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ABSTRACT

f The wave patterns due to long wave generators which
produce displacements uniformly distributed along their length are
first investigated. Formulas are developed by which the difraction
pattern produced by single sources or long wave generators can be
estimated. Approximations have been made when simplified comput-
ation procedures could be obtained thereby.

These methods are then used to investigate the types
of short crested seas which could be produced in circular or rect-
angular model basins by a limited number of wave generators. It
is found that short crested seas can be produced in this way but
that there is difficulty in obtaining uniform conditions over a
wide test area. A servo-motor type of wave generator whose perfor-
mance can be controlled by a cam is described. Such a wave gen-
erator has advantages when used for producing irregular types of
Waves.

The requirements which must be met if a replica of an
actugl storm sea is to be reproduced over the entire area of a
model basin and sustained for a period of time ample for testing
purposes are next investigated. This investigation makes use of
the mathematical developments which are concerned with the condi-
tions of uniqueness for solutions of the differential equation of
Laplace. It is concluded that the replica sea can be realized if

the observed undulations are reproduced, to model scale, completely
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around the perimeter of the model basin and the driving forces
of wind are also supplied.

Since none of the conventional types of wave generators
would be satisfactory for this service, because of the waves coming
in to their location from other generators, a new type of wave
generator is devised. This generator embodies the elements des-
cribed previously but its action is now controlled by a device
which senses the wave height at its location, compares it with a
program, and acts to bring the actual wave height to the programmed
wave height, The number of wave generators required for production
of the replica sea is investigated. With a finite number of wave
generators a true replica sea can only be approximated but the
approximation grows better as the lengths of the wave generators
is shortened and their number correspondingly increased. 1In any
case the length of each single wave generator must be short com-
pared to the length of the model to be tested. The requirements
which must be met if wave generators of the new type are to func-
tion properly are studied analytically. Because of the stringency
of these requirements, it is considered advisable to build and

test a pair of them before any large scale installation is attempted.
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NOTATION

The following notation is used:
a wave amplitude

amplitude constants

a specified radius

an amplitude constant

an area

an amplitude constant
constants

width of a basin

a constant

the velocity of wave propagation
a distance

celerity of a wave

volume displacements

a maximum volume displacement

2,71828 +

Jo and Yo

~ %

21
A

the acceleration of gravity

depth of a wave basin

(feet)

(feet )2

(feet)

(feet)

(ft/sec)
(ft)
(ft/sec)
(££)3

(£¢)°

(ft/sec?)

Bessels functions of order zero as tabulated in

reference (6)

a spring constant

length of a wave generater

ifi

(1b/ft)
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np

y 4
a3 quantity determined from equation 8, This quantity

approaches n =21 at sufficiently great distances

to make the produ@f nr large compared to unity.

, (1b/ft)
distance along a normal
a ratio
a pressure (1b/ft2)
an initial pressure (lb/ftz)
a pressure change (1b/£t2)
average power requirement (ft 1b/sec)

The maximum velume displacement producelby a linear
wave generator of length L. (£t3)

a radius (ft)

The distance from the center of a wave generator to the

point at which the wave amplitude is to be computed

(feet)
a ratio
The distance between the centers of two radially
symmetrical wave generators (feet)
a surface
time (seconds)
the period of a wave (seconds)

velocity, positive in the direction of r or x

a velume (ft)3

an initial volume (£t )3

a volume (ft)3
iv
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w density of water (1b/£t3)
wy a compressibility factor
W weight (1b)

Xy Y, z coordinates. The coordinate x is measured horizontally
in the direction of wave propagation, y horizontally at right

angles to x and z, z is measured vertically from the undisturbed

water surface. The positive direction is up. (feet)
Y1 a departure from an equilibrium position (feet)
fc. an angle between a line passing through two sources
and a radial line drawn from one of them (radians)
szl the angle between R and the long dimension of a
wave generator (radians)
rL a distance measured along the length of a wave

generator from the center of a linear wave generator.

the wave length (feet)
=27 (1/sec)
E
95 a velocity potential (£t2/sec)
é? the height of a wave above the stable level (feet)
& a constant specifying phase (sec)
4

3Tfﬁgﬁf_cg constants relating to the operation of a wave
generator (See Fig., 13)°~
CK,3 ratio of the spool valve displacement to the port
width (dimensionless)
C5 2 ratio of the sleeve displacement to the port width

(dimensionless)
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displacement of the plunger from a neutral

position (ft)

’

departure from normal level in the wave basin (ft)
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I. WAVE MOTION PRODUCED BY LINEAR WAVE GENERATCRS

Wave Patterns

The developments described herein are directed to the
development of ready means for calculating the characteristics of
wave trains produced by wave generators which act by producing
volume displacements along a linear interval, It has been accepted
that the utility of the final results is of paramount importance
and for this reason approximations have been used whenever comput-
ation procedures could be simplified by their adoption.

A word of explanation may be worthwhile concerning
the broeééﬁre followed in this development. A first simple funda-
mental solution of the hydrodynamic equations was sought which
could be used as a basis for constructing the more elaborate cases
required for the present purposes. This simple solution relates
to the train of waves diverging from an isolated point source in
water of any depth ﬁhen the disturbance at the source is of a
simple, harmonic type. The case of a wave generator of length L
was then obtained by summing the effects produced by simple solu-
tiqns of uniform strength and distributed uniformly along the
length of the wave generator., The amplitude of the wave train
produced is related to the displacement produced by the wave
generator, The solution thus obtained relates to the behavior of an
isolated generétor from which waves are free to progress in any

direction. A different case is presented, however, by a wave
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generator operating in an experimental wave basin since the walls
of the basin interfere with the progress of the waves in certain
directions. It is proposed to account for these boundaries by
using the method of images. 1In this way the effect of operating
the wave generator adjacent to a wall, in a corner, within a
rectangular strip or within a rectangular basin can be found. In

all these cases the same set of simple formulas can be used.

Mathematical Basis

Consider the velocity potential -

',_.@_9 % G g Tk i wco%hﬂ(l'ﬂrh)
?- G 5(ﬂr) in6t —Y,(r)cos st o

This expression satisfies LaPlace's equation (Ref. 7, p. 76) ’

3¢ y 8¢
ort T oy

P
o1%

g = -

and to be acceptable for our purposes it must also satisfy the

conditions. (Ref. 7, pp. 73 & 74).

= T - 0 when = Z= =h.

= — on the free surface

on the free surface.

- By
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From (1); by differentiation

3% _ B3 |1 () sing .o+ | nsinh n(z+h)
e J.(n)sinct _y @n)co -

Sl o (U

Since = 1is the vertical component of velocity and this expres-
sion becomes zero at the bottom, when 7 = ~h, the first condi-
tion is satisfied.

The second condition yields

L

(o \ T R S F-
= 7 Dy ldan cosat+ Tf:.(_m)::znu‘f—! - -- 15)

N

To satisfy the third condition with

i_‘ S~ - /7
C I * e o P <~
éﬁ ::;%S[jjﬁwkmnotup%(ndCugut --"(é)
and
:)d‘ = P e SR -:\\?J:\_ﬂ
5‘2 = D ‘j (Hﬂ ‘a\( T"‘ \lt‘.) KHY)CC5J | —CC)5h_ﬂh

It is required that

B ___P)@ n Sinh nh
) ccsh nh

By rearrangement and multiplication of both sides of

the expression by the factor h this relation can be put into

-

-
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the form

hij_z ke 'Y\
5= Mk Tanh nh.

