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ABSTRACT

This thesis describes the design of a proposed, new
hydraulic laboratofy, wave generator for use in a 39'-4%" long,
30" wide and 36" deep flume, and the re-design of a small wave
generator previously built for a 21'-3 5/8" long, 8 3/4" wide and
10 5/8" deep. flume., These relatively short flumes are installed
in the Hydraulics Laboratory of the Departmgnt of Civil Engineering,
University of British Columbia, and the installation of the proposed,
new wave generator would augment the present limited wave research
facilities. The project is supported by an operating grant from the

National Research Council of Canada.

The»preparatory study of laboratory wave generators in
use, presented herein, was made to determine how they function and
theif design problems. It was concluded that a rigid paddle, double
articulation type would be best for generating deep-water, transition

and shallow-water waves in a flume of relatively short length.

Biesel's wave generator theory is outlined and was used in
estimating wave heights and in determining power and strength require-

ments.

The existing wave generator for the 'small" flume is a
rigid paddle, double articulation type. It did not function satis-

factorily due to a very irregular paddle motion. The causes were
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isolated and a new drive system designed and installed, with good

results. The resulting new operating specifications are:

power l.vHﬁ (D.C.)

wave period range 0.34 to 2.1 secs.

design water depth 6.5"

estimated maximum wave height = 4"

The prbposed, new wave generator for the "large" flume is
a rigid paddle, double articulation type designed around the ad-
justable paddle concept of G.D. Ransford (1949) as modified by

Lt. C.B. Coyer (1953). The designed operating characteristics are:

power = 10.Hp (D.C.)
wave period range = 0.68 to 4.28 secs.
design water depth = 25"

[

estimated maximum wave height 14"
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LIST OF SYMBOLS

WAVE THEORY

C

L

Wave celerity (velocity of a wave).

Wave length.

Wave height.

Water depth from bottom to still water level.
Coordinates.

Wave period (secs.).

Wave steepness.

Acceleration due to gravity.

Water mass density in slugs/cu.ft. ie. (1b.sec.2ft_4)
Water surface tension (lbs./ft.)

Full horizontal amplitude of water particle displace-
ment in a wave form.

Full vertical amplitude of water particle displace-
ment in a wavevform.

Depth below still water surface (measured positive

downwards) .

WAVE GENERATOR THEORY

see Fig. 17 for list of symbols and definitions.

WAVE GENERATOR - RECIPROCATING DRIVE THEORY

See diagram accompanying TABLE II or TABLE IV for symbols

and definitions.



THEORY AND DESIGN OF A WAVE

GENERATOR FOR A SHORT.FLUME

1. INTRODUCTION - defining the problem.

1.1. Background

The Department of Civil Engineering, University of British
Columbia, plans to increase the facilities of -the present hydraulics
laboratory to permit undergraduate and graduate wave experimenté
and research. Laboratory space is not presently available for
the installation of new wave channels or tanks. of relatively large
size. Therefore, it was decided to provide wave research

facilities utilizing existing flume installations.

The hydraulics laboratory contains a large, fixed, steel
and glass flume (Fig. 1) measuring 30" in width, 33" in usable
depth and 39'-4%" in length, and a small, tilting, steel and élass
fiume (Fig. 2) measuring 8 3/4" in width, 10 5/8" in usable
depth and 21'-3 5/8" in length. The large flume could be used
as a wave channel for engineering‘mbdel studies if the flume was
equipped with a suitable type of wave generafor. The small flume
is equipped with a wave generator which was fabricated in the
Civil Engineering Department workshop and installed during the

years 1965 and 1966. Unfortunately, this wave generator has
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operating problems which need correcting.

Thesis Objective

The .object of this thesis is:
(a) to isolate and rectify the operating probléms of

the small flume, wave generator; ’and }
(b) to design a wave generator for the large flume

that will produce waves suitable for engineering

model study purposes.

No single, complete, source of wave generator design.
information could be found in the literature. .Therefore, a
preparatory study was made to determine what wave forms the
wave genérator must ‘produce, which wave generator type would be:
best suited for the large, relatively short, flume, the associated
design problems, and the hydraulic operating spécifications and
to present pertinent theory. The final fulfillment of the two
objectives is covered in paragraphs 5 and 6, respectively, of the

thesis.

Since a complete design procedure for designing a wave
generator from start to finish could not be found the basic pro-

cedure the author has used is his own.



Fig. 1. Three Views of the "Large", 39'-4%" Long, 30" Wide and

36" Deep, Fixed, Steel and Glass Flume.



Fig. 2. Two Views of the "Small" 21'-3 5/8" Long, 8 3/8" Wide and

10 5/8" Deep, Tilting, Steel and Glass Flume.
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2. WATER WAVES - defining the waves to be

produced by the laboratory wave

generator.

The Spectrum of Water-Surface Waves

)

On commencing the design of a water-wave generator it

was first necessary to examine the water-surface wave forms

existing in nature and to decide which of these forms were to

be reproduced in miniature in the wave channel.

Surface waves (Ref. 7,16 and 18 - Wave Theory) can be

classified on the basis of wave period as follows:

Classification

Capillary waves
Ultra—gravi;y waves
Ordinary gravity waves
Infra-gravity waves
Long-period waves
Ordinary tides

Trans—-tidal waves

Period

less than 0.1 secs.

from 0.1 sec. to 1 sec:
from 1 sec. to 30 secs.
from 30 secs. to 5 min.
from 5 min. to 12 hrs.
from 12 hrs. to 24 hrs,

24 hrs. and up.

The classifications of interest are those of capillary

waves, ultra-gravity waves and ordinary gravity waves.
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Capillary waves in nature are generally caused by the wind
but their mode of origin is in question. They are influenced
more by surface tension than by gravity and hence are greatly
affected by surface-active -agents, such as oils and detergents.
These waves are subject to rapid damping by viscous forces.

Wave lengths are alwayS’shorterbthan about 0,44 inches while the
cbrresponding wave velocity of about 0.95 ft. per sec. is always
exceeded since capillary wave velocity increases with decreasing
period and dength. The behaviour of these waves is coﬁsiderably

different from that of ultra-gravity and ordinary gravity waves.

Ultra-gravity waves in nature are wind-generated waves
lying in the transition zone between capillary waves, which are
more influenced by surface tension than gravity, and ordinary"
gravity waves where gravity is the predominant influence and

surface tension can be neglected.

Ordinary gravity waves in nature are wind-generated waves.

for which gravity is the primary restoring force.

The wave generator to be constructed will be used to pro-

duce scaled down replicas of ordinary gravity waves for use in

hydraulic model studies. Due to the reduction in scale, the

equivalent laboratory waves will lie in the short-period end of

* the ordinary gravity wave band and the long-period end of the

ultra-gravity wave band. The lower end of the ultra-gravity wave

band, and especially the capillary wave band, should be avoided



due to undesirable surface tension effects,

Physical Characteristics of Gravity Waves

Since the laboratory wave generator will be designed to
produce short-period, ordinary gravity waves and iong—period,
ultra-gravity waves, as miniature replicas of larger gravity
waves in nature, it is desirable to review the observed

physical characteristics of the latter.

The profile of a gravity wave with its associated term-
inology is shown in Fig.3. Each wave form moves over the still
water surface with a velocity or celerity C. The distance from
crest to crest is the wave ‘length L. The wave height H is
measured from crest to trough. The depth of water d is
measured from the still water level to the ocean bed. The origin
of coordinates x and y is a point below mid-crest on the still
"water level line. The time for two successive wave crests to

pass a fixed point is defined as the wave period T.

An important, physical, wave classification depends upon
the length of the wave relative to the depth of the water expressed
as %u» When a wave moves along the surface it causes water part-
icles beneath it to move up and down as well as to and fro. This
motion dies out with depth. If the bottom is far enough away from
the still water level, relative to the wave length, it does not

interfere with the wave motion and the water particle motion is cir-

cular of decreasing diameter with depth (Fig.4). If the bottom is near



the surface, insufficient room is left for the water particle
vertical motion to develop and the partiéle motion becomes
elliptical (Fig.4). Physically then, the water is either deep or
shallow When\compared with the wave.length., If the value of:% is

"small (usually taken as %-j 2), the wave is a deep-water wave. If

%-is large (%f: 20) the wave.is a shallow-water wave. This ratio
shows that a tsunami with a wave-length of hundreds of miles is a
shallow-water wave in the deepest parts of the ocean, while ripples
may be deep-water waves in a pond a foot deep. Since other aspects
of wave motion remain similar for a given %—ratio, this classificat-
ion assumes importance in hydraulic model wave studies -and is used

to relate the motion of the waves in nature to the scaled down

replicas produced in a laboratory.

Another significant physical feature of waves is steepness, -
This is the ratio of the wave height to the wave lgngth, § =-%.
Waves have a limiting value of steepness where they commence to
break, which occurs when the centripetal acceleration of the water
particles at the crest is g. This makesbéense physically, since,
if the acceleration was greater than g then some sort of downward

pressure to supplement gravity would be required to keep the wave.

from flying apart.-

' : L . X
Steepness and the a-ratlon are the two factors used in

establishing geometric similitude between natural waves and the

scaled down laboratory waves.
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Theory of Gravity Wave Motion

Mathematical theories describing the behavious of gravity
waves in water have been developed by Laplace (1776), Gerstner
(1802), Airy (1845), Stokes (1847), Froude (1862), Rankine (1863),
Havelock (1918), Levi-Civita (1925), Struik (1926), Lamb (1932),
Biésel (1952), Crapper (1957) and others. Unfortunately, which
theories most closely describe the physical characteristics of wind
driven gravity waves in nature, are as yet unknown, and the accuracy

with which these theories describe waves in a laboratory wave

‘channel changes slightly for waves of different periods. Obviously,

the choice of theory to describe gravity wave motion is arbitrary.
The results of the theories of Airy and Lamb are outlined below
since they are the most widely known and are mathematically easy

to use.

If waves are of small amplitude compared to their length
and to the depth of the water, the wave profile closely app-
roximates a sine curve. Terminology for this theory is illustrat-

ed in Fig. 3.

The rate of travel or celerity (c) of an individual wave
form (Lamb, 1932), considering both gravity and surface tension,

is:

- gL 270 - 2nd |
c V// 5 + ETEZ tanh T (1)
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The relative effects on velocity, of the gravity and the
surface tension components for deep-water waves, are presented in
Fig.5. Since the célculation of the percent difference in Fig.5 is
not affected by the wave being either a deep-water or a‘shallow—
-water wave type, it is evident that, for any wave more than one
foot in length, the effect of surface tension may be safely omitted

when calculating the wave form velocity.

Neglecting surface tension effects, the equation for

velocity of propagation of gravity waves (Airy, 1854; Lamb, 1932)

_ /8L 2nd |
becomes , c = V/QW . tanh-—f— . (2)

n
N
-

For water deeper than one-half the wave length, that is<£

d <
the term tanh E%Q is almost equal to 1 and the equation reduces to
the 'deep-water" wave equation c = /%%-. (3)

For water depths less than %a-of the wave length, that is

20, the term tanh E%Q approaches the value of z%é-and equation

N )l

Vi

(2) reduces to the 'shallow-water' wave equation

c =.\/;E- ' (4)

Actually, there is no abrupt change from "deep" to ''shallow"
water waves and the depths for which these simplified equations are
no longer applicable depends upon the deéree of accuracy desired
in calculations. But for most engineering studies ‘it has become
custom to call waves having %-i 2 "deep water' waves (equation 3)

and waves having %-% 20 "shallow-water" waves (equation 4). Waves
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in between are known as ''transition' waves; where equation (2)

applies.

The relationship between length, period and velocity is
defined by

L = CT. (5)

The surface profile is given by the sinusoidal equation

- 2m
y =75 cos 1= (x - ct), (6)

where x and y are measured as in Fig. 3.

The profile and celerity equations given above are,
mathematically, only first approximations to the theoretical
solutions, but are quite satisfactory fér»mbst practical purposes.
Although the celerity equations only apply strictly to waves of
small amplitude, they are sufficiently accurate for most cases

except when the wave is becoming large and steep enough to break.

In Fig. 4, « and B are the full horizontal and vertical
displacements, féspectively, of a water particle as it describes
an orbit about its average depth (Z) below the still water surface,

Values for « and B can be calculated using the following equations:

27 (d-z)
« = q cosh T
sinh 2rd 7

L
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] 21 (d-z)
sinh T
B = H
sinh %EQ ’ (8)

Waves have a limiting value of steepness. Michell (1893), found

found the maximum possible steepness for a Stokes deep-water wave to be

§ max, =

= 0.142 = % 9)

=l

Theory suggests that shallow water waves will break when

~

H 3
a" = .781 = Z (10)

A graphical presentation of theoretical information useful
in calibration of wave generators of the double articulation type

‘to be designed, is given in Fig. 6.
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3. WAVE GENERATORS - gaining an understanding
of the types in use and

their design problems.

Wave Generator Basic Design Requirements

3.%.,1 Kinematics of the Wave Generating Member

Theré are a number of basic requirements to be.considered
when designing a laboratory wave generator. The first of these,
the kinematics of the wave génerating member, is of particular
importance when the wave generator is to be designed for use in a

flume of relatively short length.

Any periodic disturbance‘in one end of a wave channel, if
of sufficient strength, will originate a train of waves which
runs along the channel to the opposite end; but, if the generat-
ing member fails to conform with certain kinematic requirements;
the distance along the channel at which the wave train stabilizes

may be quite long, and the type of wave which results may be

wholly undesirable.

The deformation of a vertical plane in water, upon passage

of either a shallow-water wave or a deep-water wave, corresponds

to the wave's respective envelope of water particle motion (Fig.4).
The wave generator must approximate, as closely as possible, this
deformation appropriate to the wave desired, if stable waves with
correct particle motion are to be produced in the immediate

vicinity of the generating member.
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Conformance to this kinematic requirement allows a re-
latively short wave channel to be utilized with resultant compact-
ness and space economy. Also it conserves power required to
generate the wave by forming only the wave which is desired. On
the other hand, the accurate simulation of the orbital motion of
the liquid particles in a wave increéses the mechanical complexity
of a wave generator, necessitating a degree of compromise. (Ref. 1 -

Wave Generator Theory).

3.1.2 Mechanical Requirements

Most wave generators utilize oscillating members to initiate
waves. Since the oscillation rate may amount to 2 or 3 cycles per
second it is important to keep the inertia of the oscillating
members relatively low. High inertia gives rise to two detrimental
effects: first, the motor power required to operate the generator
is greatly increased, and second, the motion of the generator is
made more irregular for any given power input. In the latter case
departures from the assigned motion produce unwanted irregular-

ities in the generated waves.

Rigidity of drive members has proved very important in wave
generator operation. Any form of flexing alters the drive motion
slightly with undesirable effects on the wave forms produced.
Therefore, although the weight of moving parts must be kept
reasonably light to reduce inertial effects, it is imperative that

N

lightness not be achieved at the expense of rigidity.
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Materials used in constructing the wave generator should be
resistant to corrosion in water. Also, maintenance will be re-
duced if moving parts such as bearings, gears and rollefs are
positioned clear of the water to avoid the damaging effects of

water borne sediment,

3.1.3 Wave Reflection

In nature, waves reflected from a stfucture depart seaward
where they are finally dissipated. In a laboratory wave channel,
waves reflected from the model of a structure propagate back to-
wards the wave generator} Ideally, the wave-generator should not
again reflect these waves but unfortunately, most generators are

good reflectors.

Two solutions exist for this problem., The first, and most
common, is the use of a filter in front of the generator to re-
duce the amplitude of the reflected wave to an aéceptable height.
The second is the use of special wave generators producing either
little, or no reflectiéns; or special devices to deal with reflect-
ed waves. Examples of such special wave generators are the
pneumatic types, to be described later, and those used at the Delft
Hydraulic Laboratory in Holland which employ a strong air stream
to increase the size of the generated wave and attenuate the re-

flected waves.

