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NOTATION

T Wave period, k = ____

d : Depth and depth at the paddle

Depth in the testing area

L : Wave length , rn (at the wave paddle)

Length of the wave paddle and width of the wave tank at the
wave paddle section

Width of the wave tank in the testing area

H : A ctual wave height generated by the paddle in the wave paddle
section

Theoretical wave height generated by the paddle

Efficiency of the paddle. H 
~ tb X

C Group velocity at the wave paddl e

G~ Group velocity in the testing area

S : Scale

ck Slope of wave absorber

Wave steepness

Wave steepness in deep water

R : Reflection coefficient (Ratio of reflected wave height to incident
wave height)

D Damping coefficient due to wave filter

A : Friction coefficient due to wave filter

E Void coefficient of wave filte r ( E ~ 1)
• Reflection coefficient of the structure under study in the wave

tank

Reflection coefficient of the wave paddle

V

I



1
2A

~
,II.

2e : Stroke at the free surface

2 (a) Stroke a. a function of the distance z on a vertical
/

• K = In the case of a piston type paddle

H
• K’ = ~~~~ in the case of a hinged type paddle

0 : Taàg 6 = : stroke in terrna of the maximum angle of the

• wave paddle with the vertical

N : Number of wave filter elements

x : Damping length due to wave filter

r : Damping coefficient due to one wave filte r element

Total force on the paddle due to wave motion = X1 cos kt

p,,, Force par unit of area on the paddle due to wave motion

P2 : Total force on the paddle due to water inertia X2 cos kt

p1 : Force per unit of area on the paddle due to water inertia

j  m~ Defused by Ic m~ tang m~ d

W : Wave power in K P.

Fluid density

g : Acceleration due to gravity

n An integer

z ; Dj~tance from the bottom

C : Propagation velocity
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SUMMARY

Introduction

1 This report deals with the dsoign of two wave tanks for studying

breakwater stability. A wave basin (W. B.) I. designed for three -dimensional

4 studies. A wave flume ( W.. F., ) Is designed for two-dimensional studies at

a larger scale.

Section One - Dete rmination of the Main Dimensions

I. The Design W ave Criteria and Scales

Normal operating scales are 1/25 in the W. F. and 1/50 In the W. B.

The range of periods 1. 0. 7 - 4. 2 eec. in the W. F. and 0. 5 - 3. 0 in the

W~ B~
II. Test Areas

Normal operating depths are 4 f t .  In the W. F. and 2 ft. in the W. B,

but could be greater (4. 5 ft and 3 ft. respectively) . Tb.. depth of the W. F. is

7 . 5 f t .  and th. deptb of the W. B• is 5 . Sf t .

A distance I. provided for measuring the wave height in the W. F. A

lateral measurement W. F. is designed within the W. B.

The width of the W. F. is 4 ft. to avoid transverse resonance. Tb.

width of the W. B. is SO ft. and vertical guides limit transverse resonance.

The W. B, is L..haped for studying end breakwater at an angle. The end

breakwater must b constructed out of the diffraction are a.

IlL Wav e Absorbers

• Areas for wave abso rbers exist at both ends of the tanks. Th. design

consists of rocky beaches of gentl. slop, near the M. W. L. and are sadid by
• a vertical wall in deep water for saving space.

•1-



TTTII~~~~~Wave filters permit good boundary conditions at the side of the wave

paddle. The required damping coefficient is 0. 5 for a vertical breakwater ,

0. 8 for a rockflli bre&kwater, and 1. 0 for a beach .

The wave filte r designs are based on removable plastic material

suspend.d vertically from horizontal bar s. The number of filters required

must be determ ined by trial and error.

S ctlon Two - Wave Paddle.

• I. A Review of Wave Paddle Theories

A review of sario us wave paddle theories Is given 1 including linear

theories and non-linear theories, with sinusoidal and non.~sinusoidal motion

of the paddle.
• II. Calculation of Wave Heights

The linear theory with sinusoidal motion is used to calculate the

characteristics of the wave paddle. The design is based on wave paddles

hinged at the bottom. An increz’~se in depth of 2 ft. in the W. F. and 1. 5 ft.

in the W. B. Is neceBeary . A convergent in the W. F. from 10 ft. to 4 ft.

• is also necessary for steep long waves.

The zna.zlnium ~trok. defined by tang 9 (angle of the wave paddle

with the vertical) is 0. 37 in the W. F, and 0. 29 in the W B.

It Is possible to obtain the following wave char acteristics

Wave Height Wave Period

W, F. a ft. 3. B sec.

• W, B. l it. 2. 7 sec.

In the testing area with a damping coefficient of 0. 8 at th. filter. Higher

wave heights for smalle r wave periods may also be obtained.

a



• A general nornogr aph has been calculated for a hinged paddle and

is presented in this report.

General nomograp~is for the W. F. and W. B. ,  based on availabl e

theories, are also given and may be used to determine the wave character..

~~~
. istics in the testing areas as a function of the wave paddle adju stment.

Ill. Calculation of the Forces on the Wave Paddle and Power Require —
xnsnta

• The forces on the wave paddl e for long waves are 17 , 000 lbs. in

the W, l~. and 10. 000 in the W, F.

The forces on the wave paddle for short waves of limit steepnes s

are 4, 000 lbs. in the W. B, and 2, 640 lbs. in the W. F. No available theories

are valid for breaking waves. A safety coefficient is recommended for waves

breaking off the paddle when too great a stroke is used with a small wave

• period .

The ma~ ixn un~i wave power is 13. 7 H. P. in the W. F. and 16 14. P.

in the W, B. It is recommended that the motor power be 60 H ,F ,  in the

• V.’. B. and also in the W , F.

~ IV, Generation of Irre~g~~ar Waves

it is possible to produce irregular waves by changing the wave period

~ continuously.

Ii it will be possible , by a slight modiflcation~ to produce a wave train

by periodically changing the stroke of the paddle.

-3-
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INTRODUCTION

This report deals with the complete design of two wave tanks planned

1 to be built at the Wate rway s Experiment Station , Vicksburg, Mississippi.

The primary purpose of these two wave tank s Is the study to the

stability of rocklil breakwaters in scale model. However , they can also

•~ be used for other experimental studies related to wave hydrodynamics and

~j coastal engineering.

The first wave tank is designed to study the stability of a breakwater ,

I including the breakwater head, attacked by waves at an angle. In this report

~ thi s wave tank will be called a v:ave basin (W, B,,) to differentiate it from

the ~ccond wave tank .

The second wave tank will be called a wave flume (W, F. ). It is

desi gned to carry ou~ two-’dimennional studies of breakwater sections. with

a rang e of scale which is greater than the usu al range. Thie should permit

avoidance of scale effects without having too great a sca.ie, which involves
I

~ co~t1y experiments , in th i a wave flume , the effect of a number of important

parameters on breakwater stab ’tity can be car efully investiga ted; for

example , the method of construction , effect of pervionaneas , etc.

- . The design of the two wave generators has been carried out with

provisions f o r  necessary modification for reproducing Irre gular waves.

In this report the choice of design criteria, the complete hydraulic

design , structu ral desi gn, me chanical design and const,uctions for con-

structing and operating the two wave tanks are given successively. A brief

-4-
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summary is given of the elements of wave tank tbeoriee in order to ju stify

the selection of the design dimensions These general wave tank theories

are also valid for other wave tanks Recent and unpublished additions to

~~ these theoriea have been developed prior to or in rel ation to this project.

Since a number . of wave tank theories are comm on to these two wave tanks

(and to any wave tank) , it is more convenient to present the calculations for

• the hydraulic desi gn for both tanks simultaneously, using the initials W. B.

and W, F. to diffe rentiate between th . two tanks.
j:’:: .

•
• •

• •~4z

~~
‘

V
~

~~~~~~

• ~~~~~~

i~~: 
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SECTION ONE

DETERMINATION OF THE MAIN DIMENSIONS

L THE DESIGN WA VE CRITERIA AND SCALES

The choice of wave criteri a and wave tank dimensions depends upon

• the range of wave characteristics at sea and the rang e of possible scale
• 

• to be used in the wave tanks .

• I-I) Wave Characteristics at Sea

The viave period which is of inter est in coastal engineering varies

from T = 5 sec. for the Great Lakes to T = 18 or 20 eec. in the Pacific

Ocean. A wave period of T = 10 sec. is common.

The maximum wave height encountered at sea may be as high as

• H 100 feet. However , such a wave height will be reduced considerably

on the continental shell by friction and white cap effect.. The maximum

• wave height is in fast very often limited by the depth. Rarely i 0 a breakwater

attacked by a wave of greater amplitude than H = 50 feet. A depth greater

than 100 feet for the construction of a breakwater is rarely encountered.