This is the basic relation connecting the values of

& and n. If the frequency is to be specified by selecting a

value for & the corresponding value of n can be determined

immediately through use of Fig. 1"

At a distance from the source sufficient to make the

quantity nr large compared to unity, the Bessel functions

Jo(nr) and Yo(nr) take the approximate forms:

and 161) '

SEr) = T;‘m, Cos(nrﬁ- %)

s e AR T,
Y, (0r) o bm(m "4")

33

],

(Ref. 10, pp. 158

A

Under these conditions a wave length ﬂk can be specified since

Yo EOL

)

If a wave length is chosen the value of

ores Tz ot RIS

n obtained

from this relation can be substituted into Eq. (8) to find the

quantity £y which will, in turn, determine the frequency.

The Eq. (9) can be used to establish some additional

important relationships. Under the condition stated, Eq. (5)'for

the wave height takes the form

-
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E’ If a2zl
| and tﬁen can be written

E-‘ £ = B, 7 cos(nr“o't__ 1‘}}) | BRaR

nnr

If we fix attention on a certain part of the wave

E this form of the expression shows that r must increase with
time if the same phase position is to be maintained. Suppose
we choose to watch the crest. This will require that the cosine
term will have a maximum value and this imposes the relation
. m

4

where m is some whole number, By differentiation of this

i
B - expression we can obtain the relation
dr = O
E dt n
< which can be interpreted as the rate at which the crest progresses.
E This is the wave velocity C. This relation can be combined with
g_ expressions (8) and (10) to obtain a formula for the wave propa=-

gation velocity.

[
E CZZ‘-—@-—?\—-Tmnh %
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'Although these relations are approximate, a scrutiny
of the roots of the Jo and Yo Bessel functions will indicate
that they should hold closely enough for most engineering purposes
beyond two wave lengths distance from the source.

In order to produce Waves of a specific amplitude it
is necessary to know how much displacement is needed at the source
to maintain them. The displacement volume is given by an integral

of the type °

_O
=7 Y, % S\ LAz ot
=

This can be evaluated in the form

h o
D, = 02 2T D3 J (nr)cogng__Y (nr)sm st “-S-HD——.—

This displacement reaches a maximum value of

D, = 7T'Fof)9 g (%‘ﬂ) +(Y ﬂm) sinh nh , __“04)/

Cosh nh

The energy fed into the wave motion can be obtained

by integrating the product of the pressure changes

b = W 99

g ot
and the velocity u over the surface of a cylinder of radius r

and extending from the surface of the water to the bottom of the
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basin. The development is somewhat lengthy'and it seemsdesirable
therefore to give only the final resuit;i:Byﬁméking;usefofhthew?:-
rédatien (See reference 10, page 156;)'

Y;(ﬂ*'c)Jo'(nro) — Yo'(nro) J.(n72) = — T_r?—__ /

»

The average power requirement will be

T n2 9 st ik coshrbe R Ak :
- Sk = réo;h;nh ¥ B

The velocity head was neglected in the development of this formula.
It may be commented that the selection of a motor to drive a wave
generator may depend more upon the starting torque requirements
than the power needed to maintain the wave train. The device

used to make the displacement should not extend to too great a

depth., It is suggested to create the displacement within the depth

e = — fonh nh. R (D)

These displacement and power requirements are sufficient to main-
tain a wave train which completely surrounds the source. If the
wave train is bounded by a straight vertical wall which passes
through the source then only one half of theséidibplatement®and
power requirements are needed.

In some cases it is desired to propagate a wave train
of limited width and this may be accomplished with some effective-

ness by making use of the possibilities of interference. Suppose,
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for exémple, that two equal, in phase sources are.operating at a
separgtion_ St of 6ne ralf a wave lengfh. It can be expected that
the wave motion in the direction of the.lihe joining the sources
would be almost completely annuled because the waves from the two
sources would be of almost equal amplitude and would be 180 degrees
out of phase, Along a normal to this line, drawn from a point
micway betwaen thoe sourccs, however, the wave motion would be
anhanced becavss the wavas from the two sources would be nearly

in phase. Tho wave crests would be nnarly circular in form but
their height would vary in 2ach quadrant from a maximum to nearly
nor0,  In this way 2 very definite concentration of the wave

motion into 2 portion of the surface area can be accomplishad.

1-1

t will be of interest to develoup the casz of the two sources
somewinal mors fully.

If (C represents an angle between a radius drawn
irom on2 of the sources and the line which passes through both

nf them, 2 point at radive r from ons source will lie at the

digtance Cj from tho other source where, by the cosine law

\/ r2 . 517 - QISl sosOC

i!

C1

s 0 o

()]

large compar2d Lo the separation S the square of S,

0

2=y be discarded so that asproximately

-~
- y < 5
Cy T B cos OC



Since the quantity Sl/r is, under these conditions,
small compared to unity it will be permissible to expand the rad-
ical by the binominal theorem and, again as an approximation,

discard all of the terms except the first two, then approximately

~Jt

C r - 5] cos (x

If > S,
Since (r - C1) is the phase separation of the waves
from the two sources, expressed as a length

~4

(r -C;) = S) cosiC AR (|7),
If =50 Sf

The angular phase separation is

2w (r-C) ~ 2Ts ;
el T IR L e o T S (\8)
A &

If r>>8].

The amplitude of a resultant wave formed by the super-

position of two waves of amplitude Ao and separated by the phase

angle (5 is, again by the cosine law

J;Ao\m wihbet | 210

The combination of (18 ) and (19) yields

R

COs X
A
r>7 81

The following table shows a computation of wave heights

Rm=\/?Ao \/1+cos AIRS] —---_(Zo)"

following a circular path with its center at a point midway between
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the two sources. The computation extends through one quadrant.

The other three quadrants are similar.

=} 0=



Table '

Computation of relative wave amplitudes produced by

.

two, in phase, sources one half wave length apart.

2—-& coslC cos (Z_ TTS,COSOC) Rm
2 2

- il o B B —— — —

- X cos OC ~Ae
0 1.000 3.142 -1.000 0.000
10° .985 3.09 -0.999 0.050
20° .940 2.95 -0.982 0.194
30° .866 2.92 -0.913 0.295
40° .766 2.40 -0.738 0.722
4 500 +643 2.02 -0.436 1.05
a' 60° .500 1.57 0.000 1.41
g: 70° .342 1.07 +0,480 1.7
’ 80° 174 0.54 +0.855 1.93
E 90° .000 0.00 +1.000 2.00
c Note: —Z—E—S‘_ - Z *ﬂ'/f\ - T['
‘ 2 2 3

g

wi T
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Wave Motion Propaaated from a Long Wave Generator

Let

L

Qm

Iy

=D

represent the length of the wave generator.

the maximum volume displacement produced by the whole
generator in generating waves of period T.

the distance from the center of the wave generator to a
point for which a wave amplitude or phase is to be computed.

the period of the wave produced.

coordinates as shown in the sketch.

a distance from a point on the generator at a distance (L
from the center of the generator and a point defined by

the coordinates x and vy.

the angle between R and the long direction of the wave
generator. -

a distance along the wave generator.
the wave length.

the celerity of the wave.

e e

7

Fig. 2. Wave Generator.

-
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From the paragraph on "Deep Water Waves Propagated

from a Center" formula 14.