3.1.4 Control Adjustments

Model tests in a wave channel may require the use of either

deep-water, transition, or shallow-water waves of different heights.
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Therefore, the generator must be capable of adjustment to produce
waves of different lengths and heights in a particular depth of
water, The adjustments should be simple to make and scales whould

be provided which ensure.the accuracy of the setting.

3.1.5 Mobility

‘Mobility is not usually a requirement for a wave generator

designed for use in a wave channel,

3.1.6 Water Leakage

Most wave generators use a paddle of some form to generate
waves., Leakage of water around the bottom and sides of the paddle

can account for the following poor, wave characteristics:

a) decrease in wave amplitude;
b) dinstability in the wave form; and

¢) incorrect wave profile.

On the other hand, if leakages are effectively sealed, the
increased friction introduced by gaskets or other sealing devices
may result in irregular generator motion. Most frequently a com-

promise is required.

Types of Wave Generators

3.2.1 Scope

Wave generators presently used in hydraulic laboratory wave

channels assume a wide variety of forms. Fortunately, they may be

loosely grouped in a few markedly different categories. Within each



20.

category there are as many different variations in the basic
" principle as there are designers. Some of these variations have
been employed to emphasize one or more of the basic generator re-

quirements already mentioned, especially kinematic requirements.

A comprehensive review of different types of wave generators
is given in the publication "Laboratory Wave-Generating Apparatus",
(Ref.1 - Wéve‘Theory), which is a translation of a series of four
French articles in La Houille Blanche by F. Biésel, F. Suquet,and a
group of engineers at the Laboratoire Dauphinois d' Hydraulique
(Neyrpic), in France. A synoptic table from this publication list-

-ing types of water wave generators and showing their principles of

operation has been reproduced in Fig.7.

3.2,2 The Movable-Wall Type

This general category includes those types whose waye=
generating members are immersed in water and oscillated back and
forth in accordance with. some established law, These machines,
although wave reflecting, are very versatile, since by imposing an
appropriate law of motion they will generate waves of any desired

characteristic.

‘The first machine of this category shown in Fig.7 is a
flexible flap type. - It is capable of closély approximating water
particle motion resulting in waves with stable and correct motions
being produced immediately in front of the flap. This is an import-
ang advantage in channels of limited length. Also the machine's

inertia is small, contributing to regularity of oscillation. The
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disadvantage is the complicated mechanism which is not readily
adjustable, together with high maintenance due to cranks and bush-

ings being located underwater.

Next shown in Fig. 7 are three versions of rigid flap, wave
generators with single articulation. These machines are of simple
construction being hinged at one point and driven by.a rotating crank

‘aqd connecting rod. There is the undesirable feature of an under-
water- hinge in only two cases. They have low inertia, and are easily
adjusted. The motion imparted td the water in the first two examples
is that for deep—water wavés. Therefore, if transition or shallow-
water waves are.required; a long channel is necessary to permit the
correct wave profile and particle motion to develop, and wave
height will be limited. Locating the'hinge above the channel bed,
as in the second example, may be necessary in the case of a model
with a movable sand bed. The example showing articulation above
the free surface is not very satisfactory since it ignores the prime
kinematic reqqirement of wave generation - namely the decrease in
size of water particle orbits with depth. Water leakage under the
paddle results in low wave heights and may result in wave in-

stabilities.

The third wave generator type in the movable ‘wall category
is the piston. It is a simple machine actuated by a rotating crank
and connecting rod. The piston moves back and forth in the

channel's longitudinal direction with usually a simple harmonic
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SYNOPTIC TABLE OF VARIOUS

WAVE GENERATORS
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(Biésel, Suquet and Others)

Type of Wave Generator 2;:g;:;1:f Amplitude
Flexible flap
Articulation
at Calculable
channel bed
Rigid flap
with Articulation
single above
articulation channel bed
, Articulation ot
/ above caloculable by
free surface Bissel's theory

Piston

Calculable
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Fig. 7 SYNOPTIC TABLE OF VARIOUS WAVE GENERATORS (Cont'd)

Diagram of
Type of Wave Generator Principle Amplitude

Suspended
paddle
Rigid paddle : v Calculable
with if the
double paddle is
articulation - - plane

contact with

Paddle in - ; i

-/ : bed by means
: of rollers
or slides
Generally
Plunger not

calculable by
Bigésel's theory
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Fig. 7 SYNOPTIC TABLE OF VARIOUS WAVE GENERATORS (Cont'd)
Type of Wave Generator Diagram of Amplitude
A _ . Principle

Various
Devices

Serpent

X Calculable

Ecoentrio roller

N
' =

Elliptical oylinder

Cylinder
with paddles

Not
calculable by
Biésel's theory

Paddle wheel

Surface paddle

Pneumatic device
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motion. The piston type is particularly suited for generating
shallow-water waves, which means that, when deep-water waves are.
required, a relatively long channel, to permit the waves to

stabilize, is needed.

The fourth group in the movable wall category is composed
of rigid paddle generators with double articulation, six examples
of which- are shown on the second page of Fig.7. The lower end of
the paddle of this group can be adjusted to traverse a longitudinal
distance different to that traversed by the top end. Assuming that
the top and bottom ends of the paddle are adjusted to tréﬁél the
same distance, the generator then operates- as a piston type and is
particularly suited for generating shallow-water waﬁes. If the
bottom end of the paddle is adjusted for zero travel distance, the
generator operates as a flap with single articulation and is
particularly suited for generating deep-water waves. If the bottom
end of the paddle is adjusted for a travel distance somewhere
between zero and the distance travelled by the top end, the motion-

is then suited to the generation of a transition wave.

Because these machines with double articulation closely
approximate water particle motion at the paddle, they are partic-
ularly useful when the wave channel is of short length. Further-
more, maintenance is slight because moving parts are out of the

water and inertia can be kept reasonably low.
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For all machines in the movable-wall category, the length of
the generated wave.is‘controlled by the period of oscillation of
the movable-wall or paddle while the wave height is controlled by the

amplitude of paddle oscillation.

3.2.3 Plunger Types

This second general category comprises those types which
operate on the principle of a plunger being periodically thrust:
into and withdrawn from the water, forming waves by water displace-
ment. The plunger may have various cross-sectional forms, the most
common’ being either a wedge-shape, or one side paraBolically con-—.
toured with a vertical back. Wave length and height may be
coﬁtrolled by varying the period of oscillation and stroke length

(displacement) of the plunger,
Plunger-type machines do not closely approximate water
particle motion  over the full range from deep to shallow-water

waves and therefore relatively long wave channels are required.

Two examples of wave gemerators in the plunger category are

shown in Fig.7.

3.2.4 Pheumatic Types

The third general category is made up of wave generators
which produce waves by aspirating the water into a chamber and then
letting it fall freely downwards, The chamber is essentially a con-

trolled surge tank. The principle of pneumatic generators is
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illustrated at the end of Fig: 7. These generators require
adequate channel length in front of them to facilitate stabilizat-
ion of the wave motion. This type is used almost exclusively in

the David Taylor Model Basin' (U.S. Navy).

In operation, there are limits to the wave periods which can
be obtained if the water is allowed to just fall freely in the
surge chamber under gravity. To achieve shorter periods, the
chamber‘is connected alternately to the suction and pressure’ sides
of a compressor instead of just the suction side.. This procedure

also permits higher wave amplitudes to be.obtained.

These generators have had a reputation of being difficult
to adjust for a particular wave form, but this may no longer be
true in view of increased interest and work on this type in the
United States. Water flow out the discharge tubes generally gives
an initial water particle motion  approximating that of shallow-

water waves.

The big advantage of pneumatic gemnerators is that they can
be designed in configurations (Fig. 8) which do not reflect waves

reflected back along the channel by the model.

Various other forms of generators exist which-fall. outside of
the three general categories mentioned. Some of these machines are

shown on the last page of Fig. 7. The serpent generator is designed
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for use in large, rectangular, wave basins rather than in channels.
The ﬁime~at which small. sections along its length.are horizontally
displaced can be adjusted so' as to limit the lateral.length of a
wave crest and tﬁereby, in coastal studies simulate waves advancing:

to the beach along a stretch of coastline.

- The -serpent generator is complex and. difficult to adjust.
The eccentric rélier, elliptical cylinder, cylinder with paddles,
paddle wheel and surface paddle generators, ignore to varying de-
grees the kinematic requirements of wave motion thereby necessitat-
ing the use of long wave channels, However, the wave generators

equipped with paddles do have a-very low reflection coefficient.

3.3 Wave Channel Problems Affecting Wave‘Generato? Design

There are other aspects of wave generator design to be con-
sidered besides the basic design requirements of kinematics,
mechanics, reflection, adjustment, mobility'and water leakage

already discussed.

A typical wave channel layout is shown in Fig. 9. If the wave
generator produces waves in two directions, such as in the case of a
rigid flap generator wiﬁh single articulation, then a length of
channel behind the flap must be utilized for a wave absorber. The-
length required may run in the region of 5' to 15' (Ref. 5 -
Correspondence) depending on the size of channel and absorber

efficiency.
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When selecting the type of generator to be built, channel -
length is important. Long channels permit many irregularities-in
water-particle motion to correct themselves, allowing a choice from
a wide variety of generator types. If the channel is of relatively
short length, viz. shorter than about 50', then it becomes de-
sirable to produce waves which are initially as perfeét as possible,
This requires the use of a generator which closely approximates the

desired water-particle orbital motionm.

If a wave channel is to be designed along with the generator
it should be as big as space and finances allow, since the greater
the width, length and depth of the channel, the closer it approximates

actual prototype conditioms.

" Generators utilizing flat plates for the wave-generating
member may experience difficulties from transverse waves being formed
in. front of the plate, and causing irregularities in the wave pro-
Afile; Transverse wave formation, when due to either wave diffract-
ion (Ref.7 - Wave Generator Theory) or local surges induced by water
leakage around the sides of the plate, becomes an increasing problem
with increased plate width. Ransford (Ref.l - Wave Generators) re-
commends the use of unequally spaced.'clapotis'" plates (Fig.l1l0) to
hinder the formation of these waves. The unequal spacing prevents
any secondary transverse waves .formed in the spaces from rein-
forcing each other. Other designers also have frequently utilized
these transverse oscillation baffles on their wave generator paddles,

but there does not appear to be any design information available
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which would allow the calculation of optimum size and shape, beyond

aﬁ empirical trial and error procedure. These baffles are particular-
ly useful on very wide wave generating members used in large’
rectangular wave basins where the use of wave filters is difficult.

In wave channels, however, many designers omit the baffle-plates
altogether and rely entirely on a system of wave filters to smooth

out the wave profile.

Transverse waves may create an even bigger problem in a
channel when the wave~period.is such that resenante occurs for wave
modes across the channel Qidth. Kravtschehko and Santon (Ref, 6 -
Wave Generator Thebry) mention that these transverse waves or
principle bhenomena can produce parasite phenomena, composed of waves
with significant harmonics, whose basic period is 2/3 that of the

generator paddle.

The net result of transverse waves is an irregulér wave
profile aﬁd water particle motion. To rectify this situation in a
wave channel, a filter is used in front of the wave generator.

Many types of filters have been tried and their design involves a
separate study in itself. However, a series of thin vertical plates
parallel to the longitudinal exis of the channel have proven an
effective filter for removing initial diffraction ripples and

transverse waves (Fig.10).

The required length of most filter systems, for a given
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attenuation in wave irregularities, increases with increased wave
length. Therefore the filter space required in the channel will

depend on the maximum wave length to be used.

Other types of wave filters may be required to reduce the
height of waves reflected by the model if the wave generator is

reflective.

Other transverse wave problems, not easily cured, can re-~
sult from flexible channel walls. This points to the need for-
considerable ‘rigidity in the channel structure. Likewise, misalign-
ment of the channel floor and walls can produce an irregular wave

form.

Achieving and maintaining large wave heights poses some
problems. The use of wave filters to.smooth out the waves fesults
in a loss of wave height. 1In additioﬁ, the initial wave height
may have been limited by the maximum amplitude of the wave generator
plate motion and its kinematics. .To illustrate the effect of poor
kinematics, which may not be readily apparent, considet a normal
deep-water wave. As it steepens it becomes increasingly unstable
until it breaks. This occurs when the,wavé height (H) ~ %—L. If
the wave generator kinematics do not approximate the wave motion
closely, then the instability of the wave form is increased, causing

‘the wave to break sooner, limiting the wave height. This loss of

wave amplitude reduces the steepness and may pose a problem in
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in certain tests, usually ones of a theoretical nature.

Adequate wave amplitude may be maintained in two ways.
The first method is to have the channel wails converge in plan,

. downstream of the filters, which will increase the wave ampli-
tude. The second method consists of raising the channel bed by a
floor sloping gradually upward away from the wave generator. This
has‘little direct effect on the wave amplitude (the amplitude may
even decrease in certain cases) but shortens the wave length (the
period remaining the same) which in turn increases the wave steep-
ness. Since this second method leads to appreciable intensificat—

~ion of steepness only when the final ratio of wave length to depthv
is sufficiently large (shallow water waves), the first method is

_more generally used. Mofeover, the rate of convergence should be
low to avoid any wave reflection from the sides. A successful,

vloﬁg—length, channel designed by the National Research Council of

. Canada, converges from 6' to 4' in width over a length of 40"

(Ref.2 - Wave Generator Correspondence).

When wave steepness is of prime importance, consideration
must be given to height attenuation due to channel boundary frictionm.
;This is especially so if the channel is relatively narrow - under
about 2', and sand or pébble bottom layefs are to be used. For
example, a channel 1.5 wide, 0.75' deep and 60' long with a sand
bottom caused a 21% reduction in wave height over its length (Ref.10 -

Wave Generators).
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At the far end of the channel (Fig. 9), opposite to the generator,

a spending beach is required to absorb the energy of incoming waves
to avoid reflection. The spending beach comprises some form of

" wave absorber. Although the design of wave absorbers does not lie
within the scope of this thesis, it is worth noting that their
efficiency must be high (Ref. 4 - Related Subjects). For an incident
wave striking the beach, 99Z.absorption of its energy still results
in a reflected wave going back to the generator with a height 10%

of the incident wave height. Fortunately, absorbers can be de-
signed with reflection coefficients (ratio of reflected wave height

to incident wave height) in the range of 0.04 to 0.08,

When tests involve sand beaches, the length of channel re-
quired for the beach alone may be considerable. Many beach sands
are unstable under wave action on slopes steeper than 1 on 10, and
equilibrium may require a mean slope of 1 on 20, or flatter. For
a 1l on 20 slope, the channel length required by the beach will have
fo exceed 20 feet for a 1 foot water depth if space is to be left
for wave runup on the beach. From the preceding discussion it can be
seen that, when designing a wave generator for a relatively short
channel, the length of channel assigned to the generator, the wave
absorber behind the generator, and the wave filter, must be held to
a minimum in order to maximize the length of the channel for wave

stabilization and tests, between the wave filter and the beach.

In spite of the great amount of research that has been done,

it seems that no particular type of generator has yet been generally



accepted as offering the optimum solution to these wave channel

problems.

3.4 Specific Problems of Waye Generator Design

3.4.1 Minimum Wave Period

An important decision when designing a wave generator
is the range of wave periods it must produce. The shorter periods
will apply to deepfwatef waves while the longer periods will
apply to shallow-water waves. The wave length associated with a
particular wave period can(bg ca}culated using equations (2) and

(5) as follows:

27d

wave celerity c tanh —

It
\
ST
=

and L = CT
. ' _/ 8 .2 27d
from which L /gﬂ T tanh-—f— (11)
For deep-water waves the term tanh 2md equals 1, and expressing

L

units in feet and seconds, equation (ll) reduces to

L = 5.127%  ft. (12)

Using a‘theOretical approach the minimum wave period is
governed by surface tension. Waves with lengths under 2" are
controlled by surface tension and should definitely be avoided. To

rédpce surface tension effects to a negligible level (Fig.5) it
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is desirable to avoid waves with lengths under about 1 foot. -In
deep water a 2 inch long wave has a period of about 0.18 sec. while

the period of a 1 foot wave is 0.44 sec.