• 1-2) Choice of Scales

!2 .  1) A scale too small results in scale effects and error. A scab, too

large can be costl y. The optimum scale should be calcul ated by comparing

• the economics of th. scale model study and that of th.. experiment. The

safety factor and tbe saving increase •wit~i the scale. The cost of experiment

increases with scale. Hence the difference presents an optimum which gives

the best ~ca.le . Unfortunately such a preliminary investigation is impossible

-6-



~~II~• :~ and the scales have to be chossn by exper ience after a long (say 20 years)
• trial and error.

1-2. 2) The uaual scales for studying breakwater stability ar e 1/50 - 1/40

in W. F. and 1/70 1/50 In W. B., Since the primary purpose of th. two wave

tanks (and particularly of W. F.) I. to improve the actual data by getting rid

of scale effects , it may be considered that the normal operating scales will

be 1/25 1* W.F. and 1/SO inWB. Theee twoac~les wi11 b.the scale

• ;~~ criteria for the design of the wave tank s.

1-2. 3) A larger range of scale may be consider ed for studying breakwater

stability first, but alao for carrying out other studies in which case the wave

tank. become multiple purpose facilities For example, some studies of

wave agitation or littoral drift may be carried out in the wave basin after

construct ion of bottom contours on the fixed slab of the basin.. Wave a.gita-

tiort in a harbor is studied at a scale as small as 1/ 150 without capillarity

effect or without too much damping by viscous friction. Littoral drift could

be studied at a scale as small as 1/300 for the horisontal scale and 1/100 for

the vertical scale.

W. F. could also be uaed for studying the transport of sand by wave

and current, and the perviousneas of rock fill breakwater to long waves, of

particular importance in seich. problems.

Hence, the possible use of the two wave tanks for other kinds of

• •• studies without additional cost will be kept in mind.

Tb. desirabl e range of scale is presented below:

TABLE t
Maximum Minimum Normal

W., F. 1/10 1/100 1/ 25
W.B. 1/25 i / iso iiso4 .7.



It should be emphasised that these figures are not precise but give

•.. only a general order of magnitude.

1-3) Range of Period

13. 1) The maximum range of period to oc reproduced zs obtained by con~
sidering the maximum scale with the longest wave period at sea on one hand, and

the minimum scale and the shorte st wave period at sea on the other hand.

The wave period at sea T3 and the wave period in th. tanks Tt are

• related by the formul&

where S i. the scale of the model Hence , by combining the rang. of

period , 5 sec. < T 5 ( 1840 sec. , with the range of desirable scale , the

range of wave period for the tanks i~ determined and summarized in Table 2

below:

TABLE 2

Maximum Minimum Normal
W. F, 20 W ho s ‘f i iii~ 10 Vij~s

= 6. 3 s. u 0. S s. 2. 0 a.

~~ 5 20 5 \[i7i ii;- 10

= 4 0 s  = 0 4 1 . = 1 4 .

1-3. 2) The above range in wave period, is limited by the limits of the

mechanical (or electrical0) varistor inserted in the wave generator system.

~ Common ranges of v~r1ation are 1 - 6, 1 - 8, 1 - 10. ‘~ Depending on the

• range of this variation, the foll owing wave periods are reprod-cv54

~This part was written prior to the mechanical d.algn of the wave generator.

— 8—



TABLE 3

Mechanicai Range 1- 6  1- 8  1- 1 0
W. F. T sec. 0 . 7 - 4 . 2 0 . 6 — 4 . 8 0. 55 - 5. 5
W. B. T eec. 0 . 5 - 3 . 0 0. 45 - 3. 6 0 . 4 - 4 . 0
By combining the results of Table 2 and Table 3 it may be seen that a
mechanical range of 1 . 6 ii the minimum desirable rang..

I

-9-



P

IL TEST AREAS

11-1) Depth.

Il-I. 1) The range of working water depth cannot be as flexible as the range

of wave period. In fact , the scale of the mode l of a wave tank is often

• limited and determined by th. maximum possible depth.

The ma ximum water depth for a breakwater of the deepest harbor

is rarely greater than 100 feet. At the normal operating scale, the depth in

the wave tank at the location of the breakwater will be:

depth at sea - depth in wave tank x scale

which gives a. depth of 100/25 = 4 feet for W. F.. and 100/50 = 2 feet for W. B

Il-i .  2) The worst condition for stability, particularly for a vertical break .

water, is encountered when the wave breaks in front of the struetur. . This

condition requires the reproduction of the sea bottom in the wave tanks since

breaking waves are due to relatively shallow water. For example, a wave

of 40 feet in height will break at a depth of d ~ = 50 feet ,

according to th. solitary wave theory.

Therefore the operating depth in front of the structure is reduced

to 50/25 2 feet for W. F , and 50/SO 1 foot for W. B.

11-1. 3) Th. reproduction of refraction effects Is of particular importance in

the studies which will be carried out In W. B. The refraction effe cts become

quite important when th. water depth is less than one-third of the wave

lougth (d <L13). This condition requires reproduction of the bottom con-

tours up to a depth of 100 feet for an eight second wave period and 200 feet

—10.



for an eleven second wave period Hence , in moat cases It would be

unrealistic to adopt this criteria for the water depth which would lead one

to chose wave tan k. having too grea t a water depth or too small a scale.

It is possible to do a prelimina ry study to permit calculation of

refraction. A wave refraction diagram gives the wave deformation between

deep wa.ter and the correspo nding depth where the wave paddle is h cated ,

from which one can determine the orientation of the bottom contours and

I breakwater in W. B. and the wave characteristics at the paddle.

This method is very reliable since it has to be used for relatively

deep wa.t er whore the linear theory is valid. The non-linear effe ct s1 which

become important in shallow water and are even essential in the breaking

zone, are reproduced in good similitude between th. wave paddle ~nd the

structure .

• U -I .  4) As a. conclusion , the following depths may be considered as good

operating depths —

Ms.xiznuzu Normal
W F .  d f..t 4 5  4
W. .B. d feet 3 2

Under normal conditions (depth of breakwa te r = 50 feet) the bottom contours

may be reproduced between 6 50 feet and d 100 feet or greater by using

~ 4 the maximum wate r depths. This is sufficient to reproduce in simil itude

the breaking phenomenon, if any, and the local wave refraction effects

which are very important in three-d imens ional studie s.

-1 1-



I
t 11-1. 5) The maximum wave heights, given by Htank = H

51~ x scale

~ ~iaj are 50/25 2 feet for W. F. and 50/50 = 1 foot for W. B. The maximwn

rise of wate r against a vertical wall or wave run -up on a rubble mound
L 3Hslope may be aa higha s —.2- above the M, W L., t e 3 feet and l 5 .feet