Dy 22'\T,C,_‘:3[Q0 z +(Y ) )J Sln_h nh

5> cosh nh.

when

mnie
with
2 7 7T¢C §
60 = — I e o === ---(1%
-4 = e (29
Then, by substitution
b L ZULDE 2 siphoh _ 4B sinh nh _(74)/
m o% Tnf, cosnnh = nag? coshnh
5 2 b sinhnh i 8 .-('25)/
m rrﬂ?ci cosh nh. :
and
B, oo n/T ( Dm ‘CO‘S}\ nh _________(f]é)

g A* Sinh nh

If the wave height éf due to an amplitude factor Bj; is

e

¢ = B, [J;mr) cosst +Y, (nr) sin O‘J[\

-14-
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Then the increment of wave height é“ at the distance

C, from an element of displacement Qm(ﬂit is

A — T C Cm

g AL J0¢)cosst Y ) sin 6| ceshnh 4

Sinh nh
P
--—(29)
If R 1is large compared to _%_ then R 1is large
compared to r\ and, to a first approximation, the cosine law
/
012 = R? +Y[2 - Ry cosoc SRR )
can be expressed as:
~nJ v
C; = RS - 2Rr\c050<, ..---.(50)

by discarding r\Q as small compared to R2. Then by using the

binomial theorem and discarding all but the first two terms
s r“L
C; = R (1 - = cos (K. )
then
N \
R~€3) = " cos X

If we neglect n as being small compared to R and refer phase

positions to the phase position at the center of the wave genera-

tor, then approximately:

-15=-
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0{.‘4}, = oA {Jomm) CoS(o‘i— -_Tr—"‘a@.i?(_) L9

i g v
/(R) sin(s+ — 2Tncosec\| cash nh
L o (ﬁ A )J sinh nh dr\ <33)

then

o

, 99 E
= G QLwshnh 21T
° a4 A*L Sinh nh \me cos (6t - J;—O—S'PQ) an,

/
--(34
- nTr?(?‘@mCOSl'l nh "_'1'%‘ { )

g A*L sinh nh (%) sin (51~ Z_Tm%’sof)m

..‘_')fl"

A

pIT

or

12
£ — 0T Gmcoshnh A 4 . L ‘
'L g ATsinhnh 2T oS T (1R) sin (cﬁ o _;\'COSOC)
r:' i 1& 3
+I.R) dlﬂ(@t'ﬁ“ 7 c@s_a%_(%)
4—Y0(1‘1R)cos(r_)*’c— Ef\: oSN

——Yo(n K) cQ 5(\5{' +- T—YF—AI—"‘C()SOC

or

~ At Qgeoshnh 23 |+, L
él——l 63'?\1.5'mhr\h ZTTLCOSQL[L(“R)COBST'Sm %COSOC)

¥

_p{)(n R) SN Gf-siﬂ(%COSM) ’

e
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é) 1180 (I.TrlC,'LCQI\‘l cosh nh 5m<——-—COSO(.) / Z
m

) ’ ., .,

The maximum amplitude is

2T Amcoshnh 4 5m('m.
m . gA'sinhan - T Lcose '

) /@omrx))ﬂ_(\g(nm)i
- (27)°

T O
2
If (nR) is large compared to unity, then -

\/( nR)) (Y(HK)} — \/fw?nm - =~ 4B

And approximately:

n 1A% 5 ila '
ga* sinhn o cosﬁx) nR) :
; -84
Valid if R)) —
(nR)>% 1.
=] 7
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Method of Images -

The case of a wave generator operating near a wall as
showﬁ in Fig. 4 can be obtained from the solution for the isolated
case if a second wave generator, having the characteristics of the

first, is located where the image of the first generator would

be formed if the wall were a mirror.

‘!

Real.Wave Generator
¥
7 R A 70 T A A W 5 ) A M Wave
}/
7 I YT M 7 N SN A LT M S NE S T [ S N T R S SR a7 M G I T 7 A 1

[ ) B ]

a3 Ea

Image of Real Wave Generator

Fig., 4. Wave genefator near a wall.

= = =3

The boundary condition at the wall requires that there

be no normal component of velocity at its surface. Two identical

=3

wave generators would produce this condition along the line midway

between them if they operated in a water surface area of unlimited

==

extent. Two solutions for the isolated case, used in this way,

will therefore reproduce the boundary condition imposed by the

wall.

L]

o

= 53
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Images

Fig. 5. Wave generator in a corner.

The case of a wave generator in a corner may be repro-
duced by the arrangement of images shown in Fig. 5. This will
insure that there will be no normal component of velocity at
either wall.

The case of a wave generator in a rectangular strip
is a little more complicated. The condition is shown in Fig. 6.J
Here the first images in wall (1) will result in the proper bound-
ary conditions being met along wall (1) but will not do so for
wall (2). If the real generator, its image in the end, and the
two first images in wall (1) are now imaged in wall (2). The
required conditions along wall (2) will be met, but at the
expense of a slight interference with the boundary condition af

wall (1).

=20
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Fig. 6. Wave generator in a rectangular strip.

To remedy this we can introduce the second images in wall (1).
These will completely restore the boundary conditions at wall (1)
but in turn, upset them slightly at wall (2)., Continuation of
this process leads to an infinite series of terms. The series is
generally, however, rapidly convergent.

If the strip of Fig. 6 had an upper end to convert it
into a rectangular tank the real wave generator and its image in
the near end could first be imaged in the far end to meet the
boundary conditions at the far end. Successive imagings in the
side walls (1) and (2) would then permit satisfaction of the
boundary conditions along these walls without upsetting the
boundary conditions at the ends.

These descriptions have assumed that there is no

absorption of energy at the wall, If-energy absorbers are arranged

-2]-

A V
/ )
Vs ’,
Ae— Walls —|,
/1 .7
1 (2) (1) |
/ -
/ L/
/ /
/| s
/ 5
i v
2 7
/

/ 4
Vi v
/ /

: z o Real wave |4  First images in wall (1
First inges in 7 generator 5 | 9 (1)
wall (2 “ L :
R 22/ 7 TTT//{ A T - ¥ T
s ey £ AL ’)’_ ) = B \\ r..f_.,._..n
Image in end Second images in wall (1)
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along a wall it is believed permigsible to consider that wall
absent. To the approximation contemplated herein, it is permis-
sible to compute the wave motion by superposing the effects of the
real wave generator and its images. For this purpose equation

36 / should be used to obtain the sine and cosine amplitudes
seperately. When all of these have been obtained the maximum
amplitude can be computed by taking the square root of the sum-

of the sine and cosine amplitude squared. Since the maximum ampli-
tudes coming from the generators and images, as given by equation
37'i, will be out of phase, a vectorial addition would be required
to obtain from them an estimate of the maximum amplitude of the
resultant wave motion. The process outlined above avoids this

difficulty.
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II. FIRET APPROXIMATION TO A CONFUSED SEA

IN A CIRCULAR MODEL BASIN

A ship is an expensive piece of equipment and for this
reason model studies are of value because they enable the designer
to determine many of the performance characteristics of a pro-
posed design before funds for its construction must be committed.

If thé evaluation of performance is to be useful, it
will not only be necessary to build a scale model of the ship
which is true to dimensions, but also to provide a model tank and
to produce upon the water surface therein waves which will act
upon the model in the same way that waves upon the open sea will
act upon its prototype. It seems essential also to try to select
from among the myriads of wave configurations to be met in the
open oeean those which will test the important strength and
stability characteristics of the hull most severely. It is impor-
tant to identify the characteristics which need to be tested and,
if possible, to arrange the tests to isolate them in a manner that
will not be obscured by irrelevant factors. A type of sea combined
with a manner of navigation which will tax most severely a certain
strength or stability factor will hereafter be referred to as a
"predicament."

It will be worthwhile to list some well known cases
as examples:

Predicament l:- A sea with parallel crests and a wave

length approximately equal to the length of the ship combined with

-23=



] 0y

==

a heading which causes the ship to cross them at right angles.
This predicament produces the "sagging" and "hogging" condition
which puts a sevefe strain upon the beam strength of the hull,

Predicament 2:- A sea with parallel crests and a wave
length somewhat less than the length of the ship combined with a
heading which takes the ship‘across them at an angle. This pre-
dicament tests the torsional strength of the hull. At certain
combinations of wave length and ship speed it provides a severe
test of the rolling stability of the ship as well as a test of
the coupling between roll and pitch.