From the practical viewpoint Galvin (Ref. 8 - Correspondence)
recommends a minimum wave period of about 0.5 sec. and preferably
0.75 sec. These periods yield corresponding wave lengths in deep

water of 15.4 in. and 34.5 in.

The use of Galvin's recommeﬁdations, instead of the
‘theoretical minimum wave period, is supported by two practical
considerations. First, for wave lengths of 2, 12, 15.4 and 34.5
inches the theoretical, maximum, deep-water wave heights are 0.29,
1.7, 2.2 and 4.9 inches respectively (eqn.9). Due to wave
‘generator imperfections these maximum heights will not be closely
approached without using a converging channel. In model work,
measurement errors assume increasing significance with decreasing
wave size. Therefore, due to their limited height, the generation of
very short waves with periods less than 0.5 sec. is not normally

justified.

The second point supporting Galvin's recommendations concerns
the high oscillation rate at which wave generator paddles must
operate to produce these short waves. Periods of 0.18, 0.44, 0.50

and 0.75 sec. require oscillation rates (crank speeds) of
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313, 136, 120 and 80 R.P.M. respectively. As shown later in this
thesis,‘mechanical and water inertia loads rise rapidly beyond
roughly 100 R.P;M. ‘Hence short wave lengths require wave generat-
ors having considerably increased strucfural streﬁgth and motive
power, the cost of which is not normally justified by usage due

to the very limited wave height and extreme departure in wave size

from prototype conditions.

3.4.2 Maximum Wave -Period

There are a number of opinions as to the maximum wave
period which should be designed into a generator for a laboratory
flume of given length. Some researchers suggest that distances of
3 to 5 wave lengths should be allowed between generator and model, to
insure stable shape and uniformity of the waves, but have not stated
the type of generators used. One commetrcial hydraulic laboratory
visited, which‘uses‘a rigid flap generator with single articulation
at the channel bed to generate deep-water, transition and shallow-
water waves, likes to have at least 10 to 11 wave lengths between
generator and model. Galvin (Ref, 8 - Correspondence) suggests a
maximum wave length of no more than half the distance between generatof

and still water line on the beach,

Theory developed by Havelock (1929) and utilized by Biésel
(1951) Ref 1 and 2 - Wave Generator Theory) states that if a plate
oscillates sinusoidally, then a length along the channel equal to
three times the water depth should suffice to provide natural

compensation for the defective wave form. This theory would imply
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no limit to the maximum design wave length. Unfortunately,

filters required to smooth out the wave form, become iﬁcreasingly
long with increased wave length, for the same effectiveness. Also,
thié theory is a first order approximation and is still unproven.
Therefore, designing to Calvin's limits would aﬁpear to be a

reasonable compromise.

The period T for the longest wave length can be computed

using the shallow-water form of equation (ll) which gives

L
/gg_ .
The wave leﬁgth L will be fixed by the distance from the wave
genérator to the beacﬁ still-water line, assuming Galvin's method.
From equation (13) it is seen that. lowering'the water depth (d)
Will‘increase the period, necessitatiﬁg,the choice of a minimum
design value for depth. It appears that experiments are rarely
done in water depths of less thaﬁ 6", consequently this value

seems reasonable in calcﬁlating the maximum period. Galvin feels
that, in general, a maximum period of at least 3 secs. is desirable

in a wave channel, if sufficient wave variety is to be achieved.

3.4.3 Design Water Depth

Maximum design depth is an important factor in determining
the size of waves generated - deep water waves excepted, since
their limiting height is dependent only on wave length. For a

shallow-water wave of maximum design height (H), the required
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theoretical depth (d) can be calculated from equation  (10). which
rearranged gives d = 1.33 H. However, from practical observations
Galvin suggests using a design water depth of 1.5 to 2 times the
maximum desired wave height, because the waves tend to become
unstable and break when the depth to height ratio is less. Used
in the converse sense this rule of thumb is handy when estimating

shallow-water wave heights to be expected from a wave generator,

When deciding the design water depth and maximum wave height

some channel freeboard must be allowed to control splash.

3.4,4 Inertia

Generators of the movable-wall and plunger types produce
waves using members which oscillate. Because of tﬁe effects of
‘inertia on the assigned motion the weights of the moving parts must
be ﬁinimized, commensurate with adequate rigidity, necessitating an
adequate knowledge of the forces involved when . designing the moving
parts. Snyder, Wiegel and Bermel (Ref. 9 - Wave Generators) give
a method for estimating thg_fqrcgs acting on movable-wall
generators from wave energy utilizing experimental results of the
U.S. Beach Erosién Board (1949). Force calculations can also bes
made using the theories of Biésel (Ref. 1 - Wave Generator Theory) .
Forces for plunger-type generators, using piunger bodies of
various cross sections, can be deduced from the theories of Schuler

(Ref 9 -~ Wave Generator Theory), a resume of which is available in
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"Laboratory Surface Wave Equipment" (Ref. 10 - Wave Generator

Theory). -

3.4.5 Wave Generator Motion-

Departures from the motion assigned to a wave generator
create wave problems which can be divided into two groups - first,
irregularities in the wave form and second, changes in the wave

length.

The first problem, irregularities in the wave form, is due to

momentary departures from the assigned motion, caused by load

fluctuations. The main load on the waﬁe generator paddle breaks
down into wave forces and inertia forces (water and mechanical), both
of which fluctugte and are 90° out of phase. Electric motors are
the usual source of power in laboratory wavé generation and are
subject to small speedbchaﬁges reéulting from these load changes.
Another source of fluctuating loadbis friction, due to seals
sometimes employed for reducing leakages betﬁeen the plates of
movable-~wall typé generators and the channel bed and side walls.
These seals rub against walls that may be rough or slightly out

of alignment, so that the friction forces can be both appreciable
and irregular. Most designers omit seals and are content to reduce

clearances to a value sufficient to avoid large friction forces.

These fluctuations of load affect the choice of power source
and associated speed-changing mechanisms. Hydraulic drives and

fluid couplings have been tried but some of these systems were
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found unsatisfactory due to velocity-.changes' as the load came on and
off, Backlash must be considered when utilizing gear-type speed

reducers.

When using an electric motor drive the output R,P.M, will
drop a certain amount as the load goes.from no-load to full load.
By using a more powerful motor than required, the maximum wave-
generator load becomes a smaller percentage of motor full-load
capability, with a corresponding reduction iﬁ range of speed
fluctuation. For this reason many wave generators are overpowered
in spite of the increased capital costs and slight loss of motor

efficiency.

The second problem, changes in wave length, results from
variations in wave generator oscillation period. This problem is

caused by long-period fluctuations in line voltage which affect

motor operating R.P.M. Some laboratories have used electric motor-
generator sets to overcome this problem. The Dauphin Hydraulic
Laboratory (Neyrpic), Grenoble, France (Ref. 1 - Wave Generator
Theory) relies on the relatively constant power-line frequencies,
cgrtainly more constant than voltage, by using synchronous motors

of excessive power. In this way, motor slippage is reduced and the
motor revolves at nearly its nominal speed. The seriousness of this
problem depends on the rate of voltage fluctuation, the magnitude

of the fluctuation and the type of test being done. Many wave
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generators are powered.by. electric motors connected directly to the

normal mains without any special voltage regulating devices.

When considering the problem of irregular motion, the use
of a flywheel would appear to be a solution and a number of wave
generators have been so designed. Unfortunately, the users have
found that flywheels are slow to accelerate and decelerate which
results in the ghannel being filled with a confusion of waves of
varying lengths whenever the generator is started or stopped, or
whenever a spegd change is made. Not only must the model be pro-
tected from this confused sea, whose effects are much greater than
the wave effects at uniform regime, but also considerable time is

lost waiting for stability to be achieved.

Theoretical studies show, that as a first approximation, wave-
generator motion should be sinusoidal (simple harmonic motion). Ex-
periments indicafe that it would be preferable. to assign a more
complex péttern to the motion, but as yet this pattern is not know
exactly. The generally used sinusoidal motion is usually obtained
by actuating the wave generator paddle with a long connecting rod

connected to a rotating crank.

3.4.6 Wave Period Control

Wave period is the same as the period of oscillation of the
wave generator which in turn is determined by the output R.P.M. of
the drive system. From the explanations given in sections 3.4.1 and

3.4,2 on how to determine minimum and maximum wave periods, it is
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obvious that control of the wave period also gives control of the

wave length.

There are a number of ways by which the output R.P.M. of the
drive system can be varied. First is the use of a manually shifted
gearbox, which is not recommended due to the rather limited speed
selection., Next is the use of a variable drive pulley system. Thesé
are of tﬁo types, belt and chain. The belt-types employing positively
controlled sheaves to give speed variations may prove satisfactory,
but any units employing spring controlled sheaves, for réasons ex-
plained later in Section 5.2 of thié thesis, should be avoided. Chain
types using mechanically controlled sheaves give positive speed

control and are popular. -

Direct-current motors give control over a wide speed range
and are used in conjunction with a gear box. Immediate speed
changes are obtained at the turn of_.a rheostat. Synchronoqs motors
require reduction gears and a speed-control device which permits
adjustment of the frequency to any desired value between two

definite limits.

Hydraulic devices and otﬁer means of variable speed control
are commercially available but when selecting one it must be
positive in its operation and reasonably free of backlast in order to
handle the fluctuating load of a wave generator, without contribut-

ing irregularities to the motion.
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It is desirable to:be able to effect a change in period
quickly while the wave generator is opefating. For example, changing
the wave generator oscillation rate directly froﬁ 60 to 80 R.P.M.,
without stopping the generator and restarting it, reduces the in-
tensity and duration of the confused sea produced by the change.‘
Also it permits fine period adjustments to obtain a desired wave

length.

3.4,7 Wave Height Control.

Wave height is controlled by the amplitude of oscillation of
the wave generator. The oscillation amplitude of machines driven
by a rotating crank and connecting rod can be easily controlled by
adjustment of the crank throw (Fig. 1ll). Some wave generators are
designed with additional links between the drive system and the
flap and the flap amplitude . is controlled by changing the length
of the link (Fig. 13). These two examples of amplitude control
can be designed for either manual adjustment with the generator
stopped, . or automatic adjustment when either running or stopped.
Schematics for the design of autométic adjustment controls are shown
in Fig. 12 and Fig. 14. A study of Fig. 11 and Fig. 13 show that
in the case of manual control, the adjustable crank is best, the
use of aﬁ adjustable link making the drive system unnecessarily
comple). However, in the case of automatic controls, Fig. 12 and
‘Fig, 14, the use of a link adjustment can be justified by the

simpler automatic mechanism involved.
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With reference to Fig. 12, the automatic control of crank
throw adjustment functions as follows. The fixed differential
causes outer shaft #2 to rotate in the opposite direction to the
outer main drive shaft #1. The second differential causes the
inner shaft to rotate in the same direction and ‘at the same speed as
the outer main shaft #l1. By using a reversible control motor to
‘rotate the casing of the moveable differential the inner shaft can be
caused to rota;e“either.faster or slower than the outer drive shaft
#1. This speed difference causes the threaded guide rod to be
rotated in one direction when the inner shaft is rotating faster than
the main outer shaft #1, and in the other direction when slower, pro-
ducing a shift in crank pin position."Either‘limit switches or a slip-
ping clutch must be incorporated in the system to prevent damage

by over adjustment.

The act of changing the wave-generator oscillation amplitude
while the wave generator is operating, can produce irregularities
in the wave form detrimental to the model; requiring that the
model be protected. Since the rate at which these automatic
amplitude changers work is relatively slow, especially compared to
the time required for a change in motor speed, it is usual to stop
the wave generator for amplitude changes. Once the wave generator
is stopped, the automatic system offers only a convenience over
the manual adjustment. Galvin mentions that in his experience the
automatic amplitude control is rarely used with the wave generator

running.
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— Amplitude of flap oscillation varied by
changing crank throw length,

/ ‘ | ~Flap amplitude governs
ko) wave height,
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Fig. 11 Principle of Wave Height Control by Crank Throw
Adjustment. '
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Fig. 12 Mechanism for Automatic Crank Throw Adjustment.
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Amplitude of flap oscillation controlled
by adjusting length of link throw

'_ Fig. 13 .

Connecting rod from
drive wheel

Fig. 14

Princiﬁél.of Wave Height Control by Link Throw Adjustment.

‘Overrun limit switch

Rotation of threaded rod
moves axle block along
guide slot

—

%

nnecting rod tc;! flap

Overrun limit switch

Electric gear motor

Mechanism for Automatic Adjustment of Link Throw.
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In summaryzwgutomatic’ampiitude controls complicate the wave~
- generator mechanism and are expensive, particularly in the case of
the adjustable'crank type. A high degree of accuracy is necessary
in their construction since some parts must be able to move smoothly
and yet not have enough free play to produce irregularities in the
flap motion. Therefore, the provision of automatic amplitude con-
trols over manual adjustment can not normally be justified uriless the

wave generator is to be used to specifically generate irregular

waves for certain studies involving surf, seiches and ship rolling.

3.4.8 Anticipated Performance

Experience indicates that any wave generator can be ex-
pected to produce finer waves of small steepness than of large
steepness and bettef short waves»than long waves for the same
steepness. In fact, generated waves of large steepness are
definiteiy not of uniform quality, even if observed after they have
traveréed a great length. Biésel (Ref.l - Wave Generator Theory),
offers a brief plausible interpretation of these findings which would
suggest that the best wave generator is always the piston-type
machine. It is interesting to note that Galvin (Ref.. 8 - Corres-
pondence) statesithat, the Coastal Engineering Research Centre,
Washington, D.C., has found the piston-type generator to be the
most satisfactory. (Their channels are long and the other types of
generators used were not mentioned), In any case, .there is no
theoretical analysis yet developed which gives a rigorous explanat-

ion for these performance results.



50.

3.5 Choice of Wave Generator for a Short Channel

The key problem when generating waveé in a channel of short
length is ‘the lack of spare channel length to enable irregularities
in water particle motion and wave form to correct themselves. It
now becomes important to have water particle motion for a particular
wave form established right at the wave generator paddle. This
kinematic requirement appears to be theoretically best satisfied

by a wave generator of the rigid paddle, double -articulation type.

Examination of the schematics of rigid paddle generators

with doublg articulétion shown in Fig. 7,‘suggested consideration

of the pendulum type due to its simplicity. This type was developed
by Ransford (Ref. 1 -~ Wave Generators) and is shown in

Fig. 15. A modification of the geometry of Ransford's generator

was made by Coyer (Ref; 3 - Wave Generators) and the arrangement is

shown in Fig. 16.

Inertial effects due to water and wave generator mass are a
maximim at the extremes of paddle oscillation. In Ransford's de-
sign, the weight of the paddle parts works against inertial effects
and helps the motion, whereas in Coyer's arrangement, the weight
adds(to.the inertial effects. On the other hand, Coyer's arrange-
ment offers advantages of compactness and slightly less water leak-
age under the paddle (due to the geometry of the paddle motion).
Experimental data presentedvby Coyer shows well-established deep and
shallow-water wave profiles and correct particle motions existing at

a test point only 12' from the generator paddle when the motion of
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Fig. 16 Coyer's Modified Version of Ransford's Pendulum-Type Wave
- - Generator, Illustrating the OPERATING PRINCIPLE. .
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the paddle is adjusted to suit .the water particle motion of the

generated wave,

The variety of wave generator designs and the diversity of
opinions, indicate that wave generator design has not yet been
optimized. The literature leads one to conclude that most existing
wave generators are in the movable-wall category. It is interest-
ing to note that from the practical aspect.of actual performance,
the opinions of numerous researchers appear to be favouring piston-
type wave generators for all types of waves. These researchers
were using long channels but it brings up the point of just where

"short' channels? Since

is the dividing line between "long" and
the double articulation arrangements permit the wave 'generator
paddle to function as a piston, use of such a wave generator would
permit a future research opportunity, viz., to compare the per-
formance of a piston-type wave generatdr, producing all wave types
in a "short" length channel, with results from a supposedly

kinematically superior double articulation type utilizing the same

channel, drive mechanism and recording equipment.