respectively, whence the maximum depths will be 7. 5 feet for W . 16 and

4 5 feet for W B As a conclusion , the ahoy, values are chosen

11. 1 6) It woul d be convenient to have only one size of glass in the cheer-

vat~on area In orde r to be able to interchange thorn if any of them are

accidentally broke n. A convenient size of glass is 4’ z 5’ which could beL &
~~~~ used vertically in W. F and horizo ntall y In W. B.

The glass five feet high In the W. F. will permit one to view the

complet, structure from the sea bottom to the top and alao a large part of

the bottom slope.

Tb. glass four feet high in W F per mits a relat ively larger obeer-

vatlon range.

The total numbe r of glass panels will be = 25 panels 4’ x 5’

for W.F. and !2~f!.!_ = Z5 parzela 5’ x4 ’ for W. B.

~~ 11-2) Length of Test Areas end Measuiernents

~1 Z. 1) The length of teet areas in the front of the structures must be cal-
~

‘
~ culated using the area over which the bottom contours have to be reproduced.

~4t ~~

The elope may be as small as 1/30 (or even less) and this would require a

length of 60 feet in W F and 30 feat in W B. Howe ver , in W F. the slop.

can be exaggerate d far from the bre akwater.

The wave length Is also a dete rmin ing factor. The maximum wave

length., for evw ple , are L ~ 56 Lest (T 5 sec. , d ~ 4’) for W. F. and

• 
~ 30 feet (T a 3 sec. , d ~ 3’) for W. B. Hence the distance over which

.12-
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the bottom contours need to be reproduced may be on the order of 30 feet

in the W. F. and 30 feet In the W. B. because of the effects of three-dimensional

refract ion.

11-2. 2) A certsin distance is req uired for measuring the incident wave

height. This incident wave height will be giv.n accurately In the W. F. by

measuring the wave agitation at a node A and an ant inode B of the partial

clapotis in fr ont of the structure on a horizontal bottom. (}~ = 
A + B

For long waves In shallow wate r , the method proposed by Carry is more

accurate. He takes the convective inertia forces at a second order of

approximation into account. ) These meaSurements could be made quickly

and accurately by use of a scale against the glass. The distance between a.

node and an a.ntinode is a quarter of a wave length. In fact , a ali ght trans-

ver se component due to the fact that the structure is not built exactly two-

dimensionally may be a cause of error. Hence , th ree-fourths of a wave

length for measurement is desirable for comparison between the wave agi-

tation at two nodes and two ant m ode a.

The water surface elevations must not be Influenced by bottom slope.

Hence , 3/4 1.. = 40 feet has to be retained in front of the last bottom contour;

i. e. 40 ft. + 30 ft. 70 ft. A point gauge or electronic gauge in the W. F.

may be used to obtain the wave height by averaging the value found on a

singl, node and antinode on the two sides of the W. F .

11-2. 3) Measurement of the incident wave height in the W. B. . cannot be

made directl y in fr ont of the structure where the re is a complex three-

dimensional wave pattern . Hence a separat e measurement wave fl ume

—1 3—



(~~ W. F.) is necessary where the same incident wave is generated. At the

end of thi s M. W F. will be a very good wave absorber in order to determine

the Incident wave by a single measurem ent. Otherwise it will be necessary

to measure nodes and antinodes. The width of the M. W. F. will be two feet

so that it may be used almo for carrying out othe r two-dimensional studica

~~ in summary, the teat area in front of the structure will be 70 feet

‘~ long in the wave flum e and 30 feet in the wave basin.

~ 1I. 3) Width of Test Areas

The V.T, F. must be as narrow as possible. Two-dimension al wave

4 motion is a mathematical construction which never actually occur s, and the

J be st way of approaching it is by narrowing the test area The effe ct of

~~ bound ary layer s during wa ve motion due to later walls is on the order of

~~~~‘ a few miliinsters. Any increase in width • Increases three -dimensional

effects.

• Of thes. three dimensional effects , the r~oet important is that due to

~~
‘ 1~ t ran sverse re sona nce caused by any small dissymmetry in the W. F. or in the

~~ structure it occurs when the width of the tank is equal to or near half a
• a

• wave 1 ength or a multiple of half a wave length. The natural frequency of

~
‘ oscillation of a basin is obtained when its length is equal to LI Z or n LI Z.

Hence , transverse resonance may be avoided in the W F If the width is

smaller tha n th , smallest L I Z , i e. about 2. 5 feet. Two and one -half feet

are sufficient for a man to work in the flume and building of the scale model.

Another advantag , of a small cross section 1* the economy realised

L on the rr *ter ta 1 to handle th. construction of the model. The study of stability

of a rubble mound at random is of statistical nature and a great number of

-14-



aton e row s is necessary. Roughly a 3” stone multiplied by 15 rows plus
r~ ~~ two rows infl uenced by wall effects gives 51” .

Considering all advantages and disadvantages , a 4 foot wide W. F. Is

U~ 
adopted.

11-3. 2) The wave basin , being three dimensional , will be subjected to

transver se resonance. This can be solved by using lateral absorbers and

sert i cal guides A very wide W B is desir~ibIe to avoid wall effects The

~~ width .4.osen is equal to two wave lengthb , i e 50 feet , which permits

a good reproduction of three thmensional wave pattern far from the lateral

~~ walls.

II~ 3. 3) The W. B. Is slightly deepe r in the testing area in order that

studie s of local scouring due to wave motion at th. toe of breakwaters can
71

be carried out An increase In depth of 6” has been considered for this

purpose.

11-4) Diffraction Effects

11~ 4. 1) It i~ always difficult to conduct a three-dimensional test with late ral

‘~ ails in a wave basin The first aolutton exists In having a very wide flume

with lateral wave absorbers and a very long wave paddle. Then the structure

is built in front of the center of the wav e paddle

Since such a solution for studying the stability of a breakwater is not

economical , it has been decided to operate between side walls. However,

these side walls involve end effects , wave reflections , and transverse

resona nce. Vertical guides limit the transverse components. Moreover ,

k
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7
It has been decide d to build an L-shapeci wave basin. This L-ehape d W. B

~ .S :.~ 
could be considered as an economica l way of providing the same advantages

as a larger W. B.,

The enclosed sketches give the final dimensions and the various

possible solutions for constructing an end breakwater.

11-4. 2) The end of the breakwater haa to be built out of the diffraction

zone from the corner A (Figure 1).

Inevitable error s have to be expected

for the normal eoction. They could be

reduced by having a small wave ab - B — — — — A
sorbe r close to this corner (made of

• ~~~

chicke n wire , for example). The dlf-

fraction effe ct is distributed along the

length of the absorbers. Then the

‘wave hei ght Is slowl y reduced without

sharp variation of wave height. The end of the breakwater will be on the

same line as AB which is always out of the zone affected by diffraction.

11.4. 3) The following graph (Fi gur e 2) gives the effe cts of diffraction for

the longest wave period in the cas. where there is no lateral wave absorber.

t Fhzs corresponds to the worst operating conditions to be expected The

reader can also refe r to references 2, 3 and 4.

-16-
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• ilL WA VE ABSORBERS

lu-I ) Wave Absorbe r Theory • 1
• lU-i. 1) Wave absorbers are necessary at the two ends of the wa ve tanks.

In both cases the best way to abaorb wave energy is by causing the wave to

• break on a beach (as the best way of absorbing water power energy in a

stilling baein Is by causing & hydraulic jump) .

The reflection coefficient depends upon the wave steepness and the

slope roug hness and pervtousnoes of the beach. In the case of a smooth

inclined plane , the Miche formula~
5
~ can be used: Tb. limit steepness of

a wave which can give a total clapotis for a given value of the ang le

of the inclined plane with the horizontal is:

.:~ - H 11i~~ ein2O(
Oma x t

Above this value there is breaking and the reflection coefficient s B equals

(max where is the wave steepness in deep water.

Oo 
Because of the fric tion effect on th. wail , the reflection coefficient

can be reductd by a factor of 0. 8 or 0. 9, and as much as 0. 5 because of

roughness and perviousness.

The following graph (Figure 3) obtained experimentally by Qreslau

and Mahe~
6
~ can be used also to calculate reflection coefficient s. It has

been obt&ined with a smooth impervious wall. If the beach Is pervious , the

reflection coefficient I. smaller by a factor of about 0. 6.

it is seen, according to the Mtche theory and Figure 3, that the xe-

Lie ctlou coefficient for a long wave of email amplitude is high unless the

slope I. very gentle. In this case It Is preferable to have a wave absorber

—19-.
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• based on the prGgr sseive wai’e filte r principl es. For a progr essive wa ve filter