Predicament 3:- A sea with parallel crests and a wave
length which has a period equal to the natural rolling period of
the ship combined with a heading transverse to the direction of
wave travel. This predicament provides a severe test of the

rolling stability of the ship.

The Confused Sea

A type of sea met at times in the open ocean is char-
acterized by a lack of apparent order., It is described as being
produced by violent and sustained winds and it is supposed that
it is, or can be, produced by a storm of the hurricane type whose
winds are violent, sustained and changing in direction. Because
of its lack of apparent order it has been described as "confused"
although some success has apparently come from efforts to explain

its undulations on the basis of a random superposition of waves
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occupying an entire spectrum of wave length and amplitude as well
as a fange of orientations. Waves of great height can be encoun-
tered in such seas and it is obvious that they can test the struc-
ture and stability of a ship severely. It is the belief of this
writer, however, that this type of sea can present a predicament
which is not met at all or only in milder forms in the regular
types of seas. This can be labeled:

Predicament 4:- A confused sea presenting a profusion
of surface configurations and a ship heading through them and
experiencing violent motions of the type described as pitch, roll,
heave, surge, sway, and yaw so that a fortuitous combination of
ship motion and sea surface configuration can conspire te produce
situations in which the hull of the ship is brought into simul-
taneous contact over considerable areas with a portion of the sea
surfacé.

When this happens a very great mass of water must be
set into motion. The result is a sudden blow of great violence
delivered to the ship. Some idea of the violence of these blows
can be obtained from the fact that water pressures up to about
147 ft. of water can be developed for each foot per second of
relative velocity which must be obliterated at the instant of
contact. This is equivalent to about 64 lbs. per sg. in. for each
foot per second of reclative velocity obliterated. Such pressures
enjoy only a very brief existance but this may be long enough to

damage the plating and to set the hull into violent vibration.
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Estimates based uéon the equivalent masses which could reasonably
be se£ into motion in this way indicate that the transient stresses
assodiated with these hull vibrations may approach the magnitude

of the bending{stress due to the sagging condition previously
describedslggt is possible, of course, that these transient
stresses could be added to bending stresses which were already

high. An attempt to maintain high ship speeds through such seas

could aggravate these difficulties.

Model Tests for the Confused-Sea Condition

It seems obvious that the confused sea condition is
an important one and one in which model results would be very
valuable if the tests can be properly made. A difficulty arises,
however, when an attempt is made to specify and to generate a
confused sea in a model tank. Fortunately, it may be unnecessary
to try to reproduce the exact sequence of configurations found at
some time on the ocean. The requirements for model testing pur-
poses might be met by a wave combination which will produce
dynamical situation.on ‘& model scale which are comparable to
those to be met by the prototype at sea. A wave system that can
be clearly and completely specified is also essential for model
work in order to permit results to be checked.

A circular wave basin offers advantages for making
tests of this kind becaﬁse of the facility with which wave gen-

erators can be arranged to command the test area. A sufficiently
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confused sea can possibly be obtained by superposition of the
waves from three wave generators propagating sinusocidal or irreg-
ular patterns across the test area which, in this case, would be
a circular area in the middle of a model basin.

Computation of the wave pattern from a single wave
generator, Fig. 7,/sh0ws the type of coverage attainable.

Fig. 8 shows the approximation to a confused, short-
crested sea obtained by superposition of three sinusoidal wave
patterns. This is the type of sea surface that could be expected
over the center area of a circular basin, assuming the three line
source generators occupy about 120° of the periphery of the tank
and wave absorbers are located along the walls of the basin. This
figure shows only the very simple case of three monochromatic
waves, one being generated by each generator. A much more irreg-
ular éea surface can be generated by programming a less simple

but periodic function through each generator.
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FIG.

Wave Length (ft) Period (sec) Amplitude (ff)

8 APPROXIMATION TO A CONFUSED SEA SURFACE — OBTAINED
BY SUPERPOSITION CF THREE SINUSOIDAL WAVE PATTERNS.

WAVE CHARAGTERISTICS

A Gl [.O0 040
B .28 0.800 0.30
G 2.3 0.667 0.20

—

—— e

—

Gontract Nonr 1610 (02) |
SUPERPOSITION OF THREE WAVES
FROM DIFFERENT DIREGTIONS

An example of a short-crested sea

Scale: | = |
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III. A MECHANICAL MEANS OF GENERATING A CONFUSED SEA

Recent studies of wave forms met at sea under storm

/

-conditions, and analyses made for purposes of correlation, indicate

that such seas are produced by the superposition of elemental waves
of varying amplitude and wave length. It may be desirable to
reproduce such waves in model tanks in order to permit a more
faithful reproduction of the conditions the prototype ship will
encounter at sea and these researches provide a clue as to how
this may be accomplished.

If the wave generator is of the plunger type, it must
be given a motion represented by a sum of the components contri-
buting to the actual wave profile. Since the wave generator will
generally be at some distance from the test area, it will be nec-
essary to account for the difference in wave travel time for waves
of different wave lengths and the different diffraction character-

istics associated with the different wave lengths.

Control of the Motion of the Wave Generator

A mechanism for generating such wave trains would have
essentially two parts.

1. A means of generating the sum of the selected
wave components.

2. A means of imposing the sum on the plunger of
the wave generator.
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If the sum of a finite number of components can be
used satisfactorily, their sum can be produced by a device of the
following sort. If a taut cord is fastened at one end and passes
over a series of pulleys of which alternate ones have fixed axles
and the remainder are attached to cranks, the free end of the cord
will generate the sum of the motions contributed by the cranks.

A schematic drawing of this arrangement is shown in Fig. 9., The
throw of the cranks can be made adjustable to permit the contribu-
tion of each component to be varied. An alternative device is
provided by a cam cut to the shape required by the wave profile.
This device,(Fig. 10),{however, permits no adjustment and can be
altered only by the cutting of -a new cam.

By making the cams of aluminum sheet and using the :
outer race of a small ball bearing as a roller, the production
of camg can be simplified. The wave profile can be plotted di-
rectly on the sheet, corrections made for the roller diameter,
and the desired profile roughed out with a scroll saw. Final
finishing can be done with rasps and files used for wood working.
Since the outer race of the ball bearing is smooth and true and
will roll freely without abrasion, such a cam should last a long
time. An identification of the wave profile it produces can be
permanently attached to it.

The merit of the device of Fig. 9Ji5 the ease with

which a new profile can be set up if the Fourier coefficients of
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the desired wave profile are known., The cams, however, are much
more compact, can be laid out directly from the desired wave
profile without development into a éourier series, and should be
easily produced.

Having produced the motion to be followed, it remains
to impose this motion on the plunger. This will require some
form of servo-motor. For the sake of economy of time and funds
this device should make use of existing equipment whenever pos-
sible, It is proposed to use, for these purposed, a device
similar to those interposed between the fly-ball governor head
and the relay valve of hydraulic turbine governor mechanisms.

This device is shown schematically in Fig. 11. The motion to be

-followed is communicated to a spool valve with a movable sleeve.

The sleeve is connected to the piston rod of the servo-motor
cylinaer in such a way that the induced movement of the piston
rod tends to close the valve. In this way the piston rod follows
faithfully the motion of the spool valve.