For reasons stated, it was decided to design for the large
flume -aswave generator of the rigid paddle, double articulation

type using the geometrical arrangement of Coyer (Fig. 16).
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4, WAVE GENERATOR THEORY - a means of determining

design forces.

¢

Theoretical Analysis of a Wave Generator

When designing a wave generator it is necessary to know the
water forces involved in its operation, in.order to calculate power
requirements and to give the mechanism adequate strength and
rigidity without unnecessarily incfeasing the inertia of the
oscillating mémbers. Also, some means is' required for detefmining
the amplitude of paddle motion required to produce a wave of a
certain height. This.informgtiqn can be calculated for rigid paddle
wave ‘generators with double articulation, using the theory of
Biééel(Ref. 1 - Wave Generator Theory), which is the most "usuable"
of available mathematical theories, Bi;sel's theory (1951) is
based on earlier work by'Havelock (1929) (Ref. 2 - Wave Generator
Theory) .

The wave generators considered by Biésel are esentially such

that their action is equivalent to that of a membrane or a flexible

. blade completely obstructing the channel and oscillating with a

sinusoidal (simple Harmonic) motion about a mean vertical position.

The theory is based upon the assumptions that: the water
motion is irrotational; i.e. the water is frictionless and incom-
pressible (ideal fluid); the equations of motion satisfy all the

hydrodynamic laws to the first order of approximation and; motion
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is two-dimensional occuring parallel to the side walls of the
channel. The formulae derived are rigorously valid only for in=
finitely small wave heights and in cases where viscosity and
turbulence may be neglected. Water leakage around the flap

(paddle), which occurs in an actual machine, is not considered.

Summarizing this theory briefly (Ref. 10 - Wave Generator

Theory) boundary conditions are:

v

3 o
{a) 5—%— =0 fory=0, x

where the origin of the coordinates is placed on the channel bed
with the ox-axis extending along the bed in the direction of wave
propagation (Fig. 17) and the oy-axis designating the mean position

of the oscillating member;
5
b) o_¢ + g 3¢ . 0

2
3t . 3y

for the surface condition in a first-order theory} and

) 3o _ o
X K 8 (y) cos kt

for the boundary condition at the generator flap where

Kk = %E-and the motion of the generator is x = §(y) §in kt.
Biesel's solution for this problem is velocity potential

¢ k cos my . e ™n*. cos kt (14
nom n

¢ 7 - &ic cosh my sin (kt-mx) :AZ:

~
iy

=1

rd o
o) § (x)cosh o « (d «)
) %o Sinh mod' cosh m d + mod

(15)
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d § (x) cos m o (d«)

g
= g - (16)
and €n < Zmn ‘sinm d, cosmd +md
n n n

In these expressions, m is the positive solution of the equation

K2 = «g, tanh «=d ‘ €r7)

and m represents the positive solutions of the equation

2

= - «g, tan «d ' (18)
Using the velocity potential ¢, the displacements of the

particles whose mean position is x and y are  found to be

X=c cosh my. sin (kt-mx) +h§T ¢ -cos mhy.e_mhx.sin kt (19).

-and Y=c sinh my.cos (kt-mx) fhéi

. -m X

c,-sin m y.e "n".sin kt (20)
The magnitude of the semi-height (a) of the generated wave

can be deduced as being

a =-c¢ sinh md. (21)

Neglecting terms of the second order it can be proven that
P o= -39 -

. 5 ¢t eld-y).

Substituting for ¢ its value from equation (14) yields the

general equation for pressure in front of the wave generator flap

which.is

= . _ ) cosh my _
P =g (d-y) + pg a woch g * °°S (kt-mx)

+ 0 Zw

oLp 8¢, tam mhd. cos mny.e_mhx. sin kt (22)
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V _Medn position of wave generating fldp
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Fig. 17 Definition of Coordinate System and Terms used in

Biesel's Theory.
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Setting x=0 in formula (22) yields the expression for the

pressure acting on the gemerator flap. This pressure breaks down

into three terms.

a) The first term is hydrostatic pressure

Pp = p gld-y) (23)

b) The second term is wave pressure

_ cosh my
P P82 ohmg C°S kt (24)

and represents pressure required to form the actual wave. This
pressure is in phase with the oscillation speed of the wave generator
. flap. Energy expended to overcome this pressure is recovered in

the wave.

¢) The third term is inertia pressure

P, = 08 nél c  tan mnd. cos m_y. sin kt (25)

It is the pressure required to overcome water inertia and is in
phase quadrature with the wave generator flap speed., This com-
ponent acts as_an augmentation to the inertia of the moving parts

of the generator.

When a generator flap emits waves in both directions the
hydrostatic pressures existing on either side of the flap balance
each other out while the wave ?ressu;es and inertia pressures on
each side are réspectively additive doubling their individual

effect.
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-

When using Biesels equations values. of the coefficient m s
or preferably of the dimensionless product,mhd, are most easily

determined graphically using Fig. 18.

" Analysis of equations (19) and (20), which give water
particle displacements X and Y, shows that the motion imparted by
the wave generator to the water is composed of an ordinary wave:
(such as would be produced by an ideal wave.generator) and an
initial distﬁrbance, or transitory in space, which decreases ex-.
poneﬂfially as e "n” with increasing distance x from the generator
flap. Biésel shows that,at distance x=d from the generator flap
mean position,the maximum amplitude of this disturbance is 21 per-
cent of the initial amplitude, while at x=2d the amplitude is
énly 4,3 per cent and at x=3d it is reduced to 1.0 per cent.
Biésel and Havelock both concluded that if the motion ef a wave
generator flap (paddle) reasonably approximates the wave form,
water particle motion, then a length equal to three times the depth

of the channel will suffice to provide natural compensation for

defects in the wave form,

The vertical amplitude of the transient oscillation at the
generator flap (x=0) from-equation (20) is

n =c,  sin m d (26)

With regard to the height of the generated wave, Biésel
suggests an efficigncy coefficient of about 70 per cent for re-

latively large laboratory wave geherators. Efficiency will #n:
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fact' vary widely depending on.the ratio of wave length. to water
depth, the amount of water leakage past. the wave generator flap and

flap proportions.

Biesels Theory Applied to a Rigid Paddle, Double Articulation Wave

Generator

4.2.1 General
[¢)
A rigid paddle wave generator with double articulation can
be adjusted to make the paddle operaté:with a piston motion, with
a hinged-flap motion, or with an intermediate motion (Fig. 20).

The application of Biesels formulae for force calculations will

now be examined for each one of these operating modes.

4,2,2 Piston Motion

For piston motion the flap displacement function §(y) has

the very simple form §(y) = e where e is a constant (Fig. 20a),

From equation (21) the semi-height of the generated
wave is

fd e cosh my (dy)

Y]
]

c.0 sinh md = 2m sinh md

2 sinh2 md e
sinh md. cosh md + md

Ke | (27)
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2 sinh2 md: .
sinh md. cosh md + md

where K =

Figure 19 shows the variations of coefficient K as a function of

the ratio L .
d

Water pressures acting on one side of the flap can be

computed. The hydrostatic pressure P_, given by equation (23)

H,
remains as PH = pg (d-y). (28)

The wave pressure from equation (24) becomes

cosh my. cos kt

P, = rekel cosh md. (29)

n

The water inertia pressure from equation (25) is

Pi = pg T Cn' tan mnd. cos m y. sin kt. (30)
n=1
where from equation (16) C = 2 e sin mnd (31)
n - —— .
sin mnd. cos mhd~+’mnd

When calculating inertia pressure it is sufficient to compute only

the first three terms of the series.

The resultant forces per unit width on the flap, with water

on both sides, can be determined from the pressure equations, For
water on both sides of the flap the hydrostatic pressures balance

out and can be neglected. The wave force for wéter on both sides

of the flap is-

-d
F =21 p
(o]

0 (dy) = 2 (Eggg-. tanh md) cos kt (32)

n

and will be a maximum when cos kt = 1, that is, when kt = 0.
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The water inertia force for water on both sides of the flap is

from equation (30)

PN
Fi - 20‘ pi (d}’)

= 29g'{(.il . tan mld. sin mld)‘+ ( EE: tan m2d.sin m2d)
m m
1 2
+ (fé, tan m3d. sin m3d)} sin kt (33)
m

3

where values for cps © and c

9 can be obtained from equation (31).

3

The inertia force will be a maximum when sin kt = 1, that is, when

™
kt—-é-'

When using the force equations, values such as 1 can be
m
d 1
put into the form —— and values for mld read from figure 18.

mld

4,2.,3 Hinged~Flap Motion

For hinged flap motion (Fig. 20b) the flap displacement

function § (y) has the'form'§ (y) = %-y. (34)

From equation (21) the semi-height (amplitude). of the
generated wave 1is

rd
2m o %u y. cosh my (dy)

&= Co sinh md .sinh md

sinh md. cosh md + md

l-cosh md + md, sinh md
md (sinh md. cosh md+ md)

Il
N
(1]

. sinh md

]
~
(0]

(35)
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sinh-md (1 - cosh md + md. sinh md ) .

where K = 2 md (sinh md. cosh md + md)"

-

Values ¢f K for various values of %—are given in Fig. 19.

The value of Cn is given in equation (16). Substituting for

§ (y) and integrating by parts gives

c =9 M d. sin m d + cos m d -1 (36)
n e

m d (sin m d. cos W d + m d)

Force equations can now be determined if required using the same
procedure as for piston motion (Ref. sub-section 4.2.2, equations

32 and 33).

4.2.4 Intermediate Motion

For intermediate motion (Fig. 20c) the flap displacement
function § (y) has the form

5 () = + (e (37)

- Y
e)) 3

where ey is the maximum displacement of the bottom of the flap

from mean position and e, is the maximum displacement of the top

2

of the flap at still water level from mean position.

From equation (21) the semi-height (amplitude) of the
generated wave is

rd

o -{el + (e2 - e ) } cosh my (dy)

a = Co sinh md = 2m sinh md

sinh md. cosh md + md
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7d

om ©  ©1° cosh my (dy)

. 8inh md
sinh md. cosh md + md

5d

o (e2 - el) %?. cosh my (dy)

+ 2m sinh md

sinh - md. cosh md + md

rd

2me; 0 . cosh my (dy) . sinh md

sinh md. cosh md + md

_ = ny. -my
+ 2m (e2 el) o 2d° (e’ "+ e ). dy _ sinh md
sinh md. cosh md + md
= 2e. {sinh my}d
1 o . sinh md
sinh md. cosh md + md.
.- Oy -y
1. e e d .
+ 2m (e2 -e) 53 £ gzj (my-1) + ;f—_(—my—l)}o . sinh md
sinh md, cosh md + md
_ 2e :sinh-2 md
1° sinh md. cosh md + md
(1 - cosh md + md sinh md)
+ 2(ey)=e1) 3 (sinh md, cosh md + md)
= Ke1 + K (ez—el) (38)

-

where K is as previously defined in equation (27) and. K is as

defined in equation (35).

From figure 19 it can be seen that when the wave generator

is operating with intermediate moticn the heights of the generated
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waves will lie between: the heights achieved using piston motion

and flap motion, assuming other conditions equal.

The value of Cn for intermediate motion is obtained by

substituting for § (y) in equation (16) and integrating:

fd (e v
C o= om% {e; + (e,-e)) d} cos m_y. (dy)

‘sin md. cos md + md
n n n

0;1 i
-rd _jd =)L .
2mn o e, cos my (dy) + ! (e2 el)d' cos m_y (dy)

sin m d. cos md + m d
n n n

sin m d m d.sin m d + cos m d-1
= 2e n + 2(e2—e1) n n n (39)
sin m,n.cos m d+m d m d(sin m.d.cos m d+m d)°
d n n n n n n

Force equations can now be determined using the same pro-
cedure as for piston motion., (Ref., sub-section 4.2.2, equations

32 and 33).

4,2.5 Discussion.

- A rigid paddle, double articulation, wave generator, of the
type to be designed, is normally adjusted to cperate with an
intermediate paddle motion (Fig.20c) suited to the water particle
motions of the generated wave. At one extreme of adjustment this
motion becomes a piston mqtion suited to generating shallow-water
waves and at the_other extreme a hinged-flap motion suited to

generating deep-water waves.
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.,

Biésel (Ref.l - Wave Generator Theory) presents sample
calculations which show that the transitory wave deformation
(Eqn.26) occuring in front of the paddle is minimiized when the
paddle motion closely approximates the water particle motion of
the generated wave. Therefore, in a flume of short length, it
would appear particularly important that the wave generator

paddle motion always be correctly adjusted.

With this type of wave generator it is still possible for
the operator to generate all types of waves using either a
piston motion or a hinged-flap motion. For a deepwzwater wave

-

having L = 0.5, Biesel shows that for piston motion the ratio of

d .
" water inertiz to wave force is Ei = 35, whereas for hinged-flap
' F 1
F n
moticn i = 13.6 . It becomes evident then, that more power is
F 1 E '
n

required to drive the wave generator when the paddle motion is

‘not suited to the water particle motion of the generated wave.

The freedom which the wave generator operator has to ad-
just the paddle motion, brings up the question as to which operat-
ing mode (Fig.20) will produce the greatest loads on the paddle.
From Fig. 19, it is evident that the wave amplitude coefficient K
is always greatest for piston motion, resulting in the wave
pressure (Pn) acting on the paddle, being greatest for this case
(Eqn. 24). Wave inertia pressure (Pi Eqn.ZS) increases with

decreasing wave period (length). If the water depth is sufficient
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to make the short-length wave a deep-water wave, and if the
motion of fhe paddle is not suited té the water particle-motion of
the generated wave, then the water inertia pressure increases even
moré, and is greatest for piston motion., Therefore the wave
forces acting on the paddle will reach a maximum when piston motion
is used to generate short period waves.

When usingbBiésel's théory to calculate forces, it should
be remembered that this theory is only of the first order of

approximation and has not yet been fully proven.

Design Graphs

The behaviour of wave forces (Fn) aﬁd water inertia forces
(Fi) is not readily apparent from Biésel's equations, so the
author calculated values of Fn and Fivper unit flap width for
various values of L and plotted them in graph form. Because of the
d

lengthy calculations involved, Fn and Fi curves were prepared only

for the case of piston motion, This case is of prime interest as

it yields the maximum forces to which a rigid paddle generator

with double articulation could be subjected. For ease of design,
the values of Fn and Fi Qere calculated in terms of e.d where e
is the maximum displacement of the generator paddle in feet from
its mean position (Fig. 20a) and d is the water depth in feet

measured from the still-water level,
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In preparing the graphs, the wave-amplitude coefficient K
for piston motion was calculated for various values of L using
: d
equation (27), the results being plotted in figure 21. A sample

calculation for K for L = 20 is as follows:
d

2 sinh2 md
sinh md. cosh md + md

. 2 d
B 2 sinh™ 27 I

I d d
sinh 27 T cosh 27 T + 27 T

= 2 sinh .314
sinh .314 cosh .314 + .314

= 2 (.319) 2
319 X 1.050 + .314

= .,315

" The maximum wave force Fn per foot width of paddle for

various values of L was calculated for piston motion and water on
d
both sides of the paddle using equation (32) and plotted in

figure 22. A sample calculation for Fn for L = 4 is as follows:
: d
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F = 2(59%5 tanh md)

1.44 ed 62.4 X°'32.2 tanh 27 d

= 205 L’
L
_ 1.44 X 62.4 X 32.2 ed 2n
= 2( 2 tanh 3 )
A |

1.44 X 62.4 X 32.2 X .917 ed)
1.57

_—

= 105.2 ed 1bs./ft. flap width.