having a length equal to a wave length, the reflection coefficient could be
-
~~~~~~ as low as 0. 10.

Ui-I. 2) Th. moat efficient part of the wave absorber is the upper part. (7)

Hence the elope, inatead of being a constant, may be variable. The beach

~~ will be steep in deep water and gently sloped in the form of a parabola near

+~ the free surf*ce.

It is even possible to have a vertical wall in the deeper part of the

wave absorber. This vertical wall Induces a very small reflection provided

it reaches a level under 1. 3 x H under th. free surface;- that is, 2. 6 feet

in the W Y .  and 1.3 feet in the W E ,
I.

111-2) ApplicatIon

111-2. 1) A wave absorber is necessary behind the wave paddle since waves

are Issued in both directions from the paddle . This wave absorber can be

relatively simple since its only purpose Is to avoid resonance and possible

spilling of water from the tank . It may oven be ended with a vert ical wall

in order to economize on length where it no longer has any function.

The enclosed drawings illustrate the principles involved. The co-

efficient of reflection of such wave absorbers may be cal culated as a function

of the wave steepnes s and average bottom slope. The average slope will be

approximately = 0. 16 for the W. F. and 0. 22 for the W. B.

The reflection coefficients as s function of the wave steepness are

as follows:

-21 -
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H/L 0. 05 0. 005

W.F. 0. 06 0. 25

W~ B. 0. 08 0. 40

Even for the smallest steepness the above values are suffic ient to avoid

resonance and splash.

Furthermore , distances of about 20 feet and 30 feet Lfl the W B and

W. F.,  respectively, are sufficient to avoid an alternative rise in the mean

water level between the paddle and the end wall.

III ~.2. 2) The wave absorbers at the far end of the flume must be quite

efficient, par ticularly for the W. B. A distance equal to one wave length is

required in order to promote a good energy absorber becau se the wave agi-

tation passing between the structure and the side wall may be characterized

by smell steepness.

The elope of the beach near the )~&. W. L. being near 1/20 , the wave

reflection coefficient will be 0. 08 for a wave steepness of 0. 005.

111-2. 3) Several lateral wave absorbers may be required along the side

wall of the W , B. in which case the best absorbers are those made of framed

boxes of chicke n wire filled with steel cutting s.

-22 -
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_ _ _ _ _
iv. WAVE FIL TER

IV- 1 Wave Filte r Theory

IV-l. 1) Prior to the invention of the wave filter, it was necessary to build

a long wave tank and limit the duration of the tests to a. few minutes.

At the coast waves arr ive from an infinite distance, so to speak, and

when reflecte d by the shore or a structure, they return to an infinite dietance.

Finally the waves are slowly damped by friction.

In a wave tank the waves are issued from the paddle and when re-

flecte d by the structure under study, the waves are interrupted and reflected

again by the paddle.

The wave filter, introducing a high friction force, permits repro-

duction of good boundary conditions which In effect replace the infinite ocean

distance. Moreover, by its friction effect, the wave filter has a tendency

to dampen primarily the harmonic components isened from the paddle Alter

passing throug h a wave filter , the wave motion is nearl y perfectly mono-

chr omatic. This is important in studying the hydrod ynamic s of gravity

waves. It is less importa nt in coastal engineering since, conversel y,

waves at sea are highl y Irreg ular.

IV-l .  2) The fir st wave filter and wave filte r theory are due to Biasel.

In fact, a study of O’Bri.a~ 
10) on the effect of wall friction on gravity waves

may also be considered as a wave filter theor y.

Briefl y, It is demonstrat ed that when the equations are lineari zed

and after intyoduction of a friction force prop~r~~onal to V .  the wave aznpli-

bade decreases with di.!~ance as D = £. 4 - where C Is the group

-23-



velocity and a coefficient of friction. It is seen that the dampin g effect

increases when C decreases for a short er period. This explains why the

shortest components of the motlon have a tendency to disappear.

IV-l .  3) In the the ory of Biesel , the wave filte r is assume d to be Immaterial ,

that Is, void par amete r equal to aero . NESCO has had the opportunity

of continuing the theory of Biesel for a filter of void parameter 
~~ 

(
~ =

ratio of volume of void full of water and total volume. This Is also the case
( l l ’ l Z~for pervious breakwater, ‘ ‘ whe nce 1) = e 11J ~~

In addition, a new wave filter, the “progressive wave filter,” has

been developed which Is of great importance for absorbing long waves over

a short distance. (13)

Fina lly, new additions have been made In regard to wave filter L
theories. Although these studies have not yet been published, the main

results are presented here.

The reflection coefficient of a wave Litte r due to the introduction of

friction force without chan ge of cross section is

= - 

% ~ 
£ vfl.d-

~~~~ £rvtd.

where m and k ~ 2 T T  This relationship shows that by in-

creasing the damping effect , one increa ses the reflection of the filter.

This .howp the advantage of the progressive wave filter.

The rnathematical theory of the progressive wave filter has been

developed but 1. unpublished to date . The length of the equations obtained

- 24-



doe s not justif y their inclusion In this report but they pr esent more

of an academic interest because one is not able to relate theoretically the

friction coefficient A to the system used as a filter.

From a more practical point of view, one has to solve two problem.:

(1) What damping effect is necessary

(Z) How to realize it In prac tice

IV-Z) Calculation of the Required Damping Effe ct

IV~2. 1) The damping effe ct to be inserte d in the wave tank by the wave

filter depends upon the kind of structure to be Investigated. The following

short theory is unpublished, so It has bee~t judged useful to insert it In

this report.

Conside r a wave of amplitude unity issued from the wave paddle.

(Figure 4) This wave becomes D after passing through the filter. Tb.

corresponding incident wave height on the structur e is D. A part of It~
energy is destroyed on the structure , which is assumed to have a reflection

coefficient . Hence , the wave coming back to the filter has an amplit ude

of D . This wave passing through the filter becomes D2 
~~ ~f

is the reflection coefficient of the paddle, this wave becomes 
1
D2 

~ l ~a ‘~~

passing through the filter once mor e become s D 
~ 

. This wave com-

ponent is ~iperimposed to the init ial wave of wave he ight D They can have

~~~ phase difference. At the limits the y are in phase; then the resultant wave

is D + 
~ I ~~~~~~~

• Or they can be in complete opposition of phase; then the
I 3r~~ t~ltant waie is D - D 

~ ~
The fact that th. waves are in phaee or in opposition of phase depends upon

the number of wave lengths between the paddle and the structure. They will be

-25-
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in phase If thia number of waves is n ._
~~~

_ where ii is an integer and L
th. wave length. The y will be In opposition of phase If this distance is

L L

Now consider the Component D3 
~~ 

which, r efl ected by the

structure , becomes D3 
~~ 

. Then ~ , then D4 

N and

lo on.

Finally the resultant wave , tr aveling from the filter to the structure ,

has a wave height which var ies between:

D ( l IA + A 2 + A 3+ .  . .)

D ( l -A + A 2~~A
3 +... )= 1~~~

dependin g on the distance b twesn the paddl. and the structure in terms of :1
wave length. (A D

It Is seen that when this distance is ii —a.. and the incident wave ampli..