It is suggested to arrange the wave making plunger

and the servo-motor drive as a unit mounted on a frame, to bring

the pressure supply to it through a flexible hose and to convey
the cam motion to the spool valve by means of a Selsyn motor. In
this way the wave generator can be made movable and the cams can
be located in any convenient housing. The wave motions produced

by these devices will be reproducible.
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Wave Computations

If a device such as is shown in Fig. 9’15 used, the
amplitudes and periods of the wave components will be known but
if a cam is to be used to generate an arbitrary wave profile, it
will be necessary to develop this sequence as a Fourier series
based upon the period of revolution of the cam. The series so
obtained will represent the wave motion in the test area. 1In
order to produce these phase and amplitude relationships in the
test area, it will be necessary to shape the cam to compensate
for differences in the wave velocities of the components and to
adjust the plunger amplitude for each component for the diffraction
pattern produced by each ratio of plunger length to wave length.
In the following paragraphs it will be assumed that the wave gen-
eratiqg plunger is narrow in the direction of wave propagation so
that it produces displacements essentially along a line.

The length of the wave generator used may depend some-
what upon the shape of the model basin., If the basin is circular
a wave generator having a length equal to the wave length of the
longest period wave to be propagated may be a good choice. 1In a
rectangular tank the wave generator may extend along the entire

length of an end or a side.
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The wave amplitude {; is given approximately by an

expréssion of the form:

. Tk \~Wj T oo ]
A2 00 DH\\ A = Z SRR o B
3= YL e leas -Gt — -
; ( = Co5.) TnR) ; 4)

Valid if R})--u-, (nR) >>1 and
:>

This expression is derived from formula (36) with the
aid of relations (8), (9) and (23), subject to the requirement
that tanh nh 1is close to unity. This requirement is equivalent
to specifying that the waves will be deep water waves. They will
be waves of this type if the depth of water h in the tank is
greater than about one half the wavelength 'ﬂ .

The maximum amplitude, without regard to phase position

iss

Valid if R --_, (nR)>> 1 and

h>ﬂ

Example:

Suppose the record has been analyzed and that the

longest wave length in the model scale is 10 ft. and that it is

.
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desired to provide a wave of amplitude 0.25 ft. and wave length
5.0 ft. as one component, It will be assumed that the wave gen-
erator is 10 ftf long and the wave is to be produced at the center
of a circular tank of 40 ft. radius and a water depth of 4 ft.

From Eq. 41, with

&, =0.95 fto,
L = 10.0 ft.,
A= 5.0 ft.,
X = 900,

R =40 ft.,

one has n= 2;T" = 5-5832 = 1,257, n2 = 1.576,

nR = 50.28.

From the chart of Fig. 31. with

s PRAS
',L j‘rl f‘\ (.,()SM)
_ﬁT cos(X_ = 0, one has - = = 1,000.
( ( L.
7 chsoc,)

Then, in this case,

i 2 )
f_u e N Oﬁ_"ﬂ_
Jm 4—
and
Qn = Gids = 5.64 cubic feet.
0.0444

=35



BT TR

Bl

:-. :-'"73 E" i.ul E Ir..}. %

With a generator plunger 1 ft. wide and 10 ft. long
it would require 0.564 feet of vertical movement to produce this
displacement. However, if the wave generator is located near the
wall of the tank, wave energy can be propagated only toward the
center of the tank and this figure can be cut in half. (In @
previous paragraph, it is explained how the effect of the wall
can be accounted for by the use of images.) Then the amplitude
of the plunger motion needed £o maintain this wave component is
9;%éﬂ = 0.282 ft. It vemains to adjust the phase. This is best
done by compensating for the difference in wave travel times.

The wave velocity is:

¢ = |9 tanp 20
217 A

Valid if nr > 1.
The wave velocities for the two waves described above may be com-

puted as follows:

Wave Acceleration glgi— ?ﬁlﬂj 'ﬁzn}qzégj)
Length Depth _of Gravity 7T A A c
h g
(Feet) (feet) (ft/sec2)  (ft2/sec2) w=me=  mmceeee- (ft/sec)
10 4 32.2 51.3 2,52  0.9871 7.12
5 4 32,2 25.6 5.03  1.0000 5.06

The travel distance is 40 ft. and the travel times and the time

shifts to put the shorter wave in its proper position at the center
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of the wave basin may then be computed as follows:

{

Wave Length Travel Time Time Shift
(feet) (Seconds) “(Seconds)
10 5.62 0
5 7.91 2.29

Then the 5-ft. wave-length component must be set ahead 2.29
seconds on the cam to give it enough lead on the 10-ft. wave-
length component to have it arrive in its proper phase relation-

ship at the center of the tank.
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IvV. ARRA&GEMENT OF WAVE GENERATORS FOR PRODUCTION

OF A CONFUSED SEA IN A RECTANGULAR MODEL BASIN

An arrangement of three cam controlled wave generators
is described for producing a sea of the confused type in a model
basin in which random wave amplitudes, wave lengths and orienta-
tion of propagation directions are possible.

A sufficiently close approximation of a confused sea
might be obtained if a wave profile representing a configuration
observed under storm conditions at sea were cut on a cam and used
to control one or mere wave generators. This profile should con-
tain enough crests and troughs to be representative of storm
conditions before repetition occurs when the cam makes a complete
revolution. The model sea would then be specified in terms of the
shape of the cam, its period of revolution, its starting time,
and the amplitude of the waves produced. If three wave generators
controlled by such cams were oriented to command a test area the
factor of orientation could be included.

It would be convenient to make the centerline of the
model basin the principal direction of propagation since the
central wave generator could then be installed against the end of
the tank. In order to command the test area at the proper orient-
ation, the two lateral wave generators could then be mounted on

booms hinged near the ends of the central generator and provided
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with a reflecting panel immediately behind their wave generators.
Wave absorbers should be installed around the far end of the basin
to prevent reflected waves from running through the test area.
Some attenuation of the waves would occur as the waves traversed
the test area. This factor could probably be allowed for when the
data are analyzed. Due to the greater speed of travel of the
long wave-length waves the wave profile would continually change
during its passage through tﬁe test area. This difficulty seems
to be inherent in any wave propagation involving confused sea
characteristics. For propagation of waves with parallel crests
the two lateral generators could be swung back against the end
wall. The suggested arrangement is shown in Fig. 12.f

One type of confused sea which could be produced by
the wave generator arrangement described above is shown on Fig. By
In this case also variations of amplitude similar to those illus-

trated on figure 7 would be present in the test area.
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V. REQUIREMENTS FOR PRODUCTION OF A REPLICA SEA

IN A MODEL BASIN

The following note concerns the possibility of genera-
ting, in a model basin, a sra which reproduces, to model scale, a
storm sea obsarved on the open ccean., It is intended that the
reproduction shouid b2 essentiaily true in time and space and

should persist in the model tank for a sufficient time to permit

significant mecdel Zests to be made. Such a model s2a will be
reierred to hereafter as a "replica sea," It is possible to
produce short crested seas in a model tank but if it is known
that these are not identifizble with any actual sea then complica-
tions arise relative to the correlation of mocel test results

énd prctotype bshavior. A replica sez would not present these
difficulties and if, in addition, it can be made to fill substan-

tially the entire tank aresa it would provide a design tool of

unusual value.

Prototyps Data

It would be essential to have prototype data available
if a replica sea is to be producsd. These data should delineate
the surface of & storm sea over 3 consicerable area and for a
sufficient period of time. The data should be taken in such a
way that 2 closed boundary could be superimposzs on the area map-
ped ancd rarterenced to points fixed with respect to the quiet water

below the depths where wave disturbances are present.
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Such data might be obtained from a timed sequsnce of
simultaneous stereo-photos taken from two airplanes flying parallel
courses upwind over a storm sea and provided with equipment for
synchronizing camera shutters and for determining their distances
apart as well as their distance above the sea. Reference markers
should show on these photographs to indicate position with refer-
ence to the quiet water below the waves. The results of such
observations could be shown on a series of maps of the arsa which
would describe the sea surface at known instants by means of con-

tours. The wind direction should also be shown on these maps.

