 

(23) 

(24) 

In order that <P 1, be periodic in, x with wavelength). it is· 

necessary tfat: 
f 

, I k -= 2 IT 

A 
( wave number ) 

-The constants in the other elementary potential function 

expressions can be evaluated in the same way: 

<PI 
ag cosh k (y+h) 

kx at = - cos cos (25) 
a cosh kh 

<P2 + 
ag.cosh k (y+h) sin kx sin at = (26) 

a cosh kh 

18 
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ag cosh k(y+h) 
sin (1)3 == kx cos at 

a cosh kh 
(27) 

(h ag cosh k(y+h) cos kx sin at = + 
a cosh kh 

{28) 

These may be combined linearly to form solutions such as: 

= ag cosh k(y+h) cos (kx-ot) 
a cosh kh 

or <P =-'(¢3 + <1>4) 

<P = 
ag 'cosh 

c-
k(y+h) sin(kx-ot) 

o cosh kh 

From these express~ons the equations for particle 

displacement and velocities can be derived: 

II = agk cosh k(y+h) 
a cosh kh 

\) ::: _ .£.1.;:;; _ agk 
dY' -0-

sinh k(y+h) 

cosh kh 

sin (kx-ot) 

cos (kx-ot) 

Integration of the velocity term with respect to time 

provides the particle displacements: 

~ = fll dt = agk cos·h k{y+h) cos(kx-ot) 
0 2 cosh kh 

( 2 9 ) 

(30) 

( 31) 

(32) 

(33) 

~9 
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! 
(. 

.. 
n = Jv dt = agk sinh k(y+h) sin(kx-at) 

0 2 cosh kh 
! 

2.3 Potential Energy 

h h+n ~ 
h/2 

--11-
dx 

The potential energy in a progressive 

(34) 

h 

wave is 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 is : 

(35) 

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

2 

.Ep = Y ITJ,\. (h+ H sin(kx-at» 2 dxdt (36) 
2AT 0 0 2' 

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

T . 
E = -Y-f {K2x-Hhcos(kx-otf+~(x-l sin2(kx-ot»}A dt 

p 2AT 0 l< 8 2k 0 
(37) 

Expanding cos (kx- a t) and s"in (kx- a t) with identities (B) 

and (C) and simplifying 

20 
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(38) 

which reduces to 

(39) 

The potential energy in the absence of a wave is 

Ep = ..l J:J: h 2 dxdt (40) -'- 2>' T 

= ~ 2 

Thus th~ average potential energy per unit surface area 

due to the presence of a wave is 

E = ~ + 
H2y yh 2 

(41 ) 
P 2 T6 - -2-

= ~ 16 

2.4 Kinetic Energy 

The average k~netic energy per unit of surface 

area is given by : 



, 
(42) 

substituting for ~ and u and simplifying : 

Ek = gya
2
k

2 JTJ~JO {cosh 2 k(y+h)sin 2 (kx-ot)+ 
2~T02cosh2kh 0 0 -h 

sinh 2k(y+h)cos 2 (kx-ot)} dydxdt (43) 

Substituting identities (D) I (E) ~ (F) and (G) into equation 

(43) and simplifying ': 

2~2 JTJAJO Ek g~a 2 {cosh2k(y+h)-cos2(kx-ot) }dydxdt 
4ATO cosh kh 0 0 -h (44) 

After integrating 

yH 2 ·gk·tanh kh 
160 2 

Since 0 2 = g~·tanh(kh) I equation (45) reduces to 

2.5 Continuity Equation 

_--r---IF- ~ =jL----_ 
i ;, III 

-+ ai :,~,JUNCTlQrq /: 
','/ 1.//. ,I ~ B ai 

-a a' W :. ELEMENT .. 

_D_OMA_I_N_l_~~-1--'; ,//1/ /1 /~ 1;:,-____ DO_MA_I_N_2_ 

A continuity equation for the junction element may be 

(45) 

(46) 

22 



formulated as follows 

Ie- De - 2Qrf = Ae [ ~~ 1 

where Ie = flow into junction element 

0e = flow out of junction element 

and Ae = surface area of junction element (w·w) 

(47) 

The partial derivative of the average vertical surface 

displacement with respect to time cannot be evaluated at 

23 

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.V --l 
hsb 

-'-loop - -' '-node''':''- - - - - - -'~'~'-
.. """ .. ........ 

.. ...... " 

'--r--------------~~ Qrf 

It is necessary to use average values for both stilling 

basin height and discharge, due to the fluctuations in water 

surface elevation above the discharge in the main channel. 

This head fluctuation across the return flow pipe greatly 

affects discharge uniformity due to the relative magnitude 

of the stilling basin head developed. The orbital 

motions at the discharge also affects 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 head and discharge. 

2.7 Power 

Wave power is the tjme rate at which work is done 

by 'a wave. It is well known that wave energy propagates 

at t,he group veloci ty CG '.,mere : 

C 2kh 
i { 1 + sinh 2kh } (48) 

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. 1'hus total 

average wave power over one wave period per foot-of width 
(, 

may be written 

2 
AYH .c 
-- G 8 

(49) 

Power in flowing water, as in pipes, is calculated 

by mUltiplying the number of pounds of fluid flowing per 

second, by the ene.rgy lost or gained across the control 

section. This results in an equation of the form : 
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P = yQh (50) 

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

all thc·cnergics involved in thc junction elcment cxccpt 

for losses due to eddy formotion and lurbulence. Summarizing 

wc hove : 

p = WAYH 2
_ C to 8 G 

(51 ) 

which represents the total wave povJer in a channel of width 

" W " feet. This applies to 011 wuves including incident, 

rcflected and transmitted, and is differentioted by 

subscripting the wave height term; and 

Prf = 2YQrfhsb ( 52) 

which represents the total average teturn flow power from 

both resonators. 

By performing a Rower balonce on the Junction 

element, it is possible to develop an expression for the 

average return flow that might be expected from the 

operation of a return flow resonator. Balancing the power 

terms wel\havc : 

Pi = P r + P t + Prf + power losses 

Substituting for eoch term gives 

WYlli:: CG + WYllt-CG+ 21Qr f h sb 
8 8 

Substituting 

and 

(53) 

(54) 

( 55) 



i , 
j 

and reducing gives 

2 

= { 1 - (a;> + H 2 )} N~~ i . c ~ 
lGhsb G 

26 

(56) 

For perfect reflection or transmission, the return flow will 

be zero., The retur~ flow would only be dependant on W for 

W 5 A • For W larger th.:m A , energy wi 11 be trunsmi t Led 

into the harbour ilnd not gr0atly affected by the resonators. 

This equation of course does not relate Orr to w or d 

directly, but, a and S values are highly dcpcndilnt on both 

" w " and " d " 

) 

/' 
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(A) 

( B) 

(C) 

( D) 

(E) 

( F) 

(G) 

(H) 

( I ) 
.'~ 

"I DEN'l' 1'1' I I:S" USE D 

51n 2 (kx- at)::: 1/2(1-cos 2(kx- at» 

cos(kx- at);;..: coskx cos at + sinkx sin at 

sin· 2 (kx- (1 t) -= sin2kx cos2 at - cos2kx sin20t 

cosh 2 k(y+h)= 1/2(1+c05h 2k(y+h» 

sinh2 k (y+h) --1/2 (l-cosh 2}~ (y+h» 

cos 2 (kx- at)- ~;in2(kx- at)~- cos 2(kx- at) 

cos 2 (kx- at) + sin 2 Uo:- at).=: L 

sinh 2kh ~ 2 sinh kh cos kh 

0
2 = gk tanh kh 
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APPARA'TUS 

3.1 Wave Flume 

In designing th0 wave flume it was necessary to 

allow for tho Installation of all essential W<.J.V(' devices. 

For each of thl' two <.J.bsorbers, two f i 1 ter banks <.J.nd 

r('sonator test sectlon, dIstances <.J.t least equal to the 

maximum test wavelength were allowed. For each of lhe two 

measuring domains, distances equal to three maximum 

wav~lcngths weie allowed. The experimcnt<.J.I apparatus used 

in lhe SLudy cQ~prised a waVe flume measuring 44 feel long, 

2 feet wide by 1 foot deep with a cenlral rcson~tor tinsin 

4 feet long and 6 feet Wide as shown in Figure 3-1. 

plexiglass walls were provided adJacent to the reson<.J.tor 

basins. A false concrete bed <.J.pproxim<.J.tcly 3/8 inches 

t~ick W<.J.S placed in the flume to provide a uniform depth 

throughoul the length and Width of the tank. 

At the extreme ends of the tank, wave absorbers 

4 feet in length, as described by Lean(l9) fabricated from 

1/4 incb 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 <.J.bsorber was also fitted 

28 
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Fig. 3-1': Wave ~lwne 
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with sheets of 1/2 inch ~hick fibreglass, mat~ing as shown 

in Figure 3-2 to further reduce 'wave reflection a$ d,escribe'd 

by Garrett(6). This will produce a better decoupling of 
\ 

the system. Permeable absorbers such as these are 
'J,.-

particularly~suited to low waves which are harder to absorb 

than steep waves. Wi th these. absorbers, .st~ep waves tend 

to break upon. entry; energy losses due to breaking a~e ~uch 

greater than the energy losses due to friction and eddy 

formation. Lean states (19) that energy dissipatioI) is a 
. 

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

" • the depth at bre~king and/or the height of the breaker. 

. 
3.3 Wave Generator 

At the extreme up~tream end immediately adjacent 

to the wav~ absorber, a paddle-type wave generator was 

installed consi.sting of a plate linked by a dr i ve a'rm to an 

'* electrically driven eccentric as shown in Figure 3-3. 

Both eccentricity and linkag~ length were variable so that 

paddle stroke and position could be adjusted. The waves 

generated were approximatel~ one inch in height. The linkage 

connectjons remained consta~t throughout the test period, 

with the result that wave amplitudes varied and were 

frequency dependent. However the maximum wave steepness of 

0.055 waJ such that linear theory was still appropiiate. 
I 

The drive mech~nism inclu?ed a low horsepower A.C. motor witn 

both a gear reduction and pul~ey reduction system to allow 
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Fi,g. ;3-2 :' Absorber with fibregla ss matting 
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I 
motor speeds to considerably exceed the wave gene~ator speeds. 

, '" I 
This ensured regularity in the periods 'and sinusoidal profile 

of the waves generated. The mechanism was controlled 

remotely by a rherstat at the resonators and successfully 

produced a monoperiodic wave train. 

3.4 Low p4ss Filters 

Immediately adjacent to the ,wave generator and wave 

absorbers, a system of low pass filters. was installed. These 

filters improved the uniformity of the mcinoperiodic wave 

train by eliminating .the harmon~s of higher frequency that 
i 

were generated. The filters were constructed Of aluminium 

tubing to form a framework, over which continuous ~ibreglass 

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 flume •. A each end, two of these filters 

were used in series to ensure that the length exceeded the 

maximu~ wavelength to be tested, as described by James(lO). 

The performance of such filters is amplitude independent 

but frequency dependent in that transmissivity increases with 

increasing ~ave period. 
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3.5 Wave Guides 

In the upstream domain between the resonators and 

the filters, a w'ave guide was installed .to prevent transverse 

oscillation~ in the tank. Such transverse resonance occurs 

at frequencies ~hose wavelengths are nea~ or at multiples of 

the tank width. The wave guides consisted of aluminiu~ 

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 

On the central 25 £eet 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·· 

a~justment of the threaded supports and use oj an engineer's 

transit. The instrumentation trollY was fabricated from 

extruded aluminium sections and rode on three free '~'turning 

brass wheels as illustrated in Figure 3-6. The trolly 
... 

c9rried a micrometer with 2 inch travel, set in a steel 

support frame. A long needle probe bf pppropr~ate length 

was attached t9 the micrometer head for accurate measurement 
I 

of wave envelopes. The probe was insulated from the carriaqe 

frame and connected directlv to a cathode ray oscilloscope . 
as shown in Fiqur.e 3-7. Determination of probe entrv and 

t. 
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Fig. 3-5 : Wave Gui~es 
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exit points was thus "more precise than visual pbservations 

would be. 

3.7 Resonator Chambers 

At the channel ,mid-point, a resonator and junction 

element with a total width of 6 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 were 

constructed to provide a lateral base for the reso~ators. 

The downstream wall was a II Un section, installed so that 

0ne leg of the section was in line with the main channel 

wall while the ?pen end faced the wall of the expansion 

chamber as shown in Figure 3-8. The upstream waJl was an 

"LII section with a circular re-entrant curve in~tead of 

a sharp 90 degree corner. This c~rve e~fectively reduced 

turbulent eddies that resulted frqm the hig~ velocities 
. " 

produced when the incident wave fronts expand at this point. 

These two sections formed the side walls of the resonators. 

The rear walls were constructed from'1/l6 inch steel plate. 

~The rear wall had to be hinged to prov~de an adjustable 

overflow flap. The ~ertical section of the rear wall was 

6-1/2 inches high and the movable flap se~tion was 2-1/2 

inches wide so that when the flap section'was vertical 

the total height of the tear wall was approximately 9 i~c~es 

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

was' held cohstant at 7-1/2 inches. The hinge' comprised 
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an overlapping rubber strip bolted to each section of the 

rear wall as shown in Figure 3-10. This provided-a water 

tighb hinge which was considered essential. This rear 
K 

wall was simply clamped in place for testing. A number 

of "u" 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. Each time an additional "U" wall was 

added the rear wall w~s accordingly cut down in length. 

These false walls in the expansion section provided a 

storage area for the overflow from the reso~ators. Large 

! 
I . - qU,anti ties of fibreglass screening was packed in the 

stilling chamber to prevent oscillations. A plexiglass 

chamber approximately 14 inches high was secured to the 

rear wall of the overflow basin. This 4 inch by 4 inch 

square chamber had two 1/16 inc~ diameter holes drill~d 
f 

in,its base below normal still water ¢epth. This allowed 

I) 
the water level inside the tower to rise and fall slowly 

according to the water level in the overflow basin. A 

, 

i\ 

2 inch travel micrometer with a needle probe attachment 

was used to monitor fluctuations in the overflow hasin 
I 
h 
i ' 

:1 

water depth as illust~ted in Figure 3-11. 

3.8 Return Flow Arrangement 

r 
A 3j4" inch diameter'pipe was attached to t~e rear 

corner of each upstream wall and passed externally back 
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Fig. 3-l0 ': Rear Wall ,Constru'ct1on 
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Fig. 3-11 :' OveI;'f1ow Moni,t;oring 'Tower 
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into the main channel entering in an upstream direction. 

A control valve was placed in each of these return flow 

pipes to interrupt the flow returning to the main channel. 

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

free to rotate in a veLt~cal 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 from this pipe; with the 

return f~ow valve shut, was measured using a stopwatch 
. \ 

and a 500 millilitre graduated cylinder. The overflow 

'. 
was caught in a large drum and pumped back into the main 

t~nk behirid the wave generator by means of a small 

submersible bilge pump. This maintained a constant water 

depth throughout the ~est period. 

\ 
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Fig." 3-12 Return Flow ~rr~ngement 



EXPERIMENTAL PROCEDURE 

4.1 Wavelengtn Calibration 

Before experiments on the resonator arrangement 

could begin, it was necessary to evaluate the characteristics 

of the tank itself. The flume was first examined to 

determine the best qperating depth. The criteria for 

"best depth" was the correlation between first order 

theoretical wavele?gths and generated measured wavelengths. 
~ , 

Generated wavelengths were measured by observing crest to 

crest ~istances against a tape secured to ,the elevated 

rails. A number of tests were 'performed at various depths 

and wavelengths given by: 

gT 2 21Th 
A = ~ tanh --A-

were plotted against observed wavelength. The best depth 

is given by the best linear fit to a line drawn at 45 

degrees, making due allowance for the limitations of the 

measuring equipment and testing facilities. Inspection 

of Figure 4-1 indicates that a deoth of 7 1/2 inches 

provi~es a good relationshio within the limits of the 

measuring instruments. 

47 
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4.2 Reflectivity and Transmissivity Calibration 

The second consideration was an evaluation of the 

reflecti~ity and transmissivity transfer functions, with 
\ ' ' 

the resonators isolated from the main channel. That is, 

the behaviour of the fiume decoupling system alone was 

eyalua~ed as a fu~ction of ,incident wave ~eriod. Envelope 

loop and node heights were measured in both the upstream 
~ 

(Domain 1) and downstream (Domain 2) regions and resulting 

values of transmissivity and ~eflectivity were _plotted 

against wave period. Figur~ 4-2 shows the results of the 

second test series and indicates that both transfer 

49 

functions are approximately linear over the rang~ of periods 

of interest in this study. Thus the frequency band 

, indicated wOVld be satisfactory. for testing the resonator 
~ 

config~ration. 

4.3 Resonator Geometry'Limits \, 
These periods also .dictated the range Of. J~eso~ator 

dimensions to be tested as shown by James(12), 51 ce 1t was 

felt that maximum overflow conditions would be at or near 

resonant g~ometries. FOr wave periods ranging from 0.60 

seconds to approximatel~ 1.5 secondi, it was evident that 

resonator test width "w" ranging from 21 inches to 1-2 inches 

and resonator test 4epihs "d~ ranging from 9 inches to 

4 inches would cover the required range of resonant 
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geometries. In fact such resonator shapes would vary 
. 

between the expansion chamber resonant mode and the branch 

canal resonant mode(13) and should cover the best mode of 

operation for maximizing return flow energies and 

minimizing transmitted wave energies. 

4.4 Test Procedure for Variation of Geome~ry 

In order to expedite the large number of tests it 

was decided that the geometry would be held constant while 

the wav~eriods varied over the full range. The resonator 

depth "d" was varied in one inch steps from 9 inches to 

4 inches. Once all resonator depths lid" had been tested; 

~ach fo~ the full frequency range, ~he tank ~as drained and 

resonator width "w" 'was then decreased by welding into 

,place the next' "u" 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 geometry and 
i ! 

test period the following ~ere measured: 

a) upstream maximum and minimum envelope heights 

b) downstream wave h~~ght 

c) stilling basirt d~pth increase 

d) overflow discharge. 

~~ 4.5 Loop and Node Technique for Domai'n 1 

The upstream enyelope node'and loop amplitudes were 

measured by p~acing the micrometer"~ at a trial depth 

I 
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and successively lowering or raising until the wave 

envelope was delineated by the signal on the C.R.O.. The 
/ 

loop or node positions were found by bisecting the position 

of two equa~ envelope heights as shown in Figure 4-3. The 

probe was then positioned at the mid-point and proqe deptn 
" , 

set, so that at least ten consecuti~e pulses were observed. 

This ensured that high or low waves due to parasitic or 

seiche oscillations were not measured. 
... 

The loop and node 

method is based on the assump~ion that the incident wave 

form is sinusoidal. Real laboratory waves are significantly 

trochoidal. Thi;~if£erence introduces some error in the 

analysis of the par~ial clapotis envelope and according to 

James(15) , gives? larger value than is indicated by "first 
I 

'order theory. The alternate measure~ent technique called 

the "Three Point Method"; in which envelope heights are 

measured at three poi~ts ~ne-eighth wavelength apart, may 

give an unreliable reflectivity at high reflectivities. 
/ 

The downstream wave height was measured at two stations 

s'eparated by 1/4 of the generated wavelength (16). The 

transmitted 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 na~urally related to the stilling 

basin depth increase and thus a steady state condition had 
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to be achieved before measurements could be t~ken. This 

measurement was the last to be taken in all test series. 

The position of the overflow flap was critical in the 

54 

discharges obtained. It was observed that if th~ overflow 

flap was low, excessive back wash over the flap would take 

place. If the flap was too steep the stilling basin water 

levei would be lower than the crest of the overf~ow flap. 

The mo~t effective position was set manually by observing 

the system in operation. The "best" position was such that 

a small quantity of backwash was allowed. This produced 

'maximum discharges and stilling basin depths. In other 

words, a trial and erro~ procedure was adopted to produce 

maximum stilling basin depths. The overflow discharge was 

then measured by observing the time taken to fill a 

500 millilitr~'measuring cylinder. Each discharge was 

measured at least three times to ensure accuracy of 

measurement and uniformity of flow. 

4.7 Control of 'Experiments 

The incident wave period was~measured both prior to 

and immediately following the test procedure. The wave 

pe~iod was measured over a two minute interval to achieve 

the required accuracy. This was particularly necessary when' 

obtaining the peak values of "0" I the ratio of the return 

flow power to the incident wave power. All data measured 

were reduced and 'plotted immediately so that the resulting 
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curves were well defined at all points. Any anomalies 

encountered were immediately re-examined and either 

corrected or noted. 



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",e. It is a measure,of the 

ratio of return flow power to available incident wave , 

power. The incident wave power is given by: 
2 

Pi = WA~H j. CG 

Return flow power is given by: 

(1) 

(2 ) 

This ratio is p10tted against the tuning parameter d/Afor 

.di'fferert values of dlw, producing families of response 

,curves for each w/W ratio tested in Figures 5-1 to 5-4. 

5.~ 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 

"B~, ~nd also knowh as the coefficient of transmission: 

D = ~ or !it. 
~ ai Hi 

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

(3) 

d/w again producing families of curves for each w/W ratio 
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tested in Figures 5-5 to 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 10 : 

ex = ~ or !:!L 
ai Hi 

( 4 ) 

Unlike "at" the accurate evaluation of "ar" 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 th~ envelope is characterized by 

loops and nodes, denoted EL and EN as previously outlined 

in Figure 2-1, providing the wave ~eights are small enough 

for linear th~ory. Once these envelope heights are known 

the coefficient of-reflection is easily obtained from: 

C1 = (5) 

Equation (5) can give rise to serious er~ors if the waves 

are steep and non-linear. C1 is plotted against d/A,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 res~natot overflqw flap is 

essentially similar to wave run-~p on any sloping surface. 

Wave run-up has been studied extensively and it has beeh 
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found that run-up is a function of both the wave and 

beach characteristics. In this study factors such as beach 

porosity, .beac~ r0ughness, 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 ~-13 for all discharges and Figure 5-14 .j 
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 th~ v~cinity of the resonator roouth and within 

~ the resonator chamber itself. Surface agitation was 
~ ... ~. 

detected by observing the ·movements of a floating piece of 

wood approxi~ately.l inch by 1/2 inch by 1/8 inch. Surface 

flow patter~s were detected by ~lacing small quantities of 

a dye solution at various points ih the resonator and 

observing on1y' the trace at the surface. The results of 

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

common modes of resonator operation . 

./ 

I 

I 
I 

,I 

\ 



.. 

,- j -

~ 

" 

'--

'"'" 

.05 
.' __ ito! 

.• 04 

-. 4":-< 
........... . 

'r-! 
!I:' 

... 
'" 

/" til. 0 3 ~. 
J . (J) 

. rrJ 
··z .. 

P< 
\Jl 
\Jl 

. ~ .02 r 'j< 

~ ,;x: 
~ 

. 01 \'> 

• 

" 

f 

..-.. 
... & 

• 
-.A 

... .-, 
A • 

w/W I 
~ .854 

•.• 729 

•• 604 

* .427 

/ "I< 

* • • 1$ • 

.", 

:t. 

• • 

.,.. 

• 

• 

• 
• 

... 

• 

• 

, 

•• ., 
a, •• 

,~ . 

-+.:f • • :jI: 

• -*" •• ... "la:t-
• a • 

" 

.. 

• -1: 

• '. ,1 
"".. 

~ . . • •• • 
• • • • •• • 

A-

'& 

~ " ., 
• • 

. .a. · . - ., 
• • ,w- - 'J;-• a . .-'. 

• A· 

... ~ .. .~ • 
~. e. • • 

~. o. . .-'*'.1- *- 'If, . .. 
.. A *" 

::;; 

; 

.~-

.. 
-: .. .. " 

, .. 
"" 0 4 

,(0 

..-" 
.# 

• 

.. • 'e. 

e·~ • .A 

• • a. • ... .-
A 

I I I I ! I I "" 1(./ 
2 2 2 4 26 12 8 3 Or;. / 3 2 34 36 38 4 0 4 2 

FLAp ANGLE € (degrees) .. 
Fig. S.?13 .. .. 

~ , 

I' 

(. 

! 

Overflow Ramp Ang~e 

-...J 
I-' 

~ .. , 

" 

( 



-. 

• 05 ... 

t-

• 04 ~ 

: '..-<" I-
"-.... 
::r: 
'-' .03 ." 
U) 
U) 

~ 
Z 
Ilt 
~ 
~.02J-
f-i 

/CI) 

~ 'r 
:> 
~. 

~ 
.. D1' 

22 

) 

-
rP'" 

• 

w/w 

A : 854 (mode 2) 

-0/.729 
,,~. 

Ii .60'4 ' II" 

rzs ,.604 (mode. i) 

"* .427 (mode 2,) ., 

24 26, 

Fig. 

"i" .. 

-'. 
\, 

" 

T 

., 
'-

• 
I 

28 30 
FLAP ANGLE E 

~ 

\. 

'~ 

" " ..... 
...... 

• 

• • 
"* 

.' . • 

.. T • 

' .. . ' / 

1 

-

~ 

• 

, * ~ 
',..."* •• CIS' - / / ~ , / / 

~ ./ / '- * /. SI /. .~ /' / 
~. ,/ / 

tc',,.lIn ~,/ &,.., 
"- e/ 4 /1'" 

~_.a.. , 

• 
'" , .. II a "- _/ ----~~ 

fA 

• \.. .......,-

~ 

I I I I I I I 

32 34 36 38 40 42 
(degrees) AT RESONANCE 

5-14 : Overflow ~a~p Angle 'at Resonance 

/. 

,,' 

... 

$' 

-I' 
IY, 



: 

~. 

_. :.J _ .... -" -, 
I. . 

I 0 

I 
. " , 

• <, 

, . . , ........ '-'.' 

'. 

... 

, . 

., 
.... 1' ..... ,"," _:.. • _ • • ,~, 

<0 

/~ 
'/ 

• o • ' . 

~. 

, . 

Fig. 5-15 : Surface Agi~ation and 
\ 

Str~amlines-Mode ~ 

t t:, 

t· ·f 

.... 61·t j! 
~ ..-+ .-...:.. .. ¥.. J 

,.-. ","'1 
:;.. ..... , &..0. '~ ';J~ ~ 

4-0.: a-.. .... ~ .? .J ... .............. _..,. J 

, 
',' 

t , 

. t t 
f t 

, 
• 

t\ \'~ ...... 
t \ \ "- - ............ .. '''' ~ .~ --:.; r'\, ..... .-- ..... 

~ 
t \~,... .... -~ ...... 

t t- l' t. fr-"-, __ -I 
1. 1 t '~ 

t .- t t 
~j 

Fig. 5~16 ': Surface 
. ' 

Agi'tation' and 

, Streamlines Mode 1 

/ 

73 

. ~ . , 

.. """ .. ~ 

. ~ 

," ~ .... ,,:' ..-;. 
, ':- 'fl • 

. 

) . 
'0 ~ . 

t 

,- ... 

/ 



\ 

, , 
i 

CONCLUSIONE; 

."". 

6.1 General~Observations 

1. General observations may be made regarding the 

power extraction coefficient curves presented in Figures 

5-1 to 5-,4. , The most signi ficant result, easily observed 
./ 

from the po~er extraction curves, is that both efficiency 

'and versatility of ret~~~ flow resonators is very much 
, 

dependant on the ~~~ator width w. Efficiency 'decreases . / 
/' 

with wid,th, and becomes 'v~ry, poor (approx. 1%) for w/W 

,ra t'ios below O. 5 

2. The bandwidth for power ext~action at a given 

efficiency is '~lso dependant on resonator width. The 

narrower-tne resonator, the finer the tuning for given 
I . 

power extraction, qS i~lustra~ed ~y the narrow response 

curves in Figure 5-3. 
3. Peak power extraction tends to increase' for 

decFeasing'd/w. In other.words, the best ·resonator 

c~pfiguration for power extraction occurs for small 

values of d., Thus from ~he'ex~erimental r'sults obtained 

in this stuCly it is evident that the most effecti've 

resc?~a.tor geo"metry for return fl.ow Is' ,the channel expansion 
\ • r ,. 

configuration .. Fortunately this geometry is. also the most 
.·A 

ecbnom~cal, due to the ~educed fengths of breakw~ter 

. " 
, ' 74 

t, 
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required. Channel expansion resonators are probably more 

easily adapt:ed to existing harbour entrances. 

4. From ~he e~erimental 'rescilts, between 2 and 5 

75 

percent of incident "'-!lave power might be obtained for return 

flow. This. Pfoqably represents a significant quantity of 

inexhaustable energy for dredging pur~oses. 

5. When equation (56), page 26, was checked against 

experimental discharge~ it yield~d·flows Nhich were generally 

an order of magnitude too large. This might be explained' 
I 

by' the absence of any energy loss terms in it's derivation. 

This suggests a sig,n~ficant ener9'Y dls's-ipation in the 

operation, of the res6nato,r or overflow ramp'. , No att~mpt 

,~was made to acco'unt for' this energy 'lo,;:;·s. 
" q. Parameters for peak ret~rn flow, in some cases, 

did not coin'c,ide with the d!,=sign curve, Figure 1- 3, 

presente:d by James;' the ~~lues 'for _'d/A, ob~ain~d in this 
. . . - . . .. . 
study being consistently larger. The 'disag~eement increased 

for·inc~easing res~nator dept~ d ~nd also inc~eased.for 
. . ' 

in~reasing main chan~el'width w. Insufficient data were. 

, i 

available for preparation of· a simil~r design curve .£or 
I 

geometry for resohance'of return flow resonators. 

7. Transmissivity and refle~tivitY'peaks were 

found to coincide w~th the ~eturn flow peaks. Thus 
• • • r • 

.. ". .. 

~transmissivit~ mi~im~; reflecti~ity' maxima a~d return flow . ' 
power max~m~ all oc~ur' at the ~am~ geometri~s. That'is 

to·..q,ay, the resohator is working. most eff~cti"ve~y Wt t~ 



I 
I 
I , 
\ 

I 
I 

• 

, 
.... 

regara to reduction of transmitted waves at the same time .. . 

as maximfm efficiency for return flow is achieved. 

8. A general trend in the transmis~ivity and 
, , 

76 

reflectivity curves suggests that minimum wave transmittance, 

. accompanied by maximum wave reflection, occur~ for smaller 

values of resonant d/A. This again verifies th~t the 
. 

"cha·nne.l expansion configuratipn is more efficient. 

'9.. During the experiments, the over-fl<?w flap in 

th~ .. resonators had}o be set manually to obtain the 
~ 

maximum discharge and maximum overflow reservoi~ height. 

Thus setting of the flap angle cpuld only be controlled 

by constantly monitpring the still~ng basin water depth. 

The method was SlO~ and sUbject 'to error. Hence the 

discharges recorded may not have been the absolute 
I 

maximum possible. trhe most' efficient flap angle was 
• I 

generally observed to occur wherr a small ~uantity of 

water spilled back over the flap into the reson~tor. 

10. Amplitudes in the resonator were, of course, 

affected by the.flap angle. 
I 

With the flap 'in a vertical 

p~sition, maximum amplitudes' were obtained; as the flap 

was rowere~ ir~cr.easing the over flow I a!Upli tudes d~crea'$ed 

P~bducing ~ smaller overflow than ex~ected .. T~~ flap ~ad 
. . I . . . 

to be lowered furthe'r until a:steady state condition was 

achieved and at which point 'some back wash generally .. ~ . 
, . 

occurred. This coinci~ed with maximum levels in the 

stilling chamber behind the reservoir. 

. . 

I 
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11. From Figure ~-13, page 71, it can be seen that 

flap angle tended to inc~ease fo~ increasing values of 

wave steepness ,and was' a 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 ~hich'shows flap angles at resonance. To 

?ome extent, this is to be expected due to the drastic 

amplification in the resonator chamber. Figures 5-13 

and 5-14 are presented here in the h~pe that they may 

initiate research. 

-12./ Stilling basin depth increases above the 
, . 

normal still wa~~r level varied between the inciderit 
\ 

wave ampli tude and the incident wave heigh.t for the 
~ 

geometries tested. 

13. Navigability, especially for small craft, in 
. . 

the vi9inity~of the resonator was of concern in this 

I 
.study. Simple exp~riments car~ied out may be hoted. 

the motion of a f~oating piece of· wood 1 inch....by 
" ' 

1/2 inch by 1/8 inch w'~s observed car'ef,ully. Evidently 
1 , ~\ 

small cra~t ~ay experien~e amplified movement in the 

junction .element, ,but there aPl?ears to be no risk ,that 

these' 'small craft wIll be drawn into the resonator chamber. 

14. Observation- of st;ea~lineSi detected,by the 
,-

addition of a liguid dye sblution indicated v~ry small 

currents entering the·resonator. Mode 2 6pe~ation 

'experienced a slow ~otational motion in the re~onator as 

.. 
'. 

.... 
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indicated in Figu're 5-15, page 73. < This ~otion, might 
~ 

contrib~te to an accumulation of f~oating debris at the 

"vortex" shown. 

15. The highest orbital velocities, accelerations 

and displacements occur immediat~,ly adjacen.t t? the 

resonator mouth and the curved corner. The bigger the 
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radius bf curvature of the corner the slighter ~ill be th~ 

vector accelerations. The velocities and displacements 
- , 

appear to be inversely related to the width of the 

resonator. 

,ln4" surrunarf general design ~uid~lines - may be 

su~gested. The most effectiv~ resonator geometry for wav~ 

iment contr'ol ap~ear;; to be the ~h'atmel expansion . 

Such a'resonator might employ non-uniform depths 

the resonator an? main channel to reduce ,construction 

costs an9 also to fav.orably alter the response of ,t,he 

resonator. A battery configuration ~mploying.a common 
t ' , 

overflow basi-n might provide protec'tioriy and' scouring flows . , \ 

'\ . 
over a w1de'range of troublesome w~ve per~ods. In any 

design layout, the resonator-or battery should b~ placed 

. ~lose to the ocean domain as possible; to reduce the 

length of entr~nce adversely affected by the outgoing . 
re~lected waves. The agitation provided by the.p&rtial 

clap6tis combined with the rB1urn flow currents will 

'~ro,~ide em:' e'xcellent system ot' sediment. bypassi·n~:: :rhis . 
.. ' 

" '. ..... 
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innovation in harbour resonators has the potential for 
. 

saying millions of dollars annually in dredging costs as . , 

well as preventing severe erosion or accretion of coastal 

zones by not disrupting the natural littoral sediment 

transport phenomena. 

6.2 Experimental Difficulties 

Among the difficulties encountered in the control 

of the experimental test program wa~ the generation of 
/ 

waves of accurate wave period. This difficulty was 

overcome by a gear and pulley reduc~ion drive system 
~ 

~tilisin~ the rotational inertia ' 6f the motor. ~y\timing 

the waves over a sufficiently long time interval, 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 

,~tank width initially caused severe deformation in the . - . 

clapotis envelope. This introduced considerable error 

ov~r a specific n~~row wave frequ~ncy band. T~is problem 

~as overcome by -introducing w~ve guides as described 
~ 

previously into the channel at the no~l points for the 
, 

highest possible harmonic of the transverse oscill?tion. 
~ 

LoOp and nbde he~ghts were found tO,be sligh~ly. 

Envelopes wou~d increase and decrease 
.' " . . , . 

periodically if the time pf observation ext?nded bver 

~ . 
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, -
a long enougb period. This is evidence of long period waves 

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

'envelope minima would.dec~ease while ,the ~axima 

simultaneously increased. The actual envelope height 

recorded was the maximum envelope height measured during 

t~e periodic variation. . , 
The resonator rear wall had to be reduced in length 

for each reduction in resonator width. It was initially 
, < 

difficult to place the rear wall in po~ltion, due to the 

rough fit sometimes encountereg, without allowing leakage 

of overflow discharge back into the main channel. Thus the 

joints between the rear wall:and th~ resonatpr walls were 

sealed tq reduce this leakage. This condition was ~ 

aggravated by a sloshing condition set up in the overflow 

basin. This was overcome by dampingfthis mption in the 
I 

, ) 

reservoit~h ~ibreglass screening e 

6.3 Expected Pro't<?type Results 

The application of these results to full scal~ 

return flow resonators is illustrated here. 

The prototype narbour will have a width,of 
~ 

120 feet. and a depth of 10 feet. The significant wave ... 
entering the harbour has a perioq of 7 seconds and a 

,.' 
. height o~ 6 feet. The wave length associated with thi"S 

wave period and dept·h is approximately 120 feet. The ra.tio 

w/W.s~ould be as ~igh as possibie within the constraints 

" 



81 

of ¥he local topography. The higher this ratio, the 

broader the band of wave frequencies that will be affected 

by the resonator. In this case~a value of 0.85 will be 

used. The corresponding resonator width w is thus 

approximately 102 feet. The evaluation of the resonator 

depth d is a trial and error method in which the value 

of the power extraction qoefficient is maximized. The 
.. 

evaluation of d will be condensed here but given to 
, , 

illustrate the method. Firstly, a trial value of d must 

be chosen. A good first, approximation for resonator depth 

is one third of the reson~tor width. A fjrst approximati6n 

in this example will be 35 fe~t. CObresponding design 

parameters are then calculated as being~ dlw + 0.343 and . 
d/). + 0.29'1. From Figure 5-1" page.. 57, the corresponding 

value of 0 is' 0.021. Subseque,nt guesses for the value of 

d and'the reBul ting values of 8 are given below. 
• ,I 

For d = 30.0 ft .. 'd/w = 0.294 8 = 0.022 
d/;" = 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 8 = O.Ole; 
d/" = 0.167 

For d = 23.0 ft. d/w = 0.22:' 8 = 0.0193 
d/;"·= 0.192 

F~r d = 28.0 ft. d;w = 0.274 8 = 0.0225 
d/;\ 0.233\ 

These values~ may then be'plott~d a$ shown in 

• Figure 6-1. The optimum va·lue of d for maximum re'turn, flow 
, . 
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power may then be evaluated from this plot. In this case 

a d value of 27 feet gives a power extraction 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: 

Therefore, 

2 

P · W;\'ylli C 
1. = 8 • G 

= (120) (120).(62.4) (6) 2 (15.8) 
8 

= 6.388 X 10 7 ft-Ib/sec. 

power available for return flo'w 

Prf = 6.388 x 10 7 (0.0227) 

= 1. 45 X 10& ft-Ib/sec 

or 2,636.8 Horsepower. 
~ 

is: 

Therefore, the product of discharge and stilling basin 

depth increase for one .resonator, from equation 52, 

page 25, will equal 11,619 ft~/sec. Now" since stilling 

basin depth increase was found to generally ~~nge between 
~. ,.-,; '" .,. 

the incident wave amplitude and the incident wave height, 
-

83 

·a stilling basin.depth increase of 4 feet m1ght reasonably / 
• 

be expected. This would yield a return flow dischar~e 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, . 
which is more than ample for moving even coarse gravels. 

~he potential for scour and prevention of sediment 

. I 
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depositio~ and penetration into .the harbour is evidently 

substa"tial and return flow res?nat~rs appear to provide 

84 

a very acceptable means of sedime~t bypassing and control. 

With the design parameters obtained in the resonator design 

it .is also possible to predic~ values for both a and 8. 

From figures 5-5 and 5-9 expected' values fO'r rcflecti vi ty 

and transmissivity respectively arc 0.08 and ~.76 . These 

values are not near optimum and a new trial resonatqr could 
. , 

'be tried. It should also be noted that in this e,xample the " 
. p ,,, .. " 

W/A ratio is·l.O which is the upper limit for effectiveness 

of these resonators. 