tude on the structure is -

~~ 

, there Ia re sonance. If A is close to unity,

that is D = 1 (no filter), 
~ 
close to unity (which is the case of a vertical

breakwater), and close to unity (which is always the case), th. wave arnp1i~
t~ide varie r from 

~~~~~~~~~ 

to infinity when the distance between the wave paddle

and the vertical breakwater In terms of wave lengths varies fr om n .4- +

to n4_

In reality a definite state of agitation on such a long distance never

eziets. The fluctuation of the wave period T due to electrical or mechanical

variation s can cause the motion in the tank to be very unstable and irregular.

This Is due to the fact that a slight variation of L due to a slight variation

of T causes the number of wave lengths in the tank to be either n .4... or
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o + _!
5
~~_ This Is particularly frequent for short waves since in that

case , n is large .

IV-2. 2) The previons considerations permit us to calculate the value of

D for the wave height to stay within a given range of amplitude, whatever

the fluctuation of period due to the wave generator .

In the case of a vertical breakwater , 
~ 

is chosen to be 0. 8. Then,

with ~~2 0 .9an d D = 0 . 5, A~~ (0. 5) 2 x 0 . 9 x 0 . 8 = 0 , 18. The range of

variation of wave amplitude in the most unfavorable case is:

— 0 8  1 
—

1 + 0 . 18 1- 0 . 1W — 1 . 2

In the case ~f a rubbl e mound breakwater with 
~ 

0. 3, for example, it is

sufficient to have D = 0. 80 to obtain the sam o range of wave amplitude.

In the case of a study of beach equilibrium with = 0. 1, for

4 e~tample, D could be as high as 1. 0, making the use of a wave filter un-

nece ssary.

As a conclusion, for normal studie s in the wave tanks, D = 0. 80

could be considered as a normal operating value . However, it may be wise

to reserve the possibility of having a value of D as low as 0. 5.

Various papere have been presented which give the value of the re-

flection coefficient of structures. The combination of these results with

the calculations presented In this report permIts evaluation of the best

damping coeffi cient. However, in practice , the best method is trial and

er ror since one is not able to accurately relate D with the filter length.
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IV-3) Wave Filter Construction and C~peration

IV-3. 1) A eolution is required to the problem of introducing friction within

the wave tanks. Various methods are used in various laboratories to solve

this problem but very few quantitative results are available. The beat

system consists of using vertical perforated planes. The main advantage

of this solution is that the planes operate not only as filter s but also as

guides to avoid transverse resonance. Thie solution permits one to decrease

slightly the length of the tanks and the facility in which they are built. How-

ever, a plane at least every inch of length is required to have a good damping

effect. Hen ce , thi s solution is so costly that it has been abandoned.

Other possible solutions exist in using chicken wire or by compressing

aluminum or wood shavings in framed bo~cs made of chicken wire.

IV-3. 2) The solution which is adopted here con~iat~ of having cloth ~r

plastic suspended vertically f?om horizontal bars , perpendicular to th. wave

trav~1. This solution has many advantages. It is the cheapest method;

the wave filter can be removed easily; the damping coefficient can be adjusted

ca~~ 1u11y; the elemente can be spaced widely at the limit of the filter and

closely at the conter; and so or.. The element s act as ~ progressive wave

filter.

IV- - 3. 3) When the wave paddle Is stopped be cause of the inertia of the fl y

wheel , waves of longer period are lasue~ from the paddle. These wave 6,

traveling more quickly than the ope r ating wave , have a tendency to be super-

imposed to these operating wavee in front of the structure. Henca the last

moment of the test is often a cause of great change in the equilibrittm pro ..

I ile of the structure and beaches.
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Because of this effe ct, it Is often useful to stop the wave Issued by

the paddle before stopping the paddle itself. This can be dons by dropping

more filter .lemsnts of very great rigidity, i. e. with a heavy loading rod

at the bottom. These elements should be suspended above the wate r level

during the te st.

IV-3. 4) Th. necessary total length of wave filter depends upon the efficiency

of the se el.m.nta . No quantitative data is available but it I. unanimously

considered that half a wave length is required to absorb enough energy

without reflection In a filter. Hence , a length of 35 feet of filters will be

required in the W. 7. (20 ft. before the convergent and 15 ft. after the

convergent) . No filters have been intr oduced in the convergent in order tu

have th. filter elements of Identical width and depth. However , this could

be an altern ate solution without any hydr ar lie disadvantage.

in the W. B. mor e room Is availabl e along the 50 ft. eloped bottom.

Hence the wa ve filte r may convenientl y be locate d at this place. The vert ical

length has b e n  cal culated to be 9 ft. and 7 ft. for the W.. F and 5 ft. 6 in.

for tb. W ,B.
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SECTION TWO

WAVE PADDLES

A R~E VIE W OF WAVE PADDLE THEORIES

1.1) Linear Theory, Sinusoidal Motion of the Paddle

The wave paddle theory was est.ablished by Havelock in l929~ 
14)

and refined by Biesel in l95l~ 
151 Biesel demonstrated the validity of the

solution proposed by Havolock . Kravtchenko completed and finished the

demonstration made by Biesel. ~

In all cases it was assumed that the wave paddle had a sinusoidal

motion. Havelock and Biesel found that the wave motion Issued by the

paddl e is given at a first order of approximation by a single periodical

g cavity wave motion and an infinity of sinusoidal oscillations of the same

peri od. The~~ einueoidal oscillations are given in the form of a series of

an infinite numbe r of terms. They disappear exponentially with the distance

f rom the pz~dd1e. In practice they are neglig ible at a distance equal to two

~~ or ~rr.e time~ the depth of thc~ wave b~.sin.

-

. 

I-.Z) Linear Theory, Non~.Sinusoidal Motion of the Paddle

The motion of the wave paddl e is periodical but not always exactly

sinusoidal . A sli ght variation of angular velocity exiets due to the fact that

the force on the motor is not constant but var ies because of the inertia of

~h’- Da ddie, the conne cting rod and the crank , and the variation of the hydraulic

pressure on the paddle.
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The wave motion far from th. paddl e is given to a first approxima-

tion by a Fourier series representing a fundamental wave and harmonics.

At the paddle the motion Is periodic , havin g the period of each of these

harmonics as well as a local oscillation which disappears with distance.

This demonstration was carried out by Apte (unpublished) . The solution to

this problem is obtained by use of a heavy fl y wheel connected to the wave

generator. The wave filters also have a tendency to dampen harmonic

m otion more than the fundam ental wave motion.

1~ 3) Non--Linear Theory. Sinueoidal Motion of the Pad~~e

All the previous theories are linear. They do not explain the presence

of harmonic motion even when the motion of the wave paddle is r igorously

sinusoidal . These harmonica are due to nonlinear effecte. It has been

shown at a second order of appro timatio n by For%tanct~ 
17) that harmonic

motion exists with a period T/2 (T being the period of the fundamental)

which is superimposed to the principal wave motion. Near the paddle a t
local oscillation of period T’Z of second order also exists and disappears

-‘ith distance.

Far from the paddle ~he wave motion due to a perfectl y sinusoidal

motion of the paddle coul d be considered at a second order of approxima-

titm ;~ as the superimposition o~:

(1 )  A fundamental sinusoidal wave motion of period T . This

is a free wave, the motion of which is the same as that obtained at first

order of approximation.

— 32—
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(2) A component having a period T/2 which may be con-

sidered as a wave having a height proportional to the square of the wave

height given by (I )  above. This ie a forced wave having the same wave

celerity as the wave of period T

(3) A harmonic of period T/Z , also of amplitude proportional

to the square of the wave height of wave (1), but has its own wave celerity

which is that of a free wave of period T/2.

Other special wave paddle theorie s have been carried out such as

the “snake paddle” theory of Blesel. (18)

For practical purposes onl y the linear theory due to a paddle having

a sinusoidal motion will be used in the following. This theory is quite suf-

ficient for designing wave paddle;. The other theorie s are more of aca-

demic interest. Our main source of r eferenc . will be the work done by

Biosel.
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IL CALCULATION OF WA VE HEIGHTS

II .. 1) Linear Wave Paddle Theo ry

It is not the purpose of this report to deal with wa ve paddle theory

bet rathe r to apply It However , it is useful to recall the basic assumptions

on which our calculations will be baa ed.

( 1) The fluid is assumed to be perf ect and there is no leakage

at the end of the paddle. Hence , an emp irical efficiency factor smaller than

one must be inserted in the final results.

(2) The conve ctive inertia term is ne glected; I. e. the theory

is no longer valid for very steep waves In shallow water. The theory is

exact for small wave motion.

(3) The fl ow is assumed to be irrotational.

It is then found that the theoretical amplitude of the wave Hth issued

by the paddle Is linearly related to the stroke ( z ) by the general

rolatiouehip~
~1

4 m s i uh m dj  ~~( a ) e o shm s d a

th alnhmd cocb m d + m d

where m (L is the wave length)

d = depth at the paddle

a = distance from the bottom

( a )  =~~ amplitude of the str oke of the paddle at variou s depths.

In the case of a piston w:ve paddle , C a ) e = cet; then,

2 slnh md 2 - K  ~~
~ sinh m d  cosh m d +  m~[

In the case of a paddle hinged on the bottom, ( a ) f Z • where e

is the stroke at the free surface Then.



}j _ Z s in h m d ( l - c o eh rnd + m d s i nh m d )th md( s inhm dcosbm d l + iri d) z Z e  = K ’ x Z e

K and K’ as define d above are a function of in d only or L/d only. Figure

5 gives the value of K and K ’ as a functi on of Lid.

This graph is the fundamental data. on which the following calcula-

tions are based. It may be observe d that for lar ge value s of L/d a piston

paddle of ~trok. 2 e = 2 feet , for example, will give the same wave he ight

as a hinged paddle with a st roke of 4 feet at the free sur face. For small

values of L/d , the wave height tends to be the serxie for the same value of

the stroke at the free surface.

II~- Z) Requirement.

I1-’Z. 1) It has been seen that the extreme requirements are:

Wave Pe r iod Minimum Maximum Wave Height
T (sec. ) Depth (ft. ) de (ft. )

W.F. 4 .2  4 2 .5

W.B. 3 2 1. 25

The corresponding values for L/d , K and K’ are (without filter):

Wave length (I t)  Depth (ft) L/d K K’

W . J’. 45 say 50 4 12. 5 0. 26 0. 48

W~8., 25 2 12. 5 0. 26 0. 48

1! 2. 2) CalculatIon of the Stroke at the Free Surface

The efficiency of the wa ve paddle Is defined by the relationship

H = p 2. K or H = 2.s K’ where H is the factiaal wave height given

by the paddle. This efficiency is slightly greater for a hinged paddle

-35-
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tha n it is for a piston type paddle because of th. leakage between the bottom

and the paddle. However , it will be considered that the efficiency is the
same and equal to 0. 8 as it has been obtsined by some experiments on small
paddles. Hence thi. number Is conservative. Then the required stroke 2 e

at the free surface becomes: Ze = 
Hp K or

Ze Piston Type Ze Hinged Type
(It) (ft)

2.5  2 .5W. F, x 0 4 5  =6 . 5 
~~8 x c ~~~6 = 12

1. 25 
___________W. B. 0 . B x O . 48 3. 25 1. 25 

= 6
~ 8 x 0.26

AU these numbers are m echanically as well as hydrauli call y unrealistic.

(The linear theory of wave paddle does not hold true for iuch an amplitude. )

Other solutions have to be found.

11.3) Calculation of the Maximum Stroke and General A rrang ement

11-3. 1) Change of Depth

The first solu tion exists In incr.aaing the depth at the paddle. This

solution decreases Lid • hence Increases the values for K and K’

Another great advantage of increasing the depth at the paddle Is being

able to repr oduce waves close, to the limit steepness in the test area without

• risk of the wave breaking at th. psddle.

A local agitation near the paddle is due to the fact that the paddle do..

not produce a wave which is exactly cylindrical . Hence it often occur s that

the wave break. at the paddle despit e the fact that the condition for limit

$teepnes s is not fulfilled. These conditions eve • for .xaxxiple:

-37-
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(
~) max = 0. 12 tanh (Modifie d Miche formula)

or 
= 0. 70 ( Modified solitary wave theory for long wave

in shillow water)

U the wave break s at the paddle , it Is more difficul t to obtain a steep wave

iii the test area.

11-3. 2) Multiplication Factor flue to Change of Deptb

Moreover , the change of depth may cause an increase of wave height

whi ch may be calculated by applying the prin ciple of conservation of energy:

H2 G = cat where 0 is the group velocity. For long waves in ahal J.ow

water , whi b is the case encountered for the maximum condltion~_the increase

in hei ght from the paddle to the test area is proportional to 
~ 

-
~~
-

~~- where

d is the depth at the paddl e and dt  the depth in the test azea.

Afte r othe r considerations, the m inim um depth at the paddle has

been chosen to be 6 ft. in the W. F. and 4 ft. in the W. B. The awitipli-

cation factor for long waves due to the change of depth becomes:

= 1. 11 for the W. F. and = 1.2 for the W. B. It is seen

that this multiplication factor compensates the wave filter effect in the W. B.

Rence it now sufficient to have a wave height at the paddle of the W. B~ of

1 ft., and 0. 83 ft. without a wave filter.

11.3. 3) MultiplicatIon Factor Due to Change of Width

It 19 very desirabl e to ha ve steep wave s in tb. W, F. in order to

Investigate experimentally the hydrody namics of wave motion. In such a

flftTi’ OW flume, It is then po.aible to combine the change of depth with a

Convergent.
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Applying th. principle of conservation of energy, it is seen that the
wave height at the paddle H and the wave height In the testing area Ht are
related by: H2 0 C ii~

2 
~~~~ 