Possible Method for Creating the Replica Sea

Suppose we have a model basin, which will be assumed
to be rectangular in plan, in which the long dimension represents
the downwind direction for the storm sea to be represented and
that a model scale ratio has been chosen. It would then be pos-
sible to locate within the observed area a boundary representing,
to prototype scale, the boundary of the model basin and to plot
from the series of contour maps the variation of wave height with
time for selected points on the boundary. Suppose now that the
model tank is equipped with cam controlled wave generators around
all four sides and that the above chosen points repfesent the
centers of the wave generators. It will be assumed that there

will be enough of these generators so that the length of each one
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will be short compared to the distances between crests of the sea
to be reproduced. Each of the generators would be controlled by
a:mechanism to cause it to maintain, at its location, the wave
level correSponding to that of the piototype for the corres-
ponding point. The wave height-time sequence to be maintained
would be cut on the cam controlling each generator. There would

be no two of these alike.

Type of Sea Generated

If the wave generators are put into operation as des-
cribed, a disturbance will appear in the model basin. The question
which it is important to answer is whether, after a sufficient
time has elapsed for a wave to traverse the long dimension of the
model tank, a replica sea will appear on the surface of the water

in the tank.

Proposed Method of Investigation

In order to investigate this question it will be
assumed that the disturbance which appears on the surface of the
tank represents a solution of the appropriate hydrodynamical
differential equation subject to the conditions imposed at the
boundaries. If the wave generators impose, to scale, the condi-
tions of the prototype over these boundaries and these are suffi-
cient to render the solution unique then it may be expected that
the replica sea will be realized in the model basin. There is an

extensive literature on the mathematical aspects of this problem.
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This subject is known as Cauchy's problem, after one of the first
mathematicians to investigate the combination of conditions re-
quired to obtain a unique solution of a differential equation.

In our case, if the water is considered to be both
incompressible and the flow irrotational, the applicable differ-

ential equation is the Laplace equation

32¢ 3P L P __ Bt b
3z 5 2 RS ==,

Here x, y and z represent space coordinates and 95 represents the

velocity potential. In a physical sense this equation expresses
the "condition of continuity." This is to say that for every
element of volume dxdydz the amount of fluid which flows into it
in any interval of time is just equal to the amount which flows

out. This relationship must be satisfied whether the flow is

(42)

steady or is changing with time. It is therefore always appropriate.

Boundary Conditions

The boundaries present in this case are represented
by the bottom of the wave basin, the free surface at the air-

water interface, and the walls of the tank. If the depth of water

in the model basin is at least one half the distance between crests

of the sea to be generated then the wave motion produced will be

/
a true representation of deep water waves (3), In this case the

distance between crests is to be measured in the downwind direction.
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With this depth of water the appropriate boundary condition at
the Sottom of the tank will be met. At the surface of the water
thejrequirement to be met is that the pressure should be atmos-
pheric. It is obvious that we canno! impose any further condi-
tions on this boundary, since any attempt ten alter it will impose
pressures which will violate the condition which we know must
prevail there. This leaves the walls of the tank as the only
boundary where control may be exercised. It is proposed to operate
the wave generators at the walls to produce undulations which
reproduce to model scale those found at the corresponding point
in the storm sea. The question which now must be answered isj

does this lead to a unique solufion?

The Cauchy Problem

In the development of mathematics the question arose

as to what requirements are necessary to render the solution of a
differential equation unique. That is, what is necessary to be
specified so that we get one, and only one, solution. The differ-
ential equation itself generally has many solutions. The addi-
tional conditions must therefore come from the initial and boundary
conditions. If there are too few of these more than one solution
can be obtained. If there are too many the problem is over deter-
mined and there are no solutions. Only with the proper number is

a unique solution obtained.

.



Early investigators of these questions were Cauchy,

E Sophie Kowalewsky and Darboux (12). The time was about 1840.
E Their work involved the restriction that the solution was to be
analytic in form. They concluded that both a value of the
dependent variable and a gradient had to be imposed at the bound-
| ary. In our case this would imply that we must specify both a
7 wave height and a velocity normal to the wall of the tank, along
: the lines of wave generators, or some equivalent.

These questions have continued to interest mathemati-
cians and an account of some of the developments since the time

of these early investigators is contained in Hadamard's Lectures

"The reasonings of Cauchy, Kowalewsky, and
Darboux, the equivalent of which has been
given above, are perfectly rigorous; never-
5 theless, their conclusion must not be consid-
E ered as an entirely general one. The reason
for this lies in the hypothesis, made above,
that Cauchy's data, as well as the coeffici-
ents of the equations, are expressed by
analytic functions; and the theorem is very
often likely to be false when this hypothesis
is not satisfied.”

B (12).) Concerning the early results he has this to say:

In a subsequent paragraph he continues:

E "If, in the first place, we take such a Cauchy
. Problem as was spoken of in paragraph 4
(Cauchy 's problem with respect to t = o, for
: equations (ey), (e5) and (e3)l), our above

E conclusions are valid, as we shall see as

' these lectures proceed, without the need of

E the hypothesis of analyticity.

» But the conclusions will be altogether dif-
ferent if, for instance, we deal with Laplace's

1 Differential equations for 1, 2 and 3 dimensional wave propaga-
tion in a compressible fluid medium. .
* '
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This will be immediately realized by comparison
with another classic boundary problem; I mean
Dirichlet's problem. This consists as we know,
in determining a solution of Laplace's equa-
tion within a given volume V, the value of u
being given at every point of the boundary
surface S of that volume, It is a known

fact that this problem is correctly set: i.e.
it has one (and only one) solution.

This fact immediately appears as contradictory
to Cauchy-Kowalewsky's theorem; for, if the
numerical values of u at the points S
(together with the partial differential equa-
tion) is by itself sufficient to determine the
unknown function within V, we evidently have
no right to impose upon u any additional condi-
tion and we cannot therefore, besides values
of u, choose arbitarily those of du .2

n
Indeed there is, between those two sets of
values, an infinity of relations which must
be satisfied in order that a corresponding
harmonic function should exigt."

Since Laplace's equation applies to our case, it is

inferred that when we have imposed the appropriate value of Qb
only around the walls of the tank, we have met the essential
requirements. This consideration applies also to the boundary

marked out on the prototype as well as at the wave basin walls.

2 The derivative with respect to distance along the normal to
the boundary.
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Because of the boundary condition at the free surface,
the wave heights and the potential 35 are related. In each ele-
mentary component which contributeg to the storm sea undulations,

there is a relationship of the form. (Ref. 2, page 75)

& = o sin m(x—ct) S

ifirs ga  coshm(z+h

QTR Hw it
MC C(D%h \.ﬁﬂh COISAH (X, ' L) e

Where: represents the wave height and f¢ velocity potential
a represents a constant
¢ the wave propagation velocity defined by
c2 = ;ﬁb tan h _Lgiih_l
1l A
g the acceleration of gravity
h  the depth of the water

e el T = 3.14159+

7
IA the wave length
t time, and x, y and z are space coordinates.
The x-y plane is the plane of the undisturbed water
surface., The coordinate z 1is measured positive upward.
To establish éf for this component it is necessary to

fix a. When a 1is fixed so is qﬁ . In view of the investigations

described above, this should render the problem unique.
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To prnpagate this wave, alone, across the tank the
wave generators would have to be set to maintain the appropriate
values of éf as a function of time along the walls. For a sum of
such elements the wave generators would, in the same manner, be
arranged to maintain the combined wave height at the walls, A
replica sea would represent such a sum.

Since the differential equations designated by
Hadamard as (e;), (ep) and (é3),l differ from Laplace's equation
by the inclusion of a term accounting for a compressibility it
may be further inferred that the difference in the boundary re-
quirements for a unique solution reflects the difference in the
physical nature of the medium and that incompressibility restricts

the freedoms which are present in a compressible medium.