The maximum water inertial force Fi per foot width of
paddle for various values of L was calculated for piston motion and
‘ g 3 _
water on both sides of the paddle using equation (33) and plotted

in figure 23. A sample calculation for Fi for L = 4 is as follows:
d

cld ‘ c,.d
Fi = 2pg {('E;E . tan mld. sin mld) + (E;E tan mzd,51n mzd)
c3d .
+ (-m3d . tan m3d. sin m3d)}
from Fig. 27 md = .857 = 2,67 (radians)
m2d = 1,937 = 6,06 "
m,d = 2,961 = 9.29 "
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. ..2e sinmd. .
from equatlog (32). ©1 'sin-mld. cosTmld +.m1d
=" 2e (.455)

(.455) (-.891) + 2.67

= .402 e
similarly cy = - .0761e
and cy = .0296e

_ L ..402 ed . 455 -.076led _-.222 ;

, therefore Fi = 2X62.4{( .67 X 891 X.455)+( 506 X- 575 X(-.222)}

.0296ed . .1356
* gag X Tggr X -1356))

2 X 62.4 (-.0349ed -,0006 ed -.0001 ed)

-4.44 ed,

The negative sign applies to the direction of action of force

Fi relative to force Fn as illustrated in Fig. 24,

In studying Fig. 24 it becomes evident that there is con-
siderable fluctuation in the load and hence in the required driving
torque during one paddle oscillation., As the drive wheel rotates
through quadrant 1 and 111 the load is relativély light. 1In

quadrant 11 and 1V the load will be the same and reach a maximum
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value although in quadrant 11 the connecting rod is in tension

while in quadrant 1V the connecting rod is in compressionm,

Use of the graphs presented in Fig. 21, 22 and 23 greatly
simplifies the design procedure when calculating wave heights and

water forces, for a wave generator having a piston motion.
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22 - Maximum Values of Wave Force F per Foot of Paddle w1dth

for Varilous Values of L/d.

Maximum wave forming force, acting on a

'sides and moving with a piston motion is:

‘6L
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‘Maximum water irertial force
ractirg on a wave generator

5'16006d ‘paddle movirg with a piston
R ‘motion with water on both
sides of the paddle is:.
Fi = 2p9 [(Cl _-H tan mld sin mld)+
— T d -
" ~1400ed Efimzd tan m2d sin mzd)
‘(c3 ——3 tan mad.sin mj )] 1b /ft.
| - of_ggﬂﬂ]e ‘width, i
. ~1200ed -
: .ﬂﬂ%ﬁﬁ; . -
. c = 2e. sin mnd
% -n sin m d.cos mnd*+ mnd
' ~1000ed L
f m.d = values read from Fig. 27
i d = still water dépth in feet
; - ‘ e =} total amplitude of paddle
| +-=800ed \ osc111at1on in feet.
| \
i
- .~600ed H-—+1
o |
i \
, \
\
. ~400ed \
\
-200ed
\\
0T B i -
0 2 - - 3 4 >
2 L
d.

‘Fig. 23 - Maximum Values of Water Irertia Py per Foot of

Paddle~Wid§bwf9r_Y§ripug Values of L/d.
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~ Fig. 24 - Direction of Forces Acting on Wave Generator Paddle

During 1 Cycle of Oscillation.
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'5.- RE-DESIGN OF A WAVE GENERATOR - isolating and rectifying
the operating problems of
the wave generator in the

"small" flume.

5.1 Background

The wave generator installed in the "small", 21'-3 5/8"

~long, 8 3/8" wide and 10 5/8" deep, tilting, steel and glass flume
(Fig. 2) in the University of British Columbia, Civil Engineering
Department's Hydraulics Laboratory, is of the rigid paddle type
with double articulation. The geometry of the paddle actuating
mechanism was that developed by Coyer (Ref. 3 - Wave Generators).
Fig. 25 shows the wave generator paddle mechanism adjusted to give

a piston motion. Fig 27 shows the paddle mechanism adjusted to

give a hinged-flap motion. Full details of this generator are given

in a report by Pretious (Ref., 4 - Wave Generators),

The problem with this wave generator was that the drive
system produced a very uneven paddle motion, resulting in irregular-
ities in the wave form. Departures from the desired sinusoidal

motion were extensive and visually evident.

Correction of the operating problems of this wave generator
were undertaken before the design of the proposed new wave
generator for the large flume, so that use could be made of the

experience gained.
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. Fig. 25, The "small" Flume Wave
Generator Adjusted for

Piston Motion,

Fig. 26. Wave Surface
Irregulatiries Due to

Uneven Drive Motiomn.

Fig. 27. The "Small" Flume Wave
Generator Adjusted for

Hinged-Flap Motion,
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5.2 1Isolating the Operating Problems -

The predOminant‘irregu1arities'in motion consisted of two
perceptible points of slowing down and two separate points of
jerkiness in each rotation of the crank disc. The motion problem
was previously assumed to be backlash only and a friction brake
had been installed which rubbed on the crank disc circumference.
Use of‘the brake reduced the jerkiness somewhat, but the slowing
down still occurred. To isolate the causes, a methodical examinat-
ion of the whole wave generator system was made, with the following

results,

If vibration was a cause, paddle motion irregularities
would increase for certain paddle oscillation frequencies, due to
resonance, and would change significantly with changes in paddle
mass, The results achieved by varying the paddle oscillafion
frequency and by changing the paddle mass about 30%, indicated

that vibration was not responsible.

The cfank disc was found to be slipping on its drive shaft
due to an inadequate connection. . This problem was rectified by
machining a flange and welding it to the gear-box drive shaft.
The crank disc was recessed slightly on the back to take the

flange and the two units were bolted together (Fig. 28).

The drive system (Fig. 29) comprised three units. The

prime mover was a 1/2-Hp., 1720 R.P.M., 110-volt, 60-cycle,
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single-phase, Brook Electric motor fitted with a vari-drive
attachﬁent. This attachment was a Boston, variable-speed drive
(VDF6-1) consisting of an adjustable motor base and a spring-
loaded, cone-belt sheave capable of a 3:1 speed reduction. The
belt wés connected to a Morton Engineering, worm gear, speed
reducer, model T118, with a 20:1 speed reduction. This reducer
was directly connected to a shop-manufactured, 2 speed, gear-box
which allowed the selection of either a direct-drive slow setting,
or a 1:3 speed increase, fast setting. The slow-setting output
speed range was 90 to 30 R.P.M. while the fast setting range was

270 to 90 R.P.M,

The choice of a variable-speed drive unit was unfortunate,
as the basic design of these units makes them unsuited for driving
a wave generator., Variation in the diameter of the spring-loaded,
cone~belt sheave on the motor drive shaft is achieved by moving the
motor along its base, using the adjustment wheel shown in Fig.29(a)
on the extreme right of the base. Moving the motor away from the
pulley being driven, increases belt tension which forces the spring-
loaded‘sides of the motor-mounted cone sheave apart, thus reducing
the sheave diameter. This inecreases the ratio of speed reduction,
which in effect reduces the output RPM of the system. When running,
the diameter of the cone-sheave will be governed by initial belt
tension and by tension due_to load. For a constant load this unit
gives good service, but for fluctuating loads the diameter of the
goné sheave correspondingly fluctuates, resulting in Variatidns

in drive output speeds. For increasing load the output speed slows
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be 7% N

Fig. 28. The "Small" Flume Wave Generator Crank Disc

Bolted into Position on New Flange.
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down and vice versa. As illustrated in Fig. 24, a wave generator
load fluctuates, Obviously, it is physically impossible for this
type of vari-drive to give the smooth, sinusoidal, paddle motion

desired.

To check out this line of reasoning, the vari-drive cone-
sheave was replaced by a fixed diameter pully shown in Fig. 31. The
slowing down of the drive motion showed noticeable improvement

but the jerkiness was still present,

This jerkiness was traced to the shop-manufactured gear

box, the gear arrangement of which is shown in Fig. 30. A drive
gear on the input shaft (the lower shaft barely visible in Fig. 30)
is moved from one position to another along the shaft when a change
is made from "low" to "high" speed. To allow the gear to slide
over‘its key there has to be some clearance, and in this case the
clearance was excessive. Because of the heévy #90 gear-oil bath
éhis free-play was not evident unless firm pressure was applied.
This was considered as the major source of the backlash and the

resultant, jerky, drive motion.

Further examination revealed a second cauée of uneven motion.
Bevelled wear was noticed on the ends of the teeth of the small
gear on the right end of the intermediate shaft (Fig. 30) in-
dicating that the teeth of this gear were not remaining parallel

with the teeth of the gear driving it. The cause was assumed to be
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(a) (b)

Fig. 29. Three Views of the "Small" Flume Wave Generator Drive

System Which Had an Output Speed Range of 270 to 30 R.P.M.
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Fig. 30. Gear Arrangement in
the Shop-Manufactured
Gear Box, C.E.Dept.,

UaBC.

Fig. 31, "Small" Flume Wave Generator Motor Fitted with a Fixed

Diameter Drive Pulley to Check Motion Improvements.
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due to the helical gear, on the left end of the intermediate
shaft, "walking" on the output shaft helical gear during move-
ments of peak load, causing fhe intermediate shaft to bow out and
then whip back as the load decreased. Dismantling of the inter-
mediate shaft assembly, revealed an undersized inner shaft
surrounded by spacing collars which gave it the appearance of
having a larger diameter. Obviously, this shaft was not rigid

enough for the job.

" Since inertial forces produced by acceleration and de-
celeration of the water and paddle mass will produce forces
acting on the connecting rod and crank disc, which reverse
direction, it would appear necessary to minimize normal gear back-
lash in the drive system. This wave generator drive train employs
3 sets of mating gears. To reduce backlash it appears desirable

to reduce this number to 1 gear set if possible.

The paddle of this wave generator has a brass front face
which is free to move up and down (Fig. 28). The weight of this
face causes it to ride on a friction-reducing, white, teflon sheet
on the‘bottom of the flume (Fig.29), thereby stopping water leakage
under the flap. The face formed a close fit in the channel and was
found to be rubbing on parts of the glass walls of the flume
evidenced by deposits of brass. On occasion, the friction with

the glass appeared to induce a lateral vibration of the face
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causing additional momentary drag. Increasing the clearance
between the face and flume sidewalls, cured this problem. How-
lever, the paddle face still makes a close fit in the flume and care
should be taken to keep sand or grit away from the face dﬁring

experiments.

The drive wheel (crank disc) was found to be slightly off
from a precise parallei alignment with the connecting rod causing
binding between the crank pin and the close-fitting sleeve bearing
on the end of the connecting rod. Also, the aluminium base plate
upon which the drive assembly was mounted (Fig. 29) flexed
slightly with high load outputs, which would momentarily change
the crank pin alignment. To cure this problem the drive assembly
was re-aligned and the old connecting rod (Fig. 25) was replaced
by a temporary connecting rod of the same length fitted with a
self-aligning bearing which worked well. This practical aspect
of maintaining precise alignment of the drive system, led to the
use of a self-aligning bearing on the connecting rod of the

proposed, new wave generator designed for use in the large flume.

The ratio of connecting rod length to maximum crank throw
was 3.3:1. An improved sinusoidal motion would be obtained by

increasing this ratio to about 6:1, or greater.

The two vertical arms supporting the rear of the paddle were

each fitted at the top end with a large-diameter, sléeve—type bearing
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adjustable for friction (Fig. 28). The reason for these bearings

was not clear, but it was assumed they were used to give more lateral
stability to the wave generator and to provide limited friction as

a counter to gear back lash. The adjustment nuts were slackened off
to reduce the friction of these bearings, which was found to be

considerable at the time of examination. Care will have to be

taken in the future to see ‘that tliese bearings are not tightly

adjusted.

The lower ends of the vertical, rocker arms are positioned on
a graduated arc mounted on plates located on each side of the flume
(Fig. 28). One of these plates was tilted slightly out of vertical
positioq. As the arm ends were_fitted with sleeve type bearings
this produced a slight binding. Re-alignment of this plate solved
the binding problem. The practical solution of thié problem suggest-—
ed the use of self-aligning bearings on the lower ends of the

rocker arms of wave generators of this double-articulating type.

Because this flume is a tilting type, the drive assembly must
be supported on the flume making weight an item of consideration.
The electric motof and its base (Fig. 29) weighed 86 1lbs., the
worm-drive gear box 20 lbs., and the shop—manuféctured*gear box
67 1lbs., for a total of 173 1lbs., not including the aluminium base
plate upon which the whole drive system was mounted. This weight

should be reduced.
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Improved, wave-generator motion, will be obtained if the
inertia of.the moving‘partS‘is fairly low. This wave generator
paddie was fabricated from solid aluminium pléte, resulting in it
being relatively heavy. Also the paddle face was made of brass.
By drilling holes in the material, the weight of the paddle
assembly was reduced from 22 to 18.5 lbs. énd the brass face from
8.5 to 7.4 1lbs. The total weight of 25.9 lbs, was still felt to
be high, but no further weight reduction was done lest rigidity
be sacrificed. The best solution would be to rebuild this paddle
mechanism using thin aluminium -tubing for rigidity and making the

paddle face of aluminium plate instead of brass.

Besides the changes already made, it was concluded that a
new drive system should be designed for this wave generator, in-

cluding a-longer connecting rod.

Re-Design of the ""Small' Flume Wave Generator Drive System

5.3.1 Data on Existing Wave Generator and Channel

Maximum crank throw e 4,.3"

10 5/8"

Useful channel depth
Operating water depth d = 6.5"

Channel width 8 3/8"

B
n

Channel length 21 - 3 5/8"

5.3.2 ‘Maximum Motor-Gear-Box Output RPM

To avoid significant surface tension effects (Fig. 5)

choose the minimum wave length L = 0.578 X 12 = 6,94",
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For still water depth d =6.5",

=6.94--=:1.068 which is. < 2, giving a deep-water wave.
6.50"

ol

From equation (3), the deep-water wave velocity is

/ 32.2 X 6.94 _
V/ e X 12 = 1.721 ft./sec.

. _ . _ 6,94 _
From equation (5) wave period T = %'— 10X 1,591 = .336 sec.
. 60
Therefore, maximum crank speed = —336 © 178 RPM .

Note: Galvin recommends a minimum wave period (T) of

0.5 sec. ( 120 RPM ), with 0.75 secs. ( 80 RPM)
preferred., The figure of 178 RPM was chosen to
give a wider %-range for instructional purposes.

Wave heights will be low for very short period

waves. A lower RPM would reduce paddle stresses.

5.3.3 Minimum Motor-Gear-Box Output RPM

Galvin recommends at least two full wave lengths between

paddle and spending beach, still-water line. Hence, maximum

200 _ 4
== = 100",

wave length L

15.4, which is < 20, giving a transition wave.
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]

gL .. “2nd
V/ZN. tanh L

tanh

_ /32.2°X 100 21 X’6.5‘
2m X 12 100

4,06 ft./sec.

: _ 100 _
From equation (5) T = T 06X ° 2,05 secs..
Hence, minimum crank speed = ggag = 29 RPM

5.3.4 Estimated Maximum Wave Heights for Generator:

a)

b)

Piston motion yields maximum wave heights. From
equation (21) semi-height (amplitude) of generated

wave is a = Ke.

Hence wave height (H) = 2 K e.
For %-= 15.4 and reading K from Fig. 21,
maximum H = 2 x .408 x .43 = 3.51"

. . L
Maximum wave heights for other values of g were

calculated and results plotted in Fig.32. (For
intermediate motion the theoretical wave heights

will be less.)

Maximum deep-water wave height is*H:%'L from

equation (9).

For %-= 1.07, L = 6.94" and H‘éégz-z 96",

Height limits for other values of %- in the deep-
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water wave range were calculated and plotted in Fig.32,

c) Maximum shallow-water wave height from equation (10)

is H = 24 = 3X6.5 =4.87"
Z

d) Galvin's rule-of-thumb range, where waves lose

stability due to depth, runs between

=4 _ 6.5 _ "

B=335 = 175 = %43
_d _ 6.5 "

and H = > = 5= 3.25

5.3.5 Maximum Paddle Forces Due to Water

At 178 REM %- = 1.07 ..