where 0 is the group velocity and e the

width of the flume. Index t refers to the testing area. For a long wave in

shallow water , this formula gives:

H 2 
~ ~~~~

The multiplication factor ‘~ft due to the change of width is commonly

known as the refraction coefficient. e has been chosen equal to 10 ft. ,

whence - 1. 58. The combined effect of the change of depth and the

change of width in the W. F. yielde a multiplication factor for long waves of

1 .11 x 1.58 = 1.75.

The required wave height at the paddle is reduced to 2/1.75 = 1. 14

with no filter and 1. 14x 0.8= l.4withawave filter.

11-3. 4) Calculation o~ the Stroke with Multiplication Factors

These new requirements permit selection of a hinged paddle rather

than a piston type paddle. This kind of paddle is mechanically simpler and -f

lOSS expensive, even if one includee the cost of a convergent which sctuaily 
—

has been seen to be very useful.

Now the value Lid , K and the etro ke 2 e at the free surface

become:

Wave Period Depth Wave Length L/d K’ Wave Heigh t
T (Sec. ) (It) L (ft. ) Hth (ft. ) C

W. F. 4. 2 6 54 9. 00 0. 35 1. 14

W . B. 3 4 31 7. 76 0. 39 0. 83

~w1tbout filter
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Efficiency 2 e ( It)

W I .  0,8 4.1

0.8 2. 66

Considering that some wave filte r may always be necessary after the conver-

gent in the W. F. • the following values are final ly adopteth

Depth Stroke Tang e ~( ft. ) (ft. )

W I .  6 4 .5  0. 37

W. B. 4 2. 33 0. 29

~ tang @ = e/ d )

11-3. 5) Maximum Wave Heights vs. Wave Period

It would be me chanically unrealistic to have a greater strok.. If

any filter is used, sm&Iler wave heights will be obtained but the wave height

produced by the paddle increases quickly when the wave period decreases

slowly. It Is difficult to produce a long wave of great amplitude. It is

easier to produce short waves Of groat emplitude up to limit steepness.

Some calculated results illustrate these considerations , assuming

a wave filter with a. damping effect of D 0. 8.

Maximum Wave Height Wave Height at Efficiency Theoretical
Stroke Ze after filter H Paddle H H

t (D 0. 8)

W. ~. 4’6~ 2’ ___________ i 0. 8 1. 8

W. B. 2’4” 1’ 
~~~~~~~~ 

1. 12 0.8 1.4

K L/d d L paddle T

0.4 7.7 6 46 3. 8 eec.

W.B. 0.6 5.7 4 23 2 .7 sec.
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It is seen that thee. va lue s are very close to the maximum requirements

despite the wave filter effect.

11-3. 6) Figure 6 h&s a general value valid for any kind of wave paddle

hinged at the bottom. It gives th. wave height as a function of the wave

period , the depth, and the stroke tang 0 e/d . It is easy to relate tang o
to the eccentricity at the crank for a given Installation. This nomograph

includes the coefficient of efficiency and a. wave damping effe ct D through

the f i l t e r, Moreover , it permir.~ one to determine the conditions when the

wave breaks at the paddle.

Th~4) A General Formula for Calculatl~~ the Wave Height m a  Wave Tank

Taking all the previous phencm rna into account, the wave he ight in

the~ testing area may be cal culated by taking into account:

( I )  The theoretical wave height at the paddle, which is a

function of the period T, the depth at the paddie d , and the stroke

tang o .
(2) The efficienc/ of the paddle V2 (0 . 8)

(3) The wave f i l t e r  ef f e c t  e 
— 

which is a function of j
the wave period . the friction coefficient A and the length of

the 9lte r ,~. ~~could be replaced by r N whore N is the number of

‘~i~~v~ filter elements and I a coefficient exper imentally determined of one

clement of wave filter. )

(4) The change of depth fr om the wave paddle to the testing

area by inserting the multiplication factor where 0 is the group

velocity function of the period and depth. Since for a given wave tank
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See Pocket in Rea r Cover for
Figure 6.

t
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1

d = d
1 + A d where .A d = c~~ stant , this multiplication factor could be

expressed as a function of T and d (or dt) only.

(5) The ~hange of width in the case of convergence , the

inuit iplicat io~ factor being ~/ E.. and 
~ 

being the width in the testing area

and 1 the lex*gth of the paddle.

Finally the wave height in the testing area for a given wave tank is

given as a function of T, dtl tang 0 , and N .  All the other parameters

are fixed or determined from these four variables. However , \ (or r) F

and are fixed but unknown. They may be determined experimentally

by a preliminary test.

Tb. following set of formulae gives 
~~~ 

= I (T , d~. e , N, A 1  
~~7

-t_ ~L
4
~~? ~~~~~~~~ -k e

H~~~ z Z K ’ d t a n g ~

K ’ 2 sinh md (1 .~~ cosh md  + mci sink m d )  (Hinged type)m d ( e l n h m d c osh niT + zn d)