1 "His equation (e3) is of the form:

%, M L 3% _ L R
2%r Yyt J? wz Jt*
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Pertinent Abstracts from J., Hadamard's "Lecons par la Propagation Des

Qodes® (%),

The following abstracts are of interest for our purposes.

From his paragraph 38%

"We have, up to now, occupied ourselves with the pro-
blem in which the normal derivative was given on a limited surface.
It should not be necessary to believe that this problem and that
of Dirichlet, in which the values of the potential function itself
are given on the entire surface, are the only ones which we will
be able to solve. In the theory of heat one encounters an ana-
logous problem in which enter the values of g% + hv (h being
a negative number), But, even in hydrodynamics, one is in general
led, not to the problem of Dirichlet or thét which we have just
treated, but a mixed problem in which the values of the harmonic
function for which we are looking are given on a part of the
surface and that of its normal derivative on the remaining part
of the surface. As in the preceeding case, this problem, if there
is 2 solution, has only one,"

From his paragraph 137#%

"Let us suppose now that the liquid has a free surface.

In this case one no longer knows dp/dn,** But let us suppose that

one is given at each point the value of p. We are thus led, this

* Translation from the original French.

*¥%¥ The symbol p represents the pressure; the symbol n, distance
along a normal. This is Hadamard's notation.
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time, to the mixed proklem presented in paragraphs 38 to 41.

That is, p is given on the free surface, dp/dr on the walls.

It is then certain that the solution of the problem is unique. . ."

These comments have two features of interest for our
case because they show, first, that the case of the free surface
has been given cue consideratior and, secondly, that as in the
other cases. only one numerical datum is t§ be imposed on the
boundaries. It is clear also that the conditions at a free sur-
face are adequately azcounted for if a pressure alone is prescribed

there,

An Alternate Approach

What we need to prove is that if wave heights are
specified, as a function of time, arcund the perimeter of a wave
basin,.the wave motion which appears in the basin will be the same
as that within a similar perimeter marked out on an indefinitely
extended water surface if the undulations which are imposed at the
wave basin perimeter are the same as those which appear at coores-

ponding points of the extended surface., For the sake of brevity

we will refer lo the extended surface as the prototype.

Suppose tiie wave basin perimeter is provided with a
large number of wave generators, arranged with cam control, which
will cause each of them to maintain a wave surface elevation at

its location according to a prearranced program. It is further

assumed that these prearranged levels will be maintained even
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though waves may arrive at its location from other points.
Consider a selected one of these generafors and the
corresponding point of the extended surface of the prototype. At
the corresponding point we impose a disturbance in the form of a
local displacemert varying in'a prescribed manner with time.
The wave motion produced by such a disturbance is

represented by the expressions

o AU W7

¢ =5 V2T e b ) (FWde - -(46)”
B

é o g; {JI( y "Jo(_;TU) G5 @ai du_ Lo T __(47)/
; : \ 1

Where:
a, represents a specified radius

g the acceleration of gravity
Jn 2@ Bessel function of order n
r a radius

t time

u & variabls of integration

z distance mezsured positive upward from the
undisturbed surface

a wave height

P

2

é: a specified initial elevation
o
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qb the.velocity potential

e = 2,71828+ The base of the natural system of
logarithms,

The solution(46)’represents the effect of releasing
a right cylinder of water of radius a; and height 4;; at the
origin at time zeroc. The wave motion which ensues is given by
(82) in terms of the wave height at the radius r at the time t.

This solution meets the boundary conditions

—_— = — = oit L=0-.
ot o7 j ‘*—‘"(48‘)(

f:f; for OLréa, when t=0.
c=0 Yor T>a, when t=0.

The potential §ﬁ> satisfies Laplace's equaticn:

% L 198 B¢ __ , :
orr | ror  oz*

The volume of water TT]Z?'éf can be considered as an
o
elementary displacement produced by a wave generator. We may use
these formulas to compute the wave motion at any point of the

prototype water surface and, in particular, we may compute the
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wave motion at each of the points corresponding to the location
of a wave generator on the perimeter of the wave basin. Suppose
we do this and program each of the generators to maintain the
computed levels at its location and at the same time we impose
the arbitrary prescribed disturbance on the selected wave gener-
ator previously described. Under these conditions we may expect
that the wave motion which appears in the wave basin will be
exactly the same as that which appeared within the corresponding
area of the prototype because the wave generators of the wave
basin maintain the conditions which prevail at the corresponding
points of the prototype and there is therefore nothing at the
perimeter of the wave basin which departs from the conditions of
the prototype.

If we select two generators and impose prescribed
motioﬁs at the corresponding points of the prototype surface, we
may compute the wave heights produced by each separately and
superimpose them to find the disturbance produced when they act
simultaneously. In this manner we may compute the wave heights
at each of the generator locations as before and if we program
each of them to maintain the computed wave heights at its loca-
tion; we will again observe that the wave motion in the wave
basin duplicates the prototype wave motion in the corresponding
area. In this case, however, the motion imposed at the selected
wave generators must be the sum of the prescribed wave motion

and the undulations arriving at its location from the other
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selected generator. Then the wave heights at the boundary of the
wavé—basin again duplicate those at the corresponding prototype
points and there is nowhere any departure from prototype conditions.

In this same manner we may impose on the prototype an
arbitrary disturbance at each of the points corresponding to the
position of a wave generator and compute the wave heights at any
one generator as a sum of the wave heights produced by each sep-
arately, The computed wave heights will in each case include
those produced by the arbitrary displacements imposed at its
location. This is to say that the computed wave height at any
location includes the effects of all of the generators. If we
now compare the prototype and wave-basin wave motions, we find
them again identical because the prototype conditions are main-
tained around the perimeter of the wave basin and there is nowhere
any departure from prototype conditions.

In this case we have seen how 2 solution over an area
may be constructed by imposing wave heights over the boundary of
a closed perimeter and we note that the wave heights alone are
sufficient for this purpose. Any attempt to add a flow across
the boundary would have altered the boundary wave heights and,
through them, the wave motion on the enclosed area. If the wave
generators are set to reproduce the wave height at the boundaries
of the wave basin which would be produced by a simple or complex
wave train traveling over the prototype surface, we should expect

to find a wave motion in the wave basin which would duplicate

: |
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that of the original wave train of the prototype. This would be.
the case because the boundary wave heights alone are sufficient
to determine the wave motion over the enclosed area.

For the sake of simplicity, these arguments have been
presented as though the wave basin and the pfototype had the same
scale. If the appropriate similarity conditions are met, these
arguments should apply where the model basin and prototype have
different scales,

To complete this approach it may be worthwhile to
consider whether the solution constructed in the manner described
is unique. We may do this by supposing that there might be another
solution. If this is possible it could be obtained by adding a
solution of Laplace's equation to the one we ncw possess. The
solution added would represent the difference between the solution
obtained and the supposed alternate solution. The solution added
must, of course, conform tc the pressure conditions at the free
surface, Because the proper boundary conditions were imposed in
obtaining the first solution, it will not be permissible to add
anything to‘them° This means that a condition of zero wave
height would have to be imposed on the second solution around the
walls of the model basin. This last restriction insures that the
second solution must be zero everywhere because the boundary
condition at the free surface and at the bottom of the tanks are

inherently appropriate. If no wave motion can be generated around
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the walls of the tank, then no wave motion can be created anywhere.,
The second solution must therefore be nil. The solution originally
obtained is unique because no alternate solution can be obtained
which differs from it, It goes without saying, of course, that

no pre-existing wave motion in the basin would be permissible.

Any attempt to produce a specific type of wave motion in the

presence of such interference would be futile.