6.4 Possible Use in Canada 

The Great Lakes system supports a large commercial 

fishing flee't, an~ a large fleet of. pleasure craf~, ~ased 

in numerous small harbours which have. problems related to 

the intrusion of ' storm waves into the.inner harbour zone. . ' 

The use of r~thrn flow harbour·resonators woul~ evid~ntly 

provide a sound solutiqn to the problems faced by these 

small harQours due to their small dimensions, the range of 

waves gcneJ:"at~d and-the absence of rocky coasts which might 

hamper construction. Return flow resonators might be used in 

small coastal harbours provided that the-tidal range does 

not inactivate the rear overflow wall. A variable geometry 

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

spectrum expertenced in real wave climate.s. 
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~COMMENDATIONS 

7:1 Range of Geometries 

'-. 

The range of r~sonator geometries .tested in this ' 

'study' v~~ied between entrance s?hannel expans~ns ,(W;;;) 

"to branch channe15 (w<d). The latter geometry proved to 

be less 'efficient tha.n. th~ former.' 
r • 

A'more extenSl.ve 

,study of the, dha'rlnel expansion resonator shape is 

edvisaole. Fihe dimensional resolution with regard to 

'. resonator <:1epth .. d'~ is recommended to provide accurate 

tuning at resonance. 

7.,2 Acoustic Modeling 

The use of acoustic modeling equipment could 

-greatly expedi te the e.xtensi ve study require,d ,to per~ect , 
\ . 

the use of resonators and return flow resonators. 

Acoustic mqdel~ng' is very inexpensive bnce the initial 

mon~torlng and generating equipment is provided. This 

method is q~iCk and'encorporates, much great~r frequercy 
, , 

control througho~t ·th~ experiment. Acoustic modeling of 
\, 

the return flow requires dev~lopment, since the hydraulic 

results are now available for comparison. 

. . . 
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7.3 Prototype Tests 

A return flow resonator should be bu~lt on one 

o~. the Great- Lakes minor /h~rbou:r:s which experiences both 
'--

wave and seairnentat'ion problems. The harbour should be 
. / 

86 

easily accessible from an institut~on which, could properly 

.monitor the test facility. 
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1. 91 w305 .058 .579 11.17 0.122 0.50 1.110 0.989 1.050 ~"9 8.8 0.608 133.64 1.)26 
2.26 . '258 .103' .765 22.75 0.226 1.89 1.155 0,.939 1. 047 5,36.8 0.801 314.17 3.52 
2.50 .233 .251 .562 60.62 0.572 12.74 1.).87 U.711 0.949 531.'2 0 .. 533 167:58 23.97 
2.77 .. 21,0 .317 .59'5 53.12 0.4.93 9.~2 0.996 0.516 0.756 406.1 0.450 143.90 23.68 
3.00 .194 .426 .'500 44.50 0.399 ' '6,.52 a.OO3 0 • .404 0.704 405.3 0.352 101.i9 16.09 . 

, 3.25 .179 .473 .226 45,.00 0.402 6.64 1. 063 0.380 0.722 '4$'0.,8 0.163 25.06 13.54 
3.48 .167 .582 .67 7 4 :),-0-0 0.396 6.25 1.152 0.304 0.728 5.59~ 5 0'.4.93 256.56 11.18 
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 
2.60 .224 :247 .510 61.25 0.650 14.62 1.076 0.650 0.863 -471.6 0.440 122.59 31.01 

t· 

,~ 
1 
w 

.y 

\ 

'--



~ 



) 

d T A d/A 0. B Qrf hsb 

9 .70 2.26 .332 .076 .834 23.50 0.276 
:75 2.50 .·300 ,0111 .765 50.62 0.516 
.80 2.75 .273 .177 .804 35.00 0.368 
.855 3.03 .248 .290 .861 29.67 0.320 
.90 3.25 .231 .456 ,708 30.33 0.327 
.95 3 .. 48 .216 .652 .535 34.16 0.355 

1. 00 3.75 .200 .517 .285 45.50 0.478 
1. 05 . 4.00 .187 .703 .385 26.11 0.294 

.96 3.55 .211 .597 .534 33.75 0.360 

.713 2.34 .320 .130 .709 60.00 0.595 

.733 2.43 .308 .100 .740 56.25 0.572 

.725 2.37 .316 .167 .734 55.63 0.571 

8 .70 ' 2.26 .~95 .171 .651 47.50 0.554 
.73 2.40 .278 .176 .622 53.75 0.62~ 

, . 75 2.50 .267 .164 .758 47.50 0.554 
.80 2.75 .242 :~ .• 960 28.00 0.383 
.85 3.00 .222 .764 26.33 00·369 
.90 3.25 .205 .597 .371 35.00 0.432 
.95 3.50 '.190 .739 .289 38.50 0.457 

1. 05 . 4.00 .167 .692 .385 15.00 0.296 
1. 00 3.75 .118 .713 .179 30.00 0.422 

.973 3.60 .185 .648 .. 366 20.00 0.333 

.715 2.32 .287 .135 .727 54.37 0.611 

7 .70 2.26 .25.8 .241 .645 5
0
1.'25 0.609 

• 75 2.50 .233 .295 .656 40 .. 00 0.492 
.80 2.75 .212 .312 . . 784 21. 00 0.352 
.845 2.96 .197 .441 .7~6 29.0.0 0.403 
.90 3.25 .179 .718 .349 31. 67 0.432 

W - 24" 
w - 14 5" ;, 

Prf . HL HN H. 
l. 

10- 3 

2.38 1.164 0.999 1. 082 
9.59 1.129 0.904 1.017 
4.73 1.006 0.703 0.855 
3.49 1. 001 0.551, 0.776 
3.64 0.976 0.365 0.671 
4.45 0.940 0.198 0.569 
7.99 1.180 0.376 0.778 
2.,82 0.838 0.146 0.492 
4.46 0.963 0.243 ,0.6,03 

13.11 1.183 0.910 1. 047 
11. 82 1.129 0.924 1. 027 
11. 67 1.131 0.808 0.970 

9.67 1. 261 0.892 1.,077 
12.28 1.190 0.834 1.012 

9.67 1. 225 0.880 1. 053 
3.94 1.129 0.616 0.873 
3.57 1. 019 0.525 0.772 
5.55 1. 481 0.374 0.928 
6.46 1. 248 0 .. 187 0.718 
1. 64 0.824 0.150 0.487 
4;65 1.178 0.197 0.688 
2.45 0.926 0.198 0.562 

12.20 1.125 0.857 0.·991 

11. 46 1.188 0.726 0.957 
7.23 1. 272 0.693 0.983 
2.72 1. 073 0.563 0.818 
4.29 1. 057 0.410 0.734 
5.03 1. 047 0.172 0.610 . 

~ 

P. Ht .l. . 
10- 3 

572.7 0.902 
609.5 0.778 
512.3 0.687 
501.1 0.668 
423.9 0.475 

. 263'.8 0.305 
725.4 o . 2.2·2 
322.1 0.190 

--:398.3 0.322 
571.9 0.742 
589.7 0.760 
501. 9 0.712 

567.5 0.701 
560.5 0.630 
653.4 0.798 
534.1 0.837 
·488.1 0'.590 
811.1 0.344 
550.1 0.208 

. 315.6 0:188 
566.5 0.123 
354.1 0.206 
505.0 0.. .. 720 

448.5 0.617 
569.4 0.645 
469.5 0.643 
430.5 0."533 
350.3 0.213 

..., p·t 
10- 3 

398.39 
356.58 
331. 13 
371. 31 
212.29 
75.54 
59~07 

-47.79 
113.56 
287.51 
322 84 
27(/.13 

240.28 
216.88 
375.64 
491.51 
2B4.61 
111. 58 

A6.DO 
46.78 
18.13 
.117.-35 

266.58 

186.41 
245.03 
288.72 
226.86 

42.58 

e 
, 10- 3 

4.16 
15.74 

9.23 
6.9~ 
8.59 

16.89 
11.01 

8.75 
11. 21 
22.93 
20.,04 
23.24 

17.03 
21. 91 
14.79 

7.3S 
7.31 
6.85 

11. 75 
5.18 
8.21 
6.91 

24.16 

25.56 
12.69 

' 5.78 
9.97 

14.35 :x:
I 

lJ1 

c 

11. 



'\ 

" 
d T X d/X Cl B ' Q

rf hsb 

7 .95 3.50 .167 .776 .177 31. 00 0.422 
~.OO 3.75 .1;56 .662 .494 350142 0.473 
~,,69 2.22 .263 .211 .653 53.13 O. b32 . , 

6 .64 1. 95 .256 .060 .281 12.00 0.210 
.695 2.24 .223 .172 .760 52.50 0.565 
.741 2.46 .203 .159 .707 50.00 0.537 
.82 2.85 .17~ ... 401 .651 52.50 0.557 
.87 3.10 .161 .619 .370 55.00 0 .. 589 

~.{)2. 3.85 .136 . . 605 .525 28.67 0.347 
.955 3.53 .142 .702 .377 21. 00 0.327 
.92 3.35 .149 .625 .390 49.50 0~541 
.67, 2'.10 .238 .156 · 7'22 23. ].s. 0.302 
.685 2.18 .. 230 .167 .712 52.50 0.569 

.~ . -
5 .655 2.03 .205 .176 .757 26.3-3 0.293 

.685 2.18 .191 .243, .582 70.80 0: 721 

.741 2.46 .16,9 .281 .666 55.00 0.550 

.788 2.67 .156 .390 .636 50.63 0.517 

.854 3.02 .138 .565 .520 6~ .. 88 0.609 

.932 3.40 .123 .588 .540 41. 00 0.414 

.812 2.80 .149 .568 .336 78.33 0.803 
-

4 .634 1.93 .173 .166 • · 752 25.00 0.239 
.693 2.23 .149 .302 · '554 65.83 -0.620 
.76 2.55 .131 .431 .435 60 • .D0 0.-565 
:813 2.80 .119 .539 .669 70.00 0.648 
.91 3.27 .102 .464 .751 -50.00 0.447 
.807 2.77 .120 .500 .524 78.33 ,0. 739, 

- -

W - 24" 
w - 14.5'· 

Prf HL ~ H. 
l. 

10- 3 

4.81 0.977 0.123 0.5.50 
6.15 1. 255 0.255 0.755 

12.33 1. 351 O.BSI 1.116 . 
0.93 1.144 1. 015 1.080 

10.89 1. 245· 0.880 1. 063 
9.86 1.170 0.849 1. 010 

10.74 1. 430 0.612 1. 021 
11. 90 1. 402 0.330 0.866 

3.65 ,1. 005 0.247 0.626 
3.24 0,.926 0.162 0.544 
9.84 1. 482 0.342 0.912 
2.63 1. 239. 0.904 1. 072 

10.97 1.248 0.891 1. 070 
/ 

2.83 1.291 0.904 1. 098 
18.76 1. 369 0.834 1.102 
ld. .11 1.346 0.756 1. 051 
9.61 1. 097 0.481 0.789 

13.84 .1. 588 0.442 1.'015 
6.23 1.192 0.309 0.,751 

23.10 1. 618 0.446 1. 032 
, 

2-:'1. 9 1.176 0.842 1. 009 
14.99 1. 316 0.706 1. 011 
12.45 i. 598 0.635 1 .. 117 
16.66 1.391 0.417 0.904 

8.21 1. 297 0.475 0.886 
21. 26 1.321 0.440 0:881 

'\ 
--.l 

P. Ht l. 
lO-'3 

323.2 0.098 
68'3.1 0.373 
590.7 0.729 

-
435.7 0.304 
544.1 0.808 
582.6 0.714 
779,5 0.665 
649.6 0.320 
492.0 0.329 
321. 0 0.205 
823.2 0.356 
492.1 0 • .7 74 
524.9 0.762 

486.1 0.831 
556.7 0.642 
631.4 0.700 
413.8 0.502 
852.8 O~528 
572.6 0.405 
771. 5 0.347 

, 

376.8 0.759 
488.9 0.560 
763-.1 0.486 
592~0 0.605 
745.3 0.666 
550.7 0.4.61 

~ 

P t 
10- 3 

10.16 
166.74 
252.05 

34.44 
314.25 
291. 42 
330.69 

88.69 
135.47 

45.58 
125.43 
256.77 
266.44 

278.34 
,188.84 
279.71 
167.51 
230.76 
166.75 

86.97 

212.91 
150.01 
144.17 
2'65.14 
420.48 
150.95 

e 
10- 3 

14.8'7 
9".01 

20.87 

2.12 
20.0,2 
16.93 
-13.78 
18.32 

7.43 
10.10 
11.95 

-

5.35 
20.90 

5.8~ 
33.69 
17.60 
23.23 
16.23 
10.89 
29.94 

5.82 
30.66 
16.32 
28.14 
11.0.2 
38.61 

~ 
I 

C1'I 

----

.... 



• 

d T A d/A ex B Qrf hsb 

9 .54 1. 45 .517 .110 .681 15.90 0.158 
.65 2.00 .375 .090 .718 26.67 0.246 
.82 2.85 .263 .124 .552 63.3,4 0.597 
.90 3.25 .231 .096 .692 52.50 ,0.494 

1. 00 3.74 '.201 .118 .814 25.00 0.230 

B .55 -1.50 .444 .076 .665 14.87 0.189 
.65 ~. 00 .333 .017 .777 18.67 0:217 
.80 2.75 .242 .. 048 .656 45.45 D.463 
.89 3.20 .208 .055 .604 52.75 0.523 

1.00 3.74 .178 .041 • 793 26.93 0.288 

7 .54 1. 45 . : 402 .060 .769 16.50 0.199 
, '.66 2.05 .284 .027 .785 .42.00 0.424 

.76 2.55 .229 . O~r .575 53.12 0.546 

.86 3.05 .191 .065 .678 56 .. 63 o .,5 ~9 

.95 3"?'S'O- .• 167 .090 .747 29.67 0.314 . . 
5 .53 1.42 .352 .053 '.721 18.34 0'.192 

.64 1:95 .256 .049 .799 45.50 0.454 

.75 2.50 .200 .064 .543 55.00 0.544 

.86 3.05 .164 .081 '. 708 56.67 -0': 557 
/ .95 3.50 .143 .055 .762 33 ~3-4 0.324 

- f- ' 

:> '.55 1. 5{) .278 .035 .650 
~ 

9.00 0.197 
.64 1.95 .214 .103 .755 57.50 0.592 
.74 2.45 .170 .047 .491 5,6.67 0.582 
.86 '3.05 .137 .141 .681 50.83 0.527 
.96 3.55 .117 .-017 .815 32.00 0.323 

" 

... 

-, 

W - 48" 
w - 20.5" 

Prf HL HN H. 
l. . 

10- 3 

'0.92 1.041 0.835 0.938 
2~, 41 1.118 0.934 1. 026 

13.89 1. 00,5 0.783 0.894 
9.53 0.812 0.670 0.741 
2,.11 .0.735 0.580 0.658 

1. 03 1.008 0.866 0.937 
1.49 1.010 0.976 0.993 
7.73 0.915 0.831 0.873 

10.13 0.784 0.702 0.743 
2.85 0.681 0.627 0.654 

1. 21 0.986 0.875 0.931 
6.54 0.994 0.941 0.968 

10.65 1,007 0.927 0.967 
12.04 0:878 0.771 0.825 

3.42 0.784 0.654 0.719 
. ,III . 
1. 29 0.943 0.B48 0.896 
7.59 1. 044 0.946 0.995 

10.99 0.992 0.873 0.933 
11. 59 0.90B 0.771. 0.840 

3.97 0.761 0.682 0.722 . 
0.65 0.939 0.876 0.908 

12.50 1.188 0.966 1.077 
12.11 1.002. 0.912 0.957 

9.84 0.995 0.749 0.872 
3.80' 0.698 0.674 0.686 

Pi H
t 

, 10- 3 ... 
394.5 0.639 
825.6 0.737 

1196.8 0:494 
1034'.3 0.513 
1031.7 0.536 

415.2 0.623 
774.3 O. 772 

1069.4 0'.573 
'1010.5 0.449 
1021.8 0.519 

386.3 0.716 
769.2 0.760 

1143.3 0;557 
1144.7 0.559 
1104.7 0.538 

-
344.9 0.646 
743.3 0.7.96 

1025.4 0.507 
li88.1 0.595 
1112.4 0.550 

389.9 0.590 
871. 3 0.814 

1'040.4 0.470 
12BO.3 0.59,4 
1030.9 0.559 

.' 

P
t 

10- 3 

181. 87 
426.03 
364.69 
495.72 
684.33 

1B3.54 
467.36 
460.71' 
369.01 
643.47 

22B.70 
473.99 
378.65 
526.16 
617.39 

179,.49 
475 e l1 
302.51 
596.11 
646'.44 . 
164.61 
497.13 
250.9·4 
593.11 
684.52 

e 
10-3 
*V 

2.35 
2.92 

11.60 
9.21 
2.05 

2.49 
1. 92 
7.23 

10.03 
2.79 

3.12 
'8.5.0 
9.32 

10.52 
3.10 

3.15 
10.21 
,10. 72 

9.76 
3.57 

1:67 
14.35 
1,1. 64 

7.68 
3.68 

.. 

~ 
I 

-..J 



<1 

w - 48'" 
w -.20.5" 

- t '. 

--~-

d . 'I! A d/A .(l • ~ Qrf, hsb Prf Hi ~ Hi Pi Ht Pi e 

4 

, . 

~_.__ _ __ ~~ ____ 10--=-=------____ > 10- 3 LQ-3 10- 3 -, 
.56 1. 56 .214 .035 .999 14.00 0.185 
.66 2.05 .163 '.107- .. 657 .51.00 0.524 

" 75 2.50 . .133 .381 .251 6'1.17 0.658 
.86 . 3.05 ... 109 .03'9 .693 59.17 0.610 
.96' 3.55 .094 ~~21 .769 26.67 0.306 

. , 

t" 
... 

1l' 

.,. 

------

0.95 0.938 0.874 0.906 416.2 
9.82 1.103 0'.890 0.997 815.9 

15:51 1. 335 0.598 0.967 1101..0 
13.26 0.856- 0.792 0.824 1143.3 

2.99 0.887 0.566 0.727 1156.2 

0.923 431.46 
0.655 352.53 
0.243 69.60 
0.571 548.99 
0.559 683.29 

2.29 
12~03 

14.08 
11. 60 

2.59 

. 

~ 
.. - . 

. ;/, 
'. L_ ___ 

( . 

)I 
- I 

(Xl 



I 
I 
I 

" 

W -
24 

~ 
~ 

'\ 

w -
20.5 

~\ ~, ~ 
iI; 
/, 

d T -.; 

9 0.54 
.66 
.80 
.90 

1. 00 

8 .53 
. 6 i1 
.75 
.84 
.96 

7 . 53 
.65 
.75 
.86 
.95 

6 ,.55 
.65, 
.75 
.85 
.95 

'5 .55 
.66 
.76 

~' ' .85 
~96 

4 .,5 5 
, .65 
• 7'5 
.86 
.96 

" 

i~ A-9 

WAVE FLAP 
STEEPNESS ANGLE 

.0456 24.45 

.0404 30.48 
,.0304 45.49 

• I 

.0193 36.69 

.0121 29.95 

.0394 23.85 

.0431 31 .. '01' 

.0309 31.36 

.0193 37.27 

.0156 34.92 

.0416 . 24.41,' 

.0413 32.-44 

f .0290 38'.64 
.0185 39.23 
.0144 \ 32.85 

" 

.0490 24.83 

.0410 32.87 

.0319 42.91 

. 0222'~ 40.30 

.0172 31. 52 
,'-

""- .0501 23.93 
. 0 3 9 5, 34.47 

.. 0310 41.61 
.'0213 38.52 
• 0156 

.. 
30 .. 80 

.0513 24.35 

.0'422 31.89 

.0303 33.78 

.0228 31. 79 

.0161 28.55 

I 



..... 

, , 

J 

A-10 
- i 

~. 

/ 

W d T WAVE FLAP w STEEPNESS filiGLE, - -
24 17 .. 5 9 0.60 .0476 24~23 

.70 .0371 26.03 
/_ 80 .0255 36.96 

.75 .0322 29.63 
\.85 .0220 31. 68 

.90 .0214 32.79 
,.96 .0197 , 32.41 

8 .65 .0430 22.85 
.75 .0347 32.06 
.70 .0380 25.04 
.80 .0250, 33.53 
.85 .0216' 30.80 
.95, .0181 30.3:? 

tr • 78 .0276 38.~7 

7 .63~ .0458 24.13 
.70- .0386 26.77 

, ... 
· 75 .0316 36.07 
.80 .0227 33.86 
.85 .0196 31.31 
.90 .0185 31. 38 
.95 ' .0174 :31.22' 
• 78 .0297 36.38 
.77 .0277 38.32 

6 .65 .0449 26.51 
• 70 .0405 29.81 

, ) .75 .033·1 37.88 
.80 .0234 35.70 
.77 .0311 39.20 
.85 .0274 34.83 
.78 .0283 38.75 

.s .65 ' .0443 28.21 
• 70 .0414 35.59 
.75 .0299 38.61 ---
.80 .0226 37.62 
.84 .0205 37.01 
.93 .0217 ~3.06 
.77 .0259 38.'58 

4 .65 .0461 31. 28 . 
.,70 ,.0369 37.88 
.84 .0209 36:81 
.90 .0199 32.14 
.75 .0324 4.0.63 
.81 .0277 40.63 



----~--.- .. 6 ____ .--,......... ... _ \ 

I 

! . J~_ll 
WAVE FLAP 

W w d T STEEPNESS ~GLE - -
24 14.5 9 0.70 • 039~ .28.06 

.75 .0339 34.50 

\ .80 .0259 30.47 
.85 .0213 ,29. 2~ 

". • 9'0 .0172 29.39 
.95 · 01·36 30.13 

1.00 · 0173 33.45 
1.05 .0102' 28.53 , .96 .0141 30.,26· 
.. 71 ).0373 36.73 
.73 .0352 36.07 
.72 . 0341 " . 36 ;{),4 

'> 8. .70 .0397 35.56 
.73 .0351 3/~50 
.75 .. 0351 35.56 
.80 .0264 30.88 
.85 .0214 30.50 
.90 ~0238 32.19 
.95 .0171 32.87 

1.05 .0101 28.61 
1.00 .0153 31. 92 

.97 .0130 29.55 
· 72 . .0356 37.18 

"I '., 

7 .70 .0353 37.13 
.75 .,0328 33.83 
.80 .0248 ·30.05 
.85 .0207 31. 41 
.90 .0156 32.19 
.95 ".0131 31.92 

1.00 .0168 33.31 . .-

,.69 .0419 37.79 

6 .64 .0462 26.36 
.69 .0395 35.87 
• 74 .0342 35.08 
.82 .0298 35.65 
.97 .0233 36.55 

1.02 .0135 29.92 
• 95 .0128 . 29.39 
.92 .0227 35.20 
.67 .0425 28:74 
.68 .0409 35.99 



A-12 

\ 

W ',W 'd 

24 14.5 .~~. 

WAVE FLAP .~ 

T, STEEPNESS ANGLE 

0.65 ~0451 28. 5'0 
.68 .0421 40 •. 42'--
.74 .035'6 35.45 

\ '. 

.79 .0246 34.53 

.85 .0280 37.13 

.93 .0184' 31.71 
< .81 .0307 42.94 
1 

I 4 

I \ ~ 

'.63 . .0436 27.10 
.69 .0378 37.44, 
· 76 :0365 35.87 
· 81 .0269 38.26 
.91 .O~ 3,2 . 60 , 

4 · 80 .0265 40.97 
~ 
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