21Tm =

L tank 2lT d

2i~ (’It + Ad ) _ r , + 

4~~~
d
~
+
~~~

d) 1
tank -~~~ 

_ _ _ _ _

G L .nk 41T1dt~ Ad)
j

tank 
[ 

I + — 

-

L slith

( A d  = L 5 f t i n W. B. )d d~~+ ~ d ( A d  2 . O f t in W. F. )
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This eat of formulas has been presented in two noniographe (Figur es 7

and 8) for the two wave tanks without wave filters. Thee. formulae are not

valid if the wave breaks . The wave can break at the paddle if 4>
0. l 2 — ~-- tanh 2 “~~d 

• or in the test ing area if _~~!_. > 0. 14 .~!— ta~h !~.~ 1~t

or -4~->  0. 78 for a long wave in shallow water,

Figures 7 and 8 show the wave height in the testing area without wave

filter effect an a function of T, d~ and tang 0 by taking into account the

effe ct of the change of depth between the paddle and the test section and the

convergent in the W. F.

Tang 0 may easily be related to the eccentricity at the crank.
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IlL CALCULATIO N OF THE FOR CES ON THE WA VE PADDLE
~ ND POWER REQU IRE MEN’rs

UI -I) Forces on the Wave Paddl e

The force s on the paddle are calculated from lo~~ equations. The

pressur e force may be considered as the sum of three terms. The first

term is a hydrostatic pressure which acts equally on both sides of th . paddle

and does not need to be considered. 2

UI -i . 1) Force Due to Wave MotIon

A press ur e force is due to the normal wave motion generated by the

paddle. This pranoure force is maximum when there is a crest on one side

of the paddle and a trough on the other side. This occur s when the paddle 4--

is rigorously ve rt ical and acts in a direction which Is opposite to the motion

of Cha paddle. This force is, according to the linear theory:

p
1 ~~ f P W dZ

where g ~. the length of the paddle (52’) and pw x 1g4 ~~ 
cos kt

cos k t .  For short wave e thi a term is negli gible by comparison with

th, third term p1 (See lU-I 2 , Section Two) For long waves it becomes

= p4 ~~~~~~~~ = j g H d t

The pressure distribution tends to become hydrostatic and i. distributed

as shown in Figure 9, 1. e. almost uniformly. Then it is found for the

paddle of the wave basin that the corrosponding maximum press ure force can

be 6 Z . 4 x  1 . 5  x 3 . 5 x  52 17 , 000 lbs -with H = 1.5 ft. , and for the paddle of

the way. flume, 6 Z . 4 x 2 . 5 x 6 . S x  10 10. 000 ibi with H 2. Sf t .
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1

UI -i. 2) Force Due to Water Inert ia

The third force is given by P2 = z t .  j p1 dz. This term Is
due to inerti*. It tends to sero for long waves bvt becomes important for
short waves. The lag of phas e between pi and p w Is .2~ .

The total work due to p1 over a wave period Is zer o, while the
total work due to pw is equal to the work of the wave motion itself. The ‘ - 1

calculation of p1 is given by the following set of formulas:

p 1 = p g ~~~~C~ tang m0 d cos m~~z einkt = X2 eink t
I •it~~~~i

where
in
0 

d (in d sin ni L + cos in
0 

d - 1)
C 2en in d ( Btn m ~~cos in d + in d)n n n

and

2 zirk = - rn 0 g tang rn0 d (k —y- )

Cal culated with three term s (n 1 , n 2 , ii 3) in the case of a

small wave period = 0. 5) and in thecase of a wave b*~’ing the limit

steepness , it give s a. pressure distribution a. shown in Figure 10.

It could be nonaid er ed that the corresponding total force is uniformly

dlltrlbut,d on a ve rt ical 0. 10. Hence.

z2
.J 

p 1 dz =Z(O. 10 
p14  

d

which givec for tb. W . B :  2~ :0. l0 x 62 .4x  1.75 x 3 . 5 x5 2 4, 000 lbs. ,

• and for the W. F. Z n O l O x ô Z . 4 x 3 . 25 x 6 . Sx  10 - 2 , 640 1bs. In the

same condition P
~ 

is found to be 140 lbs.
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To know the maximum value for P
~ it woul d be necessary to

cal culate pi for different value s of Lid. pi may begin to increase because

of th. increase of H with T but also decreases quickly when the periodmax
increases because decrease s.

111—I . 3) A Summary of aesults GIven by Theory

As a pra ctical conclusion , the total forc e on the paddle is:

F P1 + P 2 = X1 c o a ’k t + X 2 s in k t .

X, is negligible for long waves and X1 is 17,000 lbs. in the W. B, and

10, 000 lbs. in the W. F. These forces are roughly linearly distributed on

the paddle. P1 is maximum when the paddle is vertical and acts in a direc~

tion which is opposite to the motion of the paddle.
xl

X2 ii negligible for a short wave. (X2 —-n— when Lid = 0. 5)

becomes impo rtant for short waves. Calculated for the minimum wave 
—

period (L/ d  0. 5) and the limit sthepnees. it in .qnaI to 4, 000 lbs. in the

W B. and 2.~ 640 lbs. in the W. F. P2 is zero when th, p*ddle is vertical

and maximum when the stroke is maximum. It s direction is away from the

Center vertical line. P~ acts similar to an increaee of ~nertia of the wave

paddle itself.

Figure 11 sum marize s these conclusions.

~~. 4) Practical Conclusion on the Wave Force

Thee. forces given by the theory ar e not the m a ximum forces to be

‘xp.cted. The uv’~,dmurn forces are obtained for the smallest wave period

Mud the maximum stroke . Then the wave break. at the paddle and no theory

— 51—
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‘V

x,
is available to calculate the wave force. In that case is email (say =

But it will be unrealistic to apply th. theo ry to calculate X2 .  (It will give

60. 000 lbs. on the paddle of the W. B )

It is not normal to operate a wave paddle with xrilnixnuxn period and

1,~ i~in1um stroke. A breaking wave at the paddle is possible only during the

adjustment of the craz ~k for a given wave height by trial and error . U the

wave breaks, the operator stops the paddle at once and decrease s the stroke .

However, .lnce the abnormal operating condition may OCCUr accidentally,

it is useful to ad pt a very largo safety factor for as It has been cal -.

culated in th. case of a short wave. A amaller safety factor is required for

X1 in the case of a long wave since the calculation is valid in that case.

111-2) Power of the Wave Generator

The power of the wave generator has to be calculated by taking

account of the maxim um power of the wave motion issued in both direc tions

and ~hs inertia of the paddle. The wave powe r is easily known as a function

of wave characteristics. The total inertia and friction forces of th. complex -;

wave j~enerator are difficult to calculate exactly. Hence they ar e usually

fc~~i~ by experience based on the design and operation of other wave generators .

The ratio of the power required to move the wave genera tor

to the wave power varies with the period. It is high for a email period

and decroase3 elowly for a long period. This ratio varie s within a rang. 
j

from 5 to 3. (See wiege1~ 
19))
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A mnultipiicstlon factor is also required because of the fact that the

power within a per iod varies considerably with time. The peak of power

could be as high as 20 tImes the wave power in the case of short waves.

However , this peak of power is prov ided by the fly wheel .

In fact, it must be expected that this ratio will be ellghtly greater

for the W . B. than for the W. F. Indeed, the wave paddle 52 ft. long in the

W. B. baa relati vely more ine rtia in order to keep its rigidity.

Tb. maximum w ave power is given by..

= z t ( 1
(H)

2
c (

4
~~~~~~~~)]

The coefficient 2 at the beginning ii due to the fact that waves are issued in

both directioaa 1 Ii the length of the paddle The following wave horsepowers

have been calculated as an example:

H (ft. ) T (sac. ) d (f t .. ) c ( f t - u s c )  L W ,K P .

W F. 2. 2 6. 5 13. 7 10 13. 7

W. B, 1. 1 4 4. 5 10 52 16

.54..
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lv. GENERATION OF IRREGULAR WA VES

IV.1) Some Consideration. on the Generation of Irregular Waves

In many studies it is of particular interest to reproduce a wave

spectrwn in the wave ta.nks. It is relat ively easy to generate irregular

waves but it is more difficult to generate a given wave spectrum. (See

r efere nces 19 20 and 21)

W.1. 1) The simplest way of generating irregul ar waves consists of

changing the wave period. This change of wave per iod has a cycle which rdefines the period of the wave train. Thi s variation could be adjusted by a

cam or simply mechanically linearized. Then the variation of wave periods

depend2 upon the ma chanical system adopted for adjusting the wave period.

The cbange of wave period involves a change of Lid , 1. e. a varia

tion of the factor K (or K1) according to thc law presented by Figur e 5.

It is seen that changing tho wave period automatically iavolvoi a change of

wave height. S~~ this variation , depending upon the relationship K £ (Lid),

cannot be controlled. U~ ual1y the wave train generated by such a variation

give o .~~ 
V;~tvC record near ~hc paddle as presented by Figure 12.

The longoat wave corresponding to a small value of K (or K ’) has a

arnail ;iavc height. Converoely, the shortest wave has a large amplitude .

But the wave train changes when it travels from the paddle to the testing

area. The longest waves tra vel quickly and the shortest waves elowly.

White caps appe ar r~~e to the superimposition of a number a of irregular

waveg ~vhsn the limit St P1~~~ IE

I : —
I t .
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For a given adjustment of the crank and a constant period of the wave train ,

these white caps always appear at the same place in the wave flume . Finally,

In the op.ratlng ar ea the motion is very confused and irreg ular. The wave

record I. also different from one cross e~ ct1on to another.

IV.1. 2) It has been seen that acting on the wave period also involves a

variation of the wave height because of the relationships H = K 2. and

K ( (L/d) . It is possibl e to change the wave height without changing the

wave period. (Figure 13) Then the wave train trave ls without deformation

a~d the wave record a the same at any cross section, wIth only a difference

in pba ee

Thiø change in wave hei ght could be carried out by chan ging the

eccentri city aX the crank with the period of the wave train But tine Is L
U

m echanically more difficult to real ise because it involves tremendous forces

on the crank parts.

Another method consists of plunging a wave absorber with the period

~f the wave tr ain in the middle of the wave filter. Thia wave absorber may

alt o be a simpl e vert ical barrie r which partly reflects the wave motion. A

variable part of wave energy Is transmitted under th is movable barrier

and th. bott om of the flume .

Pl.~i. 3) The moet re fined method conøiets of gener ating a wave spectrum

a servo -motor. Then it is theoretically possible to rep roduCe *ZtY wave

tr*Ii~. But it is often difficult to calculate the cam which commands the

-ST. 
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F

servo-motor. This cam must be designed by taking into account the

response of the servo-motor and also the wave character istics as a function

of the motion of the paddle. Both vary with period. It is theoretica lly

possible, but th. servo-motor must be very powerful to have a good linear

response.