Model Prototype Relationships

If the storm sea can be considered to be composed of
elementary waves which are distributed in a random manner with
respect to amplitude, length, phase and orientation, then each

elementary deep water wave will be of the type:’ (7)

ﬂ'fa\ b |
a ‘%?\ 2"“'2 v
e d O 3 ZT N (I |
gi 2 ’ = F % "PCXP C?fQ Giﬂ

where the subscript p represents a prototype quantity. For
model representation a scale ratio Ny, less than unity, is
chosen so that the model wave amplitudes and wave lengths are
Ny times those of the prototype. Then if the subscript m

indicates a model quantity substitution of the relations:
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into the above equations will yield an identical set of equations

with m subscripts. Note that these relationships apply to all

o3 3 &=

of the components regardless of amplitude or wave length.
In both cases the Laplace differential equation applies.
Then if we impose in the wave basin boundary conditions which

correspond with those of the prototype and these boundary conditions

render the solution unique, the wave motion in the wave basin must

be a replica of the prototype sea.

"

Example

It is of interest to see how this would work out in a
simple case. Suppose we wish to propagate a wave of the type of
equation (43)'down the length of the wave basin. This we know we

- can do because it has been done many times.
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The horizontal velocity is:

U :_@_?; Q0. coshm(z+h)

s '- N R
0% C cosh mh Sin m(%-ct) &)

If b, represents the width of the wave basin the volume dis-
placement D, at any cross section is obtained by integration

of the velocities in the manner:

Z L

D= b ({uo«'% —---(53)

If this integration is performed we obtain,

_ 90D, sinhmh cin /n
D,= mc coshmh -" biesd i

In this case we can generate the wave by generating the velocities
i

/

u of Eq. 52 or by creating the displacement Dy, of Eq. 54.
These are equivalent because of the incompressibility factor.
These are both equivalent to a generation of the wave by imposing
a gradient-—gggﬁ.

But this gradient, the potential ;5 and the wave
height are connected through the facter as. They are not inde-
pendent. We may not, therefore, impose boﬂn?b and—-Eggé at the

boundary separately. Note that in this case a unique result is

obtained by imposing a wave height alone at the boundary. This
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is in accord with the mathematical werk which indicates that one
boundary conditicn only can be imposed when Laplace's differential
equétion applies.

It is also of interest to consider the behavior of the
wave generators in this case. The generators along the walls
would nrt move because the water surface elevations called for by
their cams would be satisfied. The generators at the downstream
end of the tank would absorb the wave motion. This is because
while the wave motion would correspsnd to the cam requirements
at the time of arrival, the reflection of the wave at the end of
the tank would tend to increase the water level above that called

for. The wave generator would then act to prevent this.

Conclusions

The evidence available leads to the conclusion that
the fixing of wave heights completely around the boundary of an
area will uniquely determine the wave motion over the enclosed
area, This statement applies to model and prototype alike. If
the wave motion around the walls of a model basin is made to be
a replica cf that observed at corresponding points of a storm gea
the wave motion in the area within the wave basin boundaries also
will reproduce the storm sea after a sufficient time has elapsed,
after starting the wave generators, for a wave to travel the

long dimension of the model basin. The replica sea so produced
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will represent the storm sea in both space and time if the time
scale in the model is made apprupriate for the scale factor chosen.
The uniqueness considerations apply with equal force to the model
and prototype conditions. If the proper similitude relationships
are maintained then the mathematical studies would indicate that

the replica sea must appear on the wave basin.

Comment s

A person who saw the original storm sea and the replica
sea produced in the way described might find the model sea some-
what unconvincing. This is becauge the driving effect of the wind

would be absent. This factor produces many of the most impressive

bhenomena in an actual storm. The lack of the wind driving force

would, in fact, produce an error in the replica sea of some mag-
nitude, It can only be assumed that the storm sea observed had
developed over a reach which was long compared to the prototype
area equivalent to the model basin dimensions and that therefore

the absence of a wind drive will not distort the waves seriously

V—during the travel across the model basin. The wind drive could,

of course, be arranged.
The accuracy of the replica sea could be checked by
taking stereophotos at specific times and comparing them with the

original stereos from which the storm sea data were derived.
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VI. A NEW TYPE OF WAVE GENERATOR

Wave Generator Reguirements

Reproduction of an observed storm sea, to model scale,
in a wave basin wculd provide a design tool of unusual value be-
cause it would permit model tests to be made under conditions
truly representative of the seas to be encountered on the open
ocean, Previous studies have indicated that such a reproduction
can be made if the storm sea undulations are imposed, to model
scale, around the entire perimeter of the wave basin. The older
types of wave generators would not be adaptable for these uses
because of the programing difficulties presented by reflected
waves. The new type of wave generator described here will auto-
matically compensate for the effects of reflected waves while
maintaining the programmed surface levels at its location. The
studies described in the follcwing paragraphs relate to stability

and to the closeness of attainment of the programmed levels.

Wavemaker Arrangement

The general arrangement of the wavemaker is shown
schematically in Fig. 13yl Alternative spool valve arrangements
are shown in Fig. 14./ A plunger type of wavemaker is illustrated
in Fig, 15 g;d the spool valve suitable for this case would be as

shown in Fig. 142, A pneumatic type of wavemaker would need a

spool valve similar to the one shown in Fig. l4b. The program
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input is represenied by a cam but an electrical signal would

probably be used if a true storm sea representation was to be made.

/
[

Preliminary Considerations

Even though an analysis may indicate certain capa-
bilities, actual realization may still be an impossiblility be-
cause of the limitations of the types of mechanism which may have
to be used. It is considered to be justified, therefore, to
investigate an actual design to see whether such impossibilities
may be encountered. Such gomputations would also serve as a guide
for future use in preparing designs for this type of wavemaker.
Since the expense of equipping a wave basin with wave generators
for production of a replica sea would be large, the design con-
struction and testing of an experimental wavemaker would be desir-
able. "This design will relate to an experimental plunger type of
wavemaker 2 feet in length, driven by an oil operated servo-cylin-
der to produce waves of wave length ﬁ; = 5.0 feet and amplitude
a = 0.25 feet. The design will incorporate commercially available
parts when they are obtainable.

Foi effective operation it will be necessary to have
the natural period of the plunger short compared to the period of
any wave to be produced. A ratio of 1 to 4 would be desirable.
The period of a deep water wave of 5 foot wave length is given by

a relation of the tvpe.,

r = /204 R R § -y

g
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In this case the period comes out to be 0.988 seconds. For our
present purposes this may be rounded out to 1 second. If 5 feet

is the shortest wave length to be produced then a natural period

of 1/4 second would be satisfactory. It is unlikely that a

plunger type wave generator with a hydraulic drive would have too
long a period but a pneumatic type might give trouble, For purposes
of illustration we may digress long enough to estimate the period

of such a wave generator having a capacity suitable for the condi-
tions of our example. We must first select some dimensions.

The volume displacement of the water particles from an initial

position of rest, due to the passage of a wave is (Lamb, p. 368)

/
x = aekZ cos(kx -'t) i (fﬁ?)
where
2 - 2%
62 = ok k= 2% - £
0
and ?{ represents the wave length. The horizontal and vertical
coordinates are x and g. The positive direction for 2 1is up.
The coordinate x 1is measured in the direction of wave travel.
Each particle describes a circle with a constant angular velocity
S « The symbol t represents time. The volume displacement
whi¢h the wave generator must produce to create the wave amplitude
f
a and length fi is
o,
K# /
d = taN e d‘t:iq?\— ----(57)
LN
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This volume ‘d 1is the displacement required per unit length of

wave generator. Both d and a are reckoned as departures

-from a mean value. In the present case

d = + 0_(_?1_._ — + ____0'