Using Fig. 22

_ _ 4,3 . 6.5 , 8.38 _
F_= 42.2 edw = 42.2 X 75~ X 75> X ~f5 = 5.73 Ibs.

Using Fig. 23

_ 4.3 , 6.5 _ 8.38 .
F, = 190 edw = 190 X 75~ X 757 X =35~ = 25.8 1bs.

Values of Fn and Fi were also calculated for
crank RPMS of 151, 121, 88.5, 53 and 29.

Results are recorded in Table I.
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5.3.6"Maximum'Flap'Force,bue'toQMechanism“Inertia-

Assume tﬁe mofion,of.the'paddle mechanism mass is that of a
true piston. (Thg actual motion of the paddle mass is slightly
curved and the light, paddle support arms move in arcs, but the
assumption of a true piston motion.for all parts is sufficiently

accurate for design purposes and errs slightly on the safe side).

From Kent's Mechanical Engineer's Handbook (Ref. &4 -

Mechanical Mechanisms) the inertia force of the paddle mechanism

e

2
. _ 12 Wve R
is Fim = ——1;7;——~ (cos 6 + 7 cos 290)

where W = total weight of reciprocating parts of paddle in lbs.

= 26 1b.
g = acceleration due to gravity'in ft./secz.
Vc = velocity of crank pin in ft./sec.
£ = 1length of connecting rod in inches,
R = maximum crank throw radius in inches,
6 = angle in degrees defined on the diagram on
Table II,

(cos 8 + %'cos 20 ) wvalues are given in Kent,

Table -~ 2, page 7-38.

For a speed of 178 RPM

Ve

"RPS X circumferénce of crankpin circle

Ve ,="l%%; _— X'2;§55L§ = 6.68 ft./sec.
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12 x 26 x 6.68%
32.2 % 4.3

- Maximum F. = (1.167) = 117.3 1bs.

Values foerim were also calculated for crank speeds

of 151, 121, 88.5, 53 and 29 RPM. Results are recorded

in Table I.

5.3.7 Calculating Motor-Gear-Box Output Torque

Calculations for the maximum motor-gear-box output torque
at various crank RPMS are presented in Table II, Terms used re-
lating to the mechanism are defined on a diagram included on the

Table.

The ratio between connecting rod length and crank throw was

set at é; = 6 : 1. This ratio gives a connecting rod length of

£ = 6 x 4.3 = 25,8 inches and represents a compromise between an
improved sinusoidal motion, due to a longer connecting rod, and
accessibility to the space in front of the paddle for installing

wave filters.

The first two columns in Table II give the crank angle 6
and the corresponding paddie aﬁgle kt from Biésel's theory. The
paddle angle has been designated "nominal" as the geometry of the
mechanism affects the relationship between crank angle 6 and the
paddle angle, Their relationship was approximated by considering

the paddle as moving with true piéton motion. (Actually the paddle
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moves along a slight "horizontal arc" as can be seen by studying
Fig. 16 where the mechanism is shown édjusted for shallow-water
waves (piston motion) ). The approximated values of paddle angle
(180° - kt) are designated "actual" and were found with the aid

of Table I, page 7-04, Kent's Mechanical Engineer's Handbook

(Ref. 4 - Mechanical Mechanisms) which gives piston(paddle) position
for various crank éngles. The values of cos (180°-kt) were then

computed for use later on.

Values for the '"tangential effort and velocity factor"
sec 8 sin (0 +¢) -eorresponding to choseq values of crank angle
8 fqr §-= 6 : 1, were obtained from Table I, P,7-36 in Kent and
listed for use. Similarly, values for the "inertia and accelerat-

ion factor" cos 6 + %- cos 2 8 were obtained from Table 2, P.7-38

in Kent and listed.

The first set of calculations was done for a crank speed
of 178 RPM. The maximum value of Fn was read from Table I.
Values of Fn cos (180-kt) were then computed for the listed crank
angles.- Similarly, values of Fi were calculated for the same
crank angles. The maximum value of the mechanism inertia force

Fim was read from Table I and the applicable value calculated for

. the required crank angles. It should be noted that the maximum
value of

cos 6 + %-cos 2 6 for %-é 6 : 1 is 1.167 and

therefore the maximum value of L must be divided by 1.167
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before multiplying by the next value of

R
cos 6 + 7 cos 2 6.

Values of Fn’ Fi and Fim for a ?articular crank.angle were
summed to obtain P, the total force acting on the paddle. Then
using the equation Ft = P sec ¢ sin (6 + ¢) the effective tangential
force, in pounds, acting on the crank pin was obtained. For a

crank speed of-l78 RPM the maximum value of Ft was =74.4 1b,

The negative sign results from the relationship of forces as ex-
plained in Fig. 24 and can be ignored beyond this point., The

maximum gear-box output torque required is 74.4 x 4.3 = 320 in.1b.

The maximum torque required at crank speeds of 151, 121, 88.5,
53 and 29 RPM was also computed and the calculations recorded in
Table II. The torque'requirements were plotted in Fig. 33 for
various RPMS: and values of %u

Maximum values of Fn’ Fi’ and Fim occuring at various speeds
are plotted in Fig. 34 to show visually their relative significance
for this wave generator, particularly that of mechanism inertia

at higher speeds.

5.3.8 Protective 'High ‘Speed ‘Crank ‘Throw Limitation -

Because of the poor motion of the original drive system,
the wave generator had not been operated at full crank throw at
speeds much. above 120 RPM. This was rather fortunate as some of

the fastenings, and the axle subporting the ends of each of the
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four vertical-paddle-support arms, appear of inadequate strength for

sustained high loadings.

The original % Hp. electric motor was of inadequate power
rating for the load at'high speed and full crank throw?,but could
easily have appedred adequate. Electric motors will operate at up
to about 2507% overload for short periods of time until a protective -
thermal switch cuts the power. Since the peak wave generator load
is intermittent, occurring only briefly twice in each crank cycle
(Fig.24), thé motor would have driven the paddle for an appreciable
time -at higher RPMS and crank throws than those used, before

motor overheating occurred.

Rather than rebuild parts of the paddle to guard against
overstressing, it was felt that overstressing could be prevented by

requesting the wave generator operator to limit the crank throw at

high speed. This limitation would not limit the wave making

capability of the wave generator.

The limitation was computed as follows:

At 178 R.P.M,

L = 6.94"

(Table I)

and 1.07

L
d
The maximum deep-water wave height is
6.94

H=11L = 5 = .99" (Fig. 32)
7



For piston motion -

Ke 2. (Fig.21)
‘From equation (27):

H = 2a = 2Ke where e is as defined

in Fig. 20a.

The theoretical crank throw required to.
achieve maximum wave height for piston

motion -is

H .99

L= 227 = "
T 2K 2X2 .25

For hinged-flap operation

“ = K = 1.7 (Fig.19)

and e = gK’ = é;i 7 = .29" where e is as

' defined in Fig. 20 B,

But e.is located 6.5" above the channel bottom whereas the
connecting rod connection to the flap is 20.25" above the:channel
bottom, (Fig. 16: Deep-Water Wave Setting). Therefore the re-

quired crank throw is 20.25 X .29 = 91" .

6.5

¢

As the calculated values of e are approached, the waves
become ‘'unstable and break. For higher values of e, splash results
(assuming 100% flap efficiency).

\

At 130 RPM where %-= 1185, the maximum-required crank throw
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is 0.5" for piston motion and 1.8" for hinged-flap motion.. It
is. evident that at crank speeds above .130 RPM the crank throw re-
quired to achieve maximum theoretical wave height is -less than %

maximum crank throw, i.e. % x 4.3 =-2,15".

The torque demand for a crank throw setting of % maximum, or
2.15", was computed for crank speeds above 130 RPM and plotted in

Fig.33.

In view of the drive unit finally selected it was concluded

that the crank throw should be limited to % maximum (i.e.2.15")

for crank speeds above 130 RPM, irrespective of the paddle motion
involved. This limitation should restrict -the maximum applied
torque to.about 170 in.lb. without, as shown, restricting the wave

making capability.

5.3.9 Crank Wheel Mounting Height. for Optimum Sinusoidal"

Paddle Motion.

The geometry of the paddle mechanism affects the desired
sinusoidal motion of the paddle. Since transitional and shallow-
water waves were felt to be of greater interest  for model tests
than deep-water waves, the best location of the crank wheel was
determined for the paddle adjusted for piston-motion. This work
was done graphically and the final calculation is shown in Fig. 35.
It was decided that the crank wheel should be mounted 0.34" above
the horizontal line passing through the centre of the joint where

the connecting rod is attached to the paddle.
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5.3.90 New Drive Unit

After investigating a number of drive systems, it was
decided to use a 1 Hp. Winspeed SCR drive unit, with an RPM range
from 180 to 9, to replace. the original components. The torque

curve is shown in Fig. 33.

The torque available from the new unit substantially ex~

ceeds the calculated value of torque required by the wave generator

crank. This situation was considered desirable for three reasons:

-

a) Biesel's theory, used to compute the wave and water
inertia forces, is only first order theory and is

not yet fully proven;

b) bearing friction losses and friction losses from the
paddle face dragging over the teflon pad (Fig. 28) and

along the flume's glass sides are unknown; and

¢) better speed regulations will be obtained if a unit

having surplus- power is used.

The 1 Hp. motor and speed reducer are flanged coupled pro-
viding a "tidy" installation. Their combined weight of 96 1b..

is less than 60% of the weight of the previcus drive system.

The Winspeed MCTR (2). worm-gear speed reducer, was checked

for overhung, output-shaft, load and torque rating and found satis-

factory.
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5.3.11 Re=design of Connecting Rod:

The Iength,of t§e.new'COnnecthg.rod'was previously
specified at 25.8" (Section'5;3;7). Calculation of' the maximum
load was as follows:

Maximum load acting along the centre line of the connect-

ing rod is

P
Fé = “,R*sin 6, 2 ' from
1- G2R0

Kent's Mechanical Engineer's Handbook P. 7-37. Using
valuesvof P and 6 from Table II for a crank speed of

178 RPM., the maximum value of Fc occurred for P=143.1 1b.
and 6 = 00, that is

Fc = 143 1b. in compression.

A new connecting rod was designed of aluminium alloy
6061-T6 to carry this load. Ihe crank end of the connecting rod
was fitted with a self-aligning, ball bearing. A new crankpin was
fabricated to accommodate this bearing and to fit the existing

crank dist.

5.3.12 Suimaty of New Operating Specifications

0.34 to 2.1 secs.

design wave period range

design water:depth.(d) =6,5"
minimum wavé'length = 6.9"
maximum wave length (d =6.5") = 100"

range for a depth of 6.5" = 1,07 to 15.4

L
d
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maximum crank throw - =-4,3"

(estimated) maximum wave height = 4" when 5 <%1- <13
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6. DESIGN OF A WAVE GENERATOR - designing the .proposed
.new wave generator for the

"large' flume.

Scope

- The large, 39'-4%" long, 30" wide and 36" deep, fixed,steel
and glass flume in the U.B.C. Hydraulics Laboratory is, in wave-
channel practice, relatively short in length, and as a result re-
quires a wave generator which establishes the correct wave form and
water particle motion right at the paddle. It was therefore de-
cided to design a wave generator for this flume of the rigid paddle,
double articulation type‘(Section 3.6), using the geometry arrange-
ment of Coyer (Ref. 3 - Wave Generators). The design of this

wave generator is presented in this section.

Flume Data

The 39'-4%". long, 30" wide and 36" deep flume is fabricated
of steel, rigidly attached to the laboratory floor, and has glass
panels on both sides along the middle third of its length. Views
of the large flume are presented in Fig. 1. Interior detail, in
the region chosen for installation of the proposed new wave generator,
is shown in Fig. 36, while corresponding exterior detail is shown

in Fig. 37. Basic flume layout and dimensions are given in Fig.38.

For design purposes:

usable flume length = 39'-44"

total flume depth 36 3/4"
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usable flume depth: . =..33"
interior flume width =. 30"
and extreme exterior width =~ = 38 1/8"

6.3 Fundamental Design Decisions

..............

force calculations should be 'based. The wave forcesaactingﬁén?the

paddle of a double-articulation type wave generator will be greatest
should piston motion be used to generate shallow-water waves

(Section 4.2.5). Aiso, mechanism inertia forces (Fim) are highest
for pisfon motion due to the manner in which the material masses
move. Since the operator is free to adjust the wave generator
mechanism for either piston, iﬁtermediate or hinged-flap motion

(Fig. 20), it was decided that the proposed new wave generator should
be designed on the basis of piston motign being used throughout the

operating range.

Due to obstructions at the inlet end of the flume it was

decided to install the wave generator at the tail-gate end, as in-

dicated in Fig. 38. The distance from this end of the flume to the
end of the last glass panel is only 25'-4". For purposes of observat-
ion, most tests would be conducted in the region of the last set of
glass panels. To allow a maximum reach between the wave generator
paddle and the test area, for the installation of wave filters and

for the water-particle motion to stabilize, it was necessary to
minimize the length of flume behind the paddle for the installation

of wave absorbers. The volume of this space behind the paddle then



Fig. 36.

Interior Detail of the 39'-4%" Long,

30" Wide and 36" Deep Flume in the
Region Chosen for Installation of the

Proposed New Wave Generator.
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Exterior Detail of the 39'-4%" Long,
30" Wide and 36" Deep Flume in the
Region Chosen for Installation of

the Proposed New Wave Generator.
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becomes relatively small related to:.the volume of water displaced
by the paddle, resulting in an appreciable fluctﬁationvof the mean
water level in it as the paddle oscillates. Because of this
fluctuation, the'deéision'on maximum crank throw, design water depth
and‘generator paddle location became interdependent, necessitating

some gompromises,

The crank throw chosen for the drive mechanism will govern
the wave heights obtainable. A maximum wave height in the range of
10" to 12" was desired. An initial estimate of wave heights for
piston motion and different crank throw lengths was obtained from
equation (27), rearranged to give wave‘height H = 2a = 2 Ke. Similar-
ly, wave heights for hinged-flap motion were estimated, using the
equation H = 2a = 2 K”e. Values of K and K” were read from Fig.19.
For hinged-flap operation allowance was made for the value of flap
displacement at the water level being only about half the flap dis-
placement at the connecting-rod connection. - Normally, the wave’
generator paddle will be adjusted to operate with intermediate
motion, suited to the water particle motion of the wave being de-
veloped. This will give a wave height lying between that of piston

motion and hinged-flap motion.

When deciding the crank throw to be used, another point was
kept in mind; Large paddle displacements rapidly increase the drive
unit power réquirements and costs, especially in the case of piston
motion, Yet, when operating in the hinged-flap mode, a large prank

throw is desirable to compensate for the reduced flap displacement
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at the still-water level, due to:mechanism geometry.

‘ Water”degth affects the'maximum wave height which can be
obtained. _Galvin's observation that waves become unstable in wave
channels when the wave height H is in the region Of'%fg to %3 means
that large paddle displacements will only result in breaking waves,
unless adequate water depth is available. Since water depth sets a
limit on the maximum wave height, and since deep-water wave heights
are also limitEd by wave length (H é_%ﬁL), the use of large paddle
displacements, beyond a certain limit, serves only to increase the
shallow=water wave heights. In setting the design water deﬁth,

wave height and channel freeboard were taken into account.

Due to the short reach between the paddle and the test area,
it is desirable that the paddle motion should be as close to.sinusoidal

as feasible. Therefore.it was decided to use a connécting rod length

to crank-throw ratio of §-= %u For a 10.5" crank throw, this means

use of a 73.5" long comnecting rod, which is about as long as the
available space will permit without having the motor mount extend-

ing beyond the end of the flume.

Trial calculations were made to investigate the interlocking
requirements of crank throw, water depth and paddle location in the

flume, It was décided_tokuse the following design limits:

a) maximum crank throw. 10.5",
b) maximum water depth = 25",

c) the paddle face positioned 5' from the interior tail-
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~gate end of the flume; and

d) a connecting rod length. to-crank-throw ratio of.

L.z
R 1

Effect of Limited Flume Length Behind Paddle

The effect of the fiume length behind the paddle being

limited to 5 ft. was investigated. In its rearward stroke the

30 . 25 °10.5

paddle displaces X1 ¥ 13 = 4,56 cu.ft. of water causing a

rise in mean water level behind the flap of 5.3", TFor a 12" wave,
the wave crests behind the flap will be 25 + 5.3 +v%£ = 36.,3"

above the flume floor. With a total flume depth of 36.75", it is
apparent that splash boards will be required along with an efficient
wave absorber and possibly a cover plate, to prevent water spillage.
This situation indicates that full crank throw will be excessive
when used with the piston-type motion at the design depth of 25 in.
However, the extra crank ﬁhrow is desirable for intermediate or
hinged-flap operations, where fhe.amount of water displaced by the
paddle is less than that for a piston-type operation and the
effective paddle displacemenf at the.water level is less than the

crank throw due to mechanism geometry.

The fluctuating water level behind the paddle may serve to
improve the paddle motion at higher crank speeds by reducing water
and mechanism inertia effects. With‘the aid of Fig. 24 it can be
seen that "as the paddle moves forward, the water level behind the

paddle drops, producing an unbalanced hydrostatic pressure on the
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frontvof'theﬂpaddle which wotks against,: or absorbs, the inertia
energy éf the water and paddle mechanism. As the paddle starts to
move backwards,'the'difference in water level will assist in
accelerating the paddle. 1In the third diagram the pressure
difference due to the higher water level behind the paddle absorbs
some of the inertia energy.. . In the last diagram the pressure

difference will aid in accelerating the paddle.

Design of the Proposed, NeW'Wave'GenératOr'Drive“Sgstem

6.5.1 Summary of Basic Design Data

391 -4

Usable flume length =

Total flume depth = 36 3/4"
Usable flume depth = 33"
Interior flume width = - 30"
Maximum crank throw = 10.5"
Maximum water depth = 25"
Mean position of paddle face |

from interior tail-gate end

of flume = 5
Connecting rod length to crank

throw ration é— = -%

Connecting rod length = 73.5"

6.5,2 Maximum Craiik RPM

To avoid surface tension effects, Fig. 5, choose a minimum

wave length of L = 12". Then at the design depth of d = 25"
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%-»= .48 which is less than 2,. indicating deep-water wave.

From equation (3) the deep~water wave velocity is

¢ 2T

_ [ 32.2 12
n C 12

= 2,26 "/sec.

From equation (5)

Lo 12 '
T = c = 10 x276 " 443 sec.

requiring a maximum crank speed = i3 - 135.5 RPM.

Galvin recommends a minimum wave period of 0.5 sec.(120 RPM)
with 0.75 sec (80 RPM) preferred. These slower crank speeds reduce
inertial forces considerably, with only a slight loss in deep-water
wave making capability. Therefore two other values of crank speed,
wave length (L) and wave length to water depth ratios(%) were com-—

puted, for use in selecting the maximum speed of the power unit:

Assume minimum L = 20"
then L _
E‘f 0.80
C=2.92 ft,/sec.

3
|

= ,571 sec.
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requiring a crank speed = .105. RPM.
Assume a crank. speed. ;ﬁ 88- RPM
then T ; _;683v3ec;
C =5.12 T =3,50 ft./sec.
L =CT = 28.7"
and ~ L - = 1.15
d

These calculations were summarized in Table III.
Final selection of maximum crank speed will be done later,
when the drive system is selected, but the speed will lie somewhere

between 80 and 135.5 RPM,

6.5.3 Minimum Crank RPM.
Galvin recommends having at least two full wave lengths be-
tween the mean paddle position and the beach, still-water line,

Therefore, the maximum wave length is

L = %% (34" - 4%") = 17' - 2 1/8" = 206"
For d = 25"
%— = E%é = 8.24 which is a transition wave giving
_ gL 2nd - 32.2 x 206 2T _
C V/ e tanh.-ir~ o —) tanh A 7.52 ft./sec
_ 206 _
T = 55 7w 10 - 2.28 sec.
60

and a minimum crank speed = = 26,3 RPM

2.28

Assuming a minimum, usable water depth of d = 6" gives
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%—é 2%§3=,34;8 which. is greater.than 20 and is a.shallow=

water wave.’

From equation (4).

c =/gd =/32.2 x% = 4.0l ft./sec.

From equation (5)

_ 206 _
T = 20l = 12 ° 4,28 sec.
- 60
and minimum crank speed =758 - 14 RPM

6.5.4 Maximum Water Forces Acting on Paddle

Maximum values of the wave forces (Fn) and the water inertia
forces (Fi) acting on the paddle during piston motion at speeds of
135.5, 105 and 88 RPM, were calculated with the aid of Fig. 22 and
23 and listed in Table III. Since the maximum wave forces for

different %-values occur when-% = 4, Table III was extended to in-

L

clude values of 3

equal to 2, 3 and 4, Values of Fn and Fi for L
d

greater than 4 were not considered, as these forces both decrease

beyond this point for any fixed water depth and crank throw.

6.5.5 Maximum Paddle Force Due to Mechanism Inertia

To calculate forces due to the inertia of the paddle
mechanism, it was assumed that the piston-type motion of the paddle
mechanism was that of a true piston. This assumption is sufficient-

ly accurate for design purposes and errs on the safe side. The
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calculations for mechanism inertia at various speeds were carried
out as previously explained in Section 5.3.6 and the results listed

in Table III.

For these calculations the weight of the paddle mechanism

was estimated at 160 lbs,

A sample calculation for ﬁaddle mechanism' inertia at 88 RPM

is as follows:

2
_ 12 Wve " R
Fim = TeR (cos 6 + 7 cos 2 9)
. _ 88 21
where VC —160 X T Xy = 8.06 ft./sec.

_ 12 x 160 x (8.06)°
32.2 x 10.5

(1.143)

and maximum F,
‘ im

422 1b.

6.5.6 Calculating Motor-Gear-Box Qutput Torque

Calculations for the maximum motor-gear-box output torque
required to drive the crank at various RPMS are presented in
Table IV and were carried out as previously described in section
5.3.7. These values of torque were computed for full crank throw of

10.5" and a 25" depth of water. The results are plotted in Fig. 39.

6.5.7  Discussion of Torque Requirements

" Fig. 39 shows a rapidly increasing torque requirement at high

crank speeds. When generating deep-water waves, wave steepness H limits
L

7 the' - wave heights and hence the useful crank throw begins de-
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creasing with:decreasing wave period. Therefbre,'at high crank
speeds the'powernrequiredﬂto.actually,genéragé.Waves of maximum
height is considerably less'than that needed to run the wave

generator at maximum crank_thrbw which will only give splash and

breaking waves.

‘The peak torque demand at which waves are produced, occurs

when the waves being produced have a length to depth ratio of

L. 4 which is obtained in a 25" depth of water at a crank speed of

d
45.1 RPM, 1t is obvious, then, that the power requirements can be

considerably reduced, without reducing the wave making capability,

if the crank throw at high RPM is limited.

‘

Hinged-flap wave generators most often do not require a crank
throw limitation unless the maximum speeds are very high. This is
‘due’ to the lower water inertia forces and lower mechanism inertia.
When the paddle moves ﬁith a piston motion and deep-water waves
are to be developed, economics dictate a limitation of the torque

demand at high speeds.

There are a number of ways of limiting the high speed torque
demand. The operator of the piston-type wave generator at the
University of Washington is required to not exceed a certain crank
throw at higher speeds. Torque limiters or motor-current limiters
can be used, but at added expense. NRC .describes its approach to

this problem, for a hinged-flap generator, in their report on the
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"Design of a Wave Generator for the Hydraulics Laboratory"

(Ref., 7 - Wave Generators).

It was decided that the drive unit must provide at least
5120 in.lb., of torque at 45 RPM and that the crank throw would be

limited for high speed operation.

The crank throw and water depth used in the calculations
presented in Tables IITI:zand IV, were only decided upon after numerous
other trial calculations had been made. The results of these other
calculations are summarized in Table V, which lists the maximum
torque requirements for generating a wave having L. 4, using

d

different crank throws and water depths.

6.5.8 Selection of a Drive System

The selection of "a variable-speed drive system was narrowed
down to a choice between either a variable-speed, DC motor system
or a variable-speed, mechanical system. After considering speed
regulation, costs and compactness of the final installation, it was
decided to use a variable-speed, DC motor, "Ratiotrol" system, pro-

duced by the Boston Gear Co.

The Ratiotrol system chosen is a 10-Hp unit delivering a
constant torque of 5290 in.lb. over a speed range of 88 - 3 RPM.
The available torque exceeds the maximum required torque of 5120
in.1b. Addition of the’optional'tachometér feedback circuit will

give a 1% sﬁeed regulation and reduce the effects of changing line



126

PISTON MOTION
Crank .Still Max.
Throw ‘Water | Crank Crank BPM for Wave
(inches) | Depth 4 | Torque Having L/d =
(inches) | (in.lbs,)
9.5 22 3750 | 48
23 3960 , -
2L 4120 -
25 4200 | 45,1
10 | 22 4140 48
25 4650 , 45,1
10.5 22 4540 48
- 25 5120 45,1
11 22 5040 48
25 5640 | R

-gNote; For piston motlon the paddle displacement
L (e) equals the crank throw.
TABLn V - Sumnmary of Maximum Torque Requirements for
the 39'-&L" x 30" x 36" Flume Wave Generator
- for Gene“ating a Wave Having L/d = 4 Using
Piston Motion and Different Limits of Crank
Thrﬁg and Water Depth. ,

“aRy

Aot
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voltage.

The maximum speed of 88 RPM will give a true, deep-water
wave in 25" of water with a length of depth ratio of %-= 1.15.
This wave has a period of 0,68 sec. which is still shorter than

Galvin's preferred limit of 0,75 sec. The minimum speed of 3 RPM

exceeds the minimum usable speed of 14 RPM.

Specifications for ordering the recommended drive unit are

given in Appendix A,

'6.5.9 Estimated Wave Height Capability

The maximum wave height capability of the wave generator will
be obtained using piston motion for waves of all periods and a
maximum water depth of 25". Theoretical values of these wave
heights were computed using equation (27), rearranged to give
H=2a-= 2Ke; and plotted in Fig. 40. Similarly, wave heights for
hinged-flap motion were calculated using the equation H = 2a = 2K72,
Values of K and K” were read from'Fig. 19, For hinged-flap motion,
the value of flap displacement (e) at the still water level for
full crank throw, was taken as e = %% x 10.5 = 5.47", where 48" is
the height of the connecting rod attachment to the paddle, measured

above the flume floor.

.....

‘(i.e. intermeédidate motion) the

wave heights obtained will lie betweérn those for piston motion and
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Galvin's observed wave height limitations .due to.depth, were
plottedialqng with.the height limitation for deep-water waves .due to
steepness ( %-% %ﬂj. Although Bi;sél's.tﬁeOries ére mostly unproven,
some research work has been done by GalQin concerning the wave height
factor K” (Ref. 3 and 4 - Wave Generator Theory). Using the 635-ft.
long, 15 ft. wide, 20 ft. deep? concrete wave channel at the U.S.
Army, Coastal Engineefing Research Centre in Washington, D.C., he
found that wave heights obtained for hinged—flap motion were within
90% of the theoretical height. This lends validity to Bi;sel's
Qork and to his statement that wave heights for smaller sized wave
generators will be about 70% of the theoretical height, depending
on the size of the paddle, the wave period, and the amount of water

leakage past the paddle. Values of wave heights for 70% efficiency‘

were computed and plotted in Fig. 40.

6.5.10 High Speed, Crank Throw, Limitation

From Fig. 39 it is evident that the crank torque at speeds
above 72 RPMMmust be limited to protect the electric motor égainst
overload. It was decided to accomplish this by limiting the crank
throw. - In Fig. 40 it is apparent that, even for hinged-flap motion,
the crank throw required to generate a wave of maximum height having

%-: 2, is small, The actual value can be obtained from the equation

H = 2K’e

Where e %%42. crank throw. Solving gives a crank throw
S SR 1
S * 75
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= 1.14 48
- 2x1.4 .7 25
= 4,9 in.

A wave having %—é 2 is produced' in 25" of water at a crank
speed of 66,5 RPM (Fig.‘39); "At full crank throw of 10.5" the
required crank torque is 4830 in.lbs., which is less than tﬁe 5290
in. 1bs. capacity‘of the drive system. Since, as just shown, a
crank throw of 4.9 in. is all that is required to get maximum
wave height, even with hinged~flap operation, this speed appeared
as a good choice to start a crank throw restriction. If the crank
throw is limited to a maximum of 8", at a crank speed above 67 RPM,
the crank torque at.the maximum speed of 88 RPM rises to only 4350
in.lbs. giving full protection against overload., It is evident

that the wave-making capability of the wave generator is in no way

restricted.

If the operator forgets. to use this restriction, the drive
system fuzing_should protect the electric motor and control unit

against overload damage. In any case, the maximum possible over-

7460
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serious for an electrical system.

load is x 100 = 141% at 88 RPM which is normally not

When the wave generator is built, both the speed control umnit

"Maximum crank throw limited to 8' at speeds

above 67 RPM "
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Design of Paddle Mechanism. Geometry

6.6.1 Basic Mechanism-Geométry

With referenCe.té'Fig: 41. Tength of the arms AB and CD was
arbitrarily set at 51.000". Increasing the length of these arms
reduces the amount of change in the opening between the end of the
paddle and the flume bottom as the paddle oscillates, but has the

disadvantage of increasing the paddle mass and inertia.

Considering the size of the crank disc and the method of
attaching the connecting rod to the paddle, the attachment position

G was set 3.00" from A.

The length of EC was set at 22.00". 'Increasing'this length
increases the separation betweeq-arm AB and CD making the paddle
motion less sensitive to adjustments of point D along the arc BD.
fhe length of EC is limited by the necessity of having to clear the

flume top edge when point C is at its extreme position C”.

When the paddle is in its mean position, point C must lie on
the arc of point A and therefore AE may be computed using the

formula shown in Fig. 41, which gives E02 = AE (2AB - AE)

2 2

i.e. AE 2AE.AB + EC™ = 0

AE2

[}

'102,000AE + (22.000)2 = 0

and AE = +.102.000 t_/Tog.ooo — 4 (22.000)° - -
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The required solution is AE = 4,989"

The length of AF is limited by the space available when
the paddle is in the extreme position for piston motion. Using
the same procedure as for finding AE, the length of AF must
be shorter fhan AB by the amount

h2 - 102.000 h + 10.502

u
()

h 1.09"

To prevent binding when sand is present in the water, allow
an operating clearance of 0.11"., Therefore,

AF = 51.00 - 1.09 - 0.11 = 49.80"

6.2,2 Paddle End-Clearance Plate

The paddle will clear the bottom of the flume by 1.09 +
0.11 = 1.20" when it is in its mean position. This space will
permit considerable water leakage past the paddle with a loss in
wave height. To reduce this leakage, use of an end-clearance

plate is recommended, the.profile of which is shown in Fig. 41.

The profile of this plate can be safely approximated by two
arcs, representing the extremes of position of the end of the
paddle F. throughout its complete range of possible motion. To
maintain operating clearance, the length of AF is taken as 49.91"
‘rather than 49.80" when drawing this profile. The first arc is
F'F" with a radius of 1.09", centre B and running from the mean
paddle position F' to the extreme position F" for hinged-flap

motion. The second arc is F"F with a radius of 49.91 - 3.00 =46.91",
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| Fig. 41. Developing the Geometry of the Paddle Mechanism
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centre G and running from F", the extreme of hinged-flap motion to
F, the extreme of piston motion. This profile is mirrored in the

second half of the paddle oscillation,

Although an end-clearance plate with the curved profile
shown, would be more efficient, the curves may present manufactur-
ing difficulties, in which case a wedge shape could be used. 1In
this case fhe side of the wedge would be a straight line from F'

tangent to the arc F"EF.

The end-clearance plate should be made of mild steel and
attached to the flume floor with an epoxy resin glue, to avoid

distortion of the flume floor from the heat of welding.

6.6.3 Paddle Structural Geometry

A side view of the paddle structural geometry is shown in

Fig. 42 along with basic dimensions.

Wave Generator Structural Design Loads

6.7.1 General

The design loads for various parts of the wave generator
mechanism are presented in this section. The loads; as given, do
not include load impact factor, due to the reciprocating motion,
or any safety factor. The actual selection of mémbers to carry
these loads is not detailed in this thesis, but the selected

members are specified in the accompanying drawings (Appendix D).
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To keep the inertia of the oscillation members low, the connect-
ing rod, paddié assembly and paddle support arms, were designed
for construction using aluminium alloy 6061 - T6 (Alcan No.65S-

T6). Other parts were designed for construction using mild steel.

In selecting structural components, rigidity was the guiding
factor, and therefore, some of the chosen components are more than

adequate in strength in order to ensure a minimum deflection.

6.72 Crank and Crankpin Design Loads

The overhung crank was designed in accordance with pro-
cedures outlined in Kent's Mechanical Engineer;s Handbook, page
7=34. The maximum bending moment Qhen crank and connecting rod
are at right angles, was taken as 150% of the output torque of the
drive system, which is 5290 x 1.50 = 7940 in.lbs. The greatest
bending moment on the crank, due to overhand of the crankpin and

occurring when the crank is on dead centre, results from a load of

1188 1bs. at 88 RPM,

Maximum bending moment on the overhung crankpin is 1.10 x
1204 = 1325 in.1lbs. and occurs at ‘88 RPM. Crankpin proportions

were detailed as given in Kent, P.7-35.

6.7.3 Connecting Rod Design Load .

The maximum load in . pounds, acting along the centre line of

the connecting rod, was obtained from the equation
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i
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‘Note:™G i position of connecting
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Fig. 42. Side View of the Proposed Wave
Generator Paddle Structural

Geometry. -




137.

F o= P
C "
- /?—(%sine)z

given in Kent's Mechanical Engineer's Handbook P.7-37. Using
values of P and 6 from Table IV, the maximum sustained value of
FC when generating waves, was found to occur for P = 491 1lbs. and

g = 700, at a crank speed of 45.1 RPM. The value obtained was

FC = 495 1bs. acting alternately as a tensile and then compressive

load.

Should the crank throw limitation be ignored and the wave

generator run at 88 RPM using full crank throw and a water depth

7460
5290

splash and breaking waves would be generated and it is assumed

of 25", the peak motor overload would be x 100 = 141%. Mostly

-+ that the operator would realize his error and shut down. Should

he not shut down, the motor would probably run for some time
before overheating caused the fuzing to shut it off, since the
1417 overload occurs during only part of each paddle cycle. Under
such conditions, the connecting rod load FC = 1204 1lbs. for

P = 1204 1bs. and 6 = 10° at a crank speed of 88 RPM,

It was decided to design the connecting rod for an axial

load in compression of 1204 1bs.

A short 6.62"~long rod, used to transmit the load from the
end of the connecting rod to the frame of the flap, was designed

in aluminium to transmit a load of 1204 1lbs. The large diameter
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was based on. the need to iimit shaft deflection to a maximum of
.010" per foot, between bearings. Although the specified
bearings carrying the rod are self-aligning, in that they align
with the shaft, they are not of a type designed to handle a

continually varying misalighment.

6.7.4 Paddle Design Loads
Using the logic employed in determining the ccnnecting rod
design load (Section 6.7.3.), the paddle was designed to operate

at 88 RPM at full crank throw in water 25" deep.

The water forces acting on the paddle are the wave forces
(Fn) and the water inertia forces (Fi)' The pbint of application
of Fn on the paddle, measured from the flume bottom, was -de-
termined by finding the height of the centre of gravity of the
area of the wave pressure (Pn) diagram using equation (29) .as

follows:

- . cosh my - d cosh my
Y, ?9{% p gke ——=—=% cos kt (dy) o P ske === cos kt.y(dy)

L= _ o!d y cosh my. dy

n OId

<]
1

cosh my. dy -

&- i d ;. gdl
(m sinh my)o, o’ — sinh my. dy

L (sinh my)d po
m Q-



]

d sinh md - i'(cosh md - 1)

sinh md
= 4 - l’( coshmd - 1
m sinh md

1 md
(4 - E tanh —é—)

and: for 4 = 25", m = %E , L
— 28.7 27
yn = (25 - 7 tanh 7 %
=25 -~ 4.54
= 20.46"

1.15

)

= 28.7" and %

)
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1.15 (Table III)

Similarly the point of application of Fi’ measured from the

flume bottom, was found using equation (30) as follows:

Py=e8 2
v, (dp. dy = d
Vi of¢ Py & T oIC 1 y. (dy)
7. = o4 Py ¥-6dy)
+ d dy
o’ pi'
d d
of% p  y. (dy) = pg o

Now

C tanm d. cos my .
n n n

sin kt

y (Zn=1

Cn tan mnd sin kt cos mhy).dy
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rd

= pg Zm_l Cn tan mnd sin kt o/ © y cos my . dy

= @ 1 7 Z 1 dj:b_
pg I _; C tan m d sin kt {( m sin mny)b

Ojd sin m y . dy

m
n

oo X dsinmd , 1
= pg Zn=1 Cn tan mnd sin kt f n + = 2(cos mnd l)%
: m n
n
and oId p..dy = pg Zm C tan m d sin kt f}ﬂvm ‘
i® "n=1 "n n m

n

(o]

i

yielding e — tan mnd- (mnd-51n mnd + cos mhd -1)

n=1 cn m 2
n

sinm d
o n
% C tanmd
n=1l "n n m

2 e sinmd
. n

where Cn from equation (31).

" sinmdcosmd+nmd
n n n

The series was evaluated for the first three terms using

d=25" = 2,08,
1 d
e = 10.5" = .875", and converting —— into the form —z— where
n n
necessary:

From Fig., 18 for %-= 1.15
mld = ,641 = 2,01 radiams,
m,d = 1,767 = 5.52 radiams,.

2
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m,d = 2,827 = 8,85 radians,

3
then ¢ = FEEI0D o 1116e = 976
€, = %E.é§§§83?825) T 552~ T-279%e = .244
€3 = %?5£é§%§?837) T 8.5 = +1306e = .l142
may, = 78 G222 (-2.12) { 2.01.($904) + (= .472) - 1 }
976 (-2.12) 238 (.904)
¥ (-.268) F2 22352 (-.951) (5,52 (--689) + .825 - 1}
+ (-.248) (-.951) 222 (-.689)

2.08,2

A+ 1142 (8 85) (-

.655) {8.85 (.548) + (-.837) --1}

+ 1142 (-.655) 2=08 2 08 (.548)

= - .764 -~ . 1311 - ., 0124
1.932 - .0603 - .016

= L4527 = 5.4"

Forces due to mechanism inertia were considered to act 30"

above the flume floor.

‘The situation for maximum paddle structural loading due to

external forces, is shown in Fig. 43.
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Maximum loading at 88 RPM occurs at 10° of crank motion

(Table IV). The values of external load are :

P = 1204 1bs.
F = 39 1bs.
n
F, = 753 1bs.
i
and - Fi = 412 1bs.,

At a crank angle of 100, the angle ¢ (Table IV) that the connect-
ing rod makes with the horizontal, is very small and P (Fig.43)
can be considered a horizontal force. Also in the first 10° of
crank rotation the paddle has moved only 0.091" and therefore the
paddle was considered as being at the extreme position of crank
throw, so that available measurements (Fig.41 and 42) could be
used. The resulting errors are negligible. The paddle weight
was considered to act through the front of the paddle, giving a
small error on the safe side since it increased the load on the
support arm set AB, which gave the design load used for all four

support arms.

The loads acting on the paddle structure, for conditions

shown in Fig.43, were computed as follows:

a) Load on DC.
Taking moments about point A, the load acting along

DC was found to be 1740 1bs., Divided between the DC set
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of two support arms, the load per arm is 870 1lbs.

in tension.

Load on AB,

Taking moments about point C, the load acting along
AB was. found to be 1860 1lbs. Divided between the AB

set of two sﬁpport arms, the load per arm is 930 1bs.

in compression. All four support arms were designed

to carry this load.

c) Load on QC.

d)

e)

Taking moments about point A, the load acting along

QC was found to be 2990 1lbs. Divided among 4 members,

this would be 813 1lbs. per member, in compression.

Load on AC.

The sum of the vertical forces at point C is zero.
Therefore, the load acting along AC is 2460 1lbs.
Divided among 4 members, this would be 615 lbs. per

member, in tension.

Bending moment in AF,

Using bending moment -and shear diagrams, the maximum
bending moment in AF was found to occur at point Q.and

to have a value of 25,700 in.lbs.
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"hfig;A43. Diagram of the Case for Maximum Loading by External Forces

Acting on the Paddle of the Proposed New, Wave Generator.
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6.7.5 Base Plate Reaction ‘Loads

The two paddle support arms on each side of the wave generator
are connected to base plates, one on each side of the flume, into
which a slot BD (Fig.43) is cut. The horizontal separationm
betweeh the arm endé B and D on the base plates is 22", Assuming
a minimum base plate length of 30" between floor attachments,
spaced equal distances on either side of B and D, the vertical
reaction at the B end of the base plate was estimated to be 678 lbs.
Therefore, each end of a base plate will have to be anchored to the
floor with fasteners capable of resisting an uplifting force in

the order of 680 1lbs,

6.7.6 Other Component Design Loads

Loads: in latéral members of the paddle assembly were com-—
puted as required when selecting components using the load data

given,

6.7.7 Bearing Loads

Ball bearing units were designed for a minimum life of 2500
hrs., but some units exceed this, since use of large shaft dia-
meters, to limit shaft deflection, required.use of bearings of

larger load capacities.

Ball bearing assemblies at either end of the comnecting rod

were designed for a radial load of 1204 1b.
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The ball-bgaring assemblies at either end of the four
support arms, were designed for radial loads of 930 1bs. each.
The upper arm bearings are double-row ball bearings, selected to
give the paddle ﬁechanism'lateral rigidity. The lower arm bearings
are screw-on, self-aligning, hangar bearings. At 14 threads per
inch, one half a turn of these bearing units will allow the
support arms to be adjusted 0.036" in length, if assembly ad-
justments are required., The self-aligning bgarings will avoid
bending moments being applied to the support arms by any minor,

base-plate misalignments.

Corrosion and Installation Problems

Information concerning corrosion protection is presented
in Appendix B. Problems pertaining to the installation of this

wave generator in the large flume are presented in Appendix C.

Design Drawings

Design drawings for the proposed, new wave generator for the

39'-4%" long, 30" wide and 36" deep flume are included in

Appendix D.

Summary of Operating Specifications

The summarized operating specifications for the proposed

new wave generator are as follows:

10.5"

maximum crank throw

0"

minimum crank throw
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usable wave period range = 0.68 to 4.3 secs:

design water depth ' = 25"

usable ‘wave period range
at design water depth = 0.68 to 2.3 secs.

(equivélent crank speed range = 88 to 26.3 RPM)

maximum usable wave period

at 6" water depth = 4.3 secs.
(equivalent crank speed = 14 RPM )
minimum wave length = 28.7"
maximum usable wave length = 206"

%-range for a depth of 25" = 1.15 to 8.24
% maximum for a depth of 6" = 34.8

estimated maximum wave height

1

at design water depth 14"
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Appendix A

Variable-Speed Drive Unit for the Proposed New Waye

Generator for the Large Flume

RPM range; 88 - 3

Recommended unit: 10 Hp., Boston Gear PE Series Ratiotrol System.

Reference: Boston Gear Caﬁalogue No. 59, page 623,

Torque output: 5290 in. 1b.

Motor: 10 Hp. foot mounted DC motor, cétalogue No. 241001

Reductor: catalogue No.U 152 F - 20, page 286

Ratiotrol unit: PE series, catalogue No. PE 1000 equipped with
"Téchometer Feedback'", item 24, page 658

Weight of Hototr and reductor = 470 + 200 = 670 lbs.

Manufacfurer: Boston Gear Works, Quincy 71, Mass., U.S.A.

Vancouver Distributor: Robert Morse Corp. Ltd.

Notes: a) Tachometer feedback on the motor gives an improved speed

regulation of 1% and minimizes thé effects of changing‘

‘line voltage..

b) The worm gear service factor for moderate shock up to
10 hrs./day is 1.2, The maximum equivalent torque re-
quirement is 5290 x 1.2 = 6350 in.lb. in the speed range

of 40 to 50 RPM which-is within the reductors capacity.
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Corrosion Protection for the Proposed New

Wave Generator for the Large Flume

The aluminium alloy 6061 (65S-T6) has excellent resistance
to atmospheri#c and fresh water corrosion, and fair resistance to sea
water. It is not considered necessary to paint the aluminium parts

of the paddle mechanism.

All fittings in direct contact with' the aluminium should be
either zinc-plated or cadmium-plated, or made of stainless steel.

Cadmium~plated fasteners are readily available and are recommended.

The bearing assemblies unfortunately necessitate contact
between aluminum and steel. To avoid crevice corrosion, it is
recommended that the joints between the bearing units and the housing,
and between bearing units and shafts, be sealed against the ingress

of moisture using a polysulphide or butyl rubber sealant.

Where feasible, the steel components should be undercoated

and painted to prevent rusting.
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‘Appendix C

Problems Relative to "‘the Installation of

the Proposed New Wave. Generator in the

Large Flume

The installation of the wave generator in the 39'-4%"

long, 30" wide and 36" deep flume, will require attention to the

following problems:

a) The flume interior in the region of the paddle installat-

b)

c)

ion has a level floor and true sides up as high- as the
horizontal angle running along the flume sides about

14" up from the flume floor, (Fig.37). Above this
height, thé sidewalls bulge slightly. It is recommended
that these bulges be filled with a quality auto-filler

and sanded true.

A cross member joins the two sides of the flume at the
point of paddle installation. This must be removed and
replaced by two cross members - one in front of and one

behind the paddle.

The glass sides of the flume are not laterally braced at
the top. Large waves create a fluctuating lateral
pressure as they run down the flume. To avoid fluctuat-

ing changes in flume cross section, two clamp-on cross



d)

e)

£)

g)
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‘Appendix C
members should be made up and fitted. These members
should be removable, so that they do not interfere

with instrumentation.

The threaded gate rod and wheel which raise and lower
the tail gate, must be moved out of line with the wave

generator. connecting rod and crank.

Pipes running along cne side of the flume must be
removed to permit installation of the base plate

supports,

The base plate supports require'a firm foundation, The
asphalt covering the floor must be removed at the points
of support and the supports bedded on pcured concrete
pads with the anchor bolts firmly 5edded in the concrete
floor. Because of the reciprocating load, the reaction
load of 680 lbs. at each support (Section 6.7.6) should
be multiplied by an impact factor of 1.5 and each
support made capable of resisting a vertical pull of

680 x 1.5 = 1020 1bs.

A mount will be required for the drive unit. It must
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Appendix C

be designed for an overturning force, allowing for

impact, of 1204 x 1.5 =.1800 1lbs. This force acts:

"through the crank-wheel drive shaft, alternating fore and

aft along a horizontal line parallel to the flume
longitudinal axis. This drive~unit mount should also be

bedded into the concrete floor slab.

The gate slots between the glass panels must. be filled

if a smooth wave profile is tc te obtained.
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Appendix D

" 'Design Drawings for the PrbpoSed'NéW'Wéve

Generator for the Large Flume

SHEET 1  Paddle
SHEET 2 Connecting Rod, Support Arms and Base Assembly
SHEET 3 Adjustable Crank

SHEET 4 Wave Generator Assembly and Installation Data
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