IV-2) Adaptability for Producing Irregular Waves

All the previous syete rn~ can be calculated by an adaptation of the

theories used in this report.

It will be very easy to reproduce irregular waves in the tanks as

they are designed by manually changing the wave period with a period of wave

train. Some prelüniaary calculations can easily be carried out in ord er to

determine the rang. of wave amplitude which may be generated. This

could be done by using the relationship K ~ f (Lid) . Lat .r on a device could

be adapted to reproduce cycles of variation of wave period.

It will also be possible to chang. the wave amplitude without changin g

the wave period by a slight modthcation an intermed iate lever can be

inserted in the W. F. between the cra nk and the paddle. The primary put-

P°’° of this intermediate leve r is to decrease the length of the required

-I?ank and the maximum stroke of th. paddle. This ii~erm.d&ate lever can

easil y ha changed ~~ modified in order that the length of one of its arms

will vary with the period of wave train . By changing this length, the øtroks

ii automatically changed and consequently. the wave height is changed.

Insertion of a. wave absor ber in the middle of the way, filter may

also be considered.

— 59-
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V. OPERATION OF WAVE GENERATOR

V-i. Wave Paddle Drive and Amplitude Adjustment

The power requirement for the W . B. has been set nominall y at 
j

60 H . P. as previously discussed in Section II , 111-2. Since this power

must be app lied to the paddle drive to provide as nearly sinsoidal 
~ I

paddle motion as possible, the driving mechanism must be noncom -

pli ant, whereby there is no phase shift between power generator and

the wave paddle. This should also be accomplished witho ut excessive

weight of linkages or other reciprocating or osciUating mechanisms

to m inimise inertial loads.

The most practical arrangem ent is shown by Figure 14 for the

W. B., and Figure 15 for the W. F., whereby an offset crank arm

and suIficlently long connecting rod is attached to the paddle at a

point above the maximum wate r leve l . This geometry more nearl y

simulates an exact sinueoida l paddle motion than the conventional

arrangement in which the connecting rod is horizontal at maximum

stroke .

The amplitude of the wave paddle is varied by adjust ing the leng th

of the cra nk arm . This is accomplished manually on the W. B. by a.

handwheel and worm gear arrangement as shown on the drawing . A

vernier scale is provided ~or close adjustment , especially for small

stroke settings. Although a stu rdy square thread is used to position

the connecting rod bearing , the major driving forces are transmitted

by V guide . which may be adjuste d for cleara nce or locked to prevent

any movement during operation. An automatically adjusted counter-

weight is provide d to balance the connecting rod end and bearing.

The adjustable crank arm for the W. F. may be provid ed with

-60-
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a gear head motor to remotely control the amplitude during operation

to generate irreg ular wave s as discussed in Section 11, IV-l. The - 

-

direction of rotation , and if necessary , the speed of rotation of this

motor could be controlled by a suitable programming system to

provide wav e trai ns or other wav e spectrum .

The connecting rod is attached to the W. B. paddle through sealed

self-aligning bearings at two points, both to transmit the driving force

more uniformly and also to reduce possible deflection in the long

paddle. The W . B. is also provided with a forked connecting rod

with stiffening struts to prevent bending. This feature is not necessary

for the much smaller W. F. paddle.

I

V-2. Variable Speed Drive

As previously specified, a continuous speed or wav e period ad-

justm ent is required over at least a range of I to 6 to provide wave

periods of from . 5  to 3.0 seconds for the W. B. and from .7  to 4. Z

seconds for the W. F.

Many systems were considered to dete rmine the best method for - -C - -

provi ding the moat constant angular velocity, compacthess , lowest 
.

- -

Coat , and operational.eafety for the many possible operating conditions .

The most readil y avail able sto ck electr ic motor driven variabl e speed

syete~-ns ar e the “Varidr ive ” type unitS as made by U. S. Motors.

Ste rl ing Electric , Reeves-Reliance Electric , and Link-Belt. These

u nits include integra led or close coupled motor , variable speed changer.

and reduction gears , all mounted on one base . From availabl e rating s

provided by these com panies. a standard stock size most nearly adap ted

to the requi red service conditi ons was a 60/30 H. P. Reeves-RelianCe

sYstem using a two-speed motor and 4 to 1 speed changer with an 
- -

- 63-
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over-all wave period variation of approximately 1 to 8.
It was noted that all of these continu ous speed change units were

torque limit ed; that is, at the upper speed range constant power could
be transmitted, but at the low speed range only a limiting or constant

torque was available. This limiting torque at the very low speed re-
qu2red for the longest wave period in some cases reduced the avail-
able out~*3t power to less than one-half the nominal motor r ating . Also,
for the speed range requi red, it was not possible to obtain an over-size

variable speed unit to delive r maximum full motor power of 60 H. P.

at the lowest speed necessary for the longest wave period.

A more detailed analysis was made to determine the relation

be~.we~ n available and required torque for the varied range of wave

periods and w ave heights unde r consideration. The results as shown

~n Figures 1 ~ and 17 indicate a standar d variable speed system avail-

able f rom Reeveo Division of the Reliance Electric & Engineer ing Co.
r.: :~

;
would me et most of the operating conditions .

If greate r torque is considered necessary for the longer wave

per iods , the available torque from the low speed range can be appro xi-

matel ’; doubled by using a two-speed gear reducer with a speed

changer using a sing le-speed 60 H.P. motor . This would appear to

be a more satisf actory arrangement . However two speed gear re-

ducer s (with manual gear shUt) are not available as stock item s for
h l~ ~

the speed ratio required (over 40 to 1), and the resulting coat of

special ly desi gned units may appreciabl y increase the price of the

dri’.re system . Two speed gears of th is type are made to specifica-

tiona by Wester Gear Corp. and probably others.

Anoth er alternate to the two- speed gea r reducer is a chain drive . I
~~~~

System with a two-speed sproc ket and shift mechanism. This, however ,

.44-
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requires a jack shaf t , extra bearings, chain drive and guard and

clutch couplings, but would provide the two-sp eed reduction at som e-

what lower cost than the two-speed gear reducer.

V- 3. Ways Paddl e Dr ive Controls
-i

The motor req uired for the variable speed wave paddle drive

should be prov ided with a two- speed mag netic non- reversing starter

w~th thermal overload relay s for a 60/30 H. P. constant torque motor ,

~G cycle . 3 ~~aae, -1-~Q volt. This ty pe starter wifl protect the m otor

~or any m otor ove n ~id condition during operation.

However, condi tions could occur where the motor and variable

IDeed unit could be greatly overloaded, especially during starting

when a cold moto r could generate ove r 200% torq ue . Unde r thes e

conditions, dam age may occur to the variable speed unit. To prevent

this possibility , r..n interlocking control is necessa ry to insure that

the speed control is alway s set ~t minimum speed during the start of

any test .

This is provided on the Reeves.Rel ianC e Electric system by a

time delay relay which energ ises a remote control motor to return

th e Reeve. Drive to low position before the motor is itopped. This

will insure starting the drive at minimum speed during subsequent

oper ation .

The operator controls are supplied with 60 cycle, single phase,

120 volt current , and pr ovide “low ” and “high speed run” puab buttons

and a “stop” push button which I. interconn ected with the time delay

relay for return to low sp’sed.

An electric re mote spied oontrol is provided with “fast” and

“
Slow ” pseb n~Uon s to change drive spud. A tachoaniter generato r

4
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Imounted on the Reeves Drive provides a voltage signal to speed indicating

mete r which may be calibrated directly for wave period or drive speed. -
~

A panel board would also be provided for mounting all motor

controls , remote setting buttons, and speed indicator located at selected

opIrRtOr station.

.4.



CONCLUSION

It would be desirable to use the available nomographe which have

been cal culated for thi s report to verify th. prese nted theories. This will

permit , in particular, the determination of the coefficient of efficiency

of th. wave paddles , a datum which can be of great inte rest in other

eventual installation...

It will also be desirable to verify the breaking conditions at the

peddle ‘~t~1ch have been proposed in this report.

Finally, a preliminary test will be required in orde r to determ ine,

experime ntally, the wave filter coefficient which permits calculation of its

dam ping effect.

Th. theoret ical work which has been carried out and prese nted in

this rep ort can s.lso be continued. In particular s it will be of great i~teris t

to investigate furthe r the force s on a paddle both for break ing snd aou~

bre aking wave.. The se theor ieo could be substantiate d or modified after

a serie s of moasuromente.

.69 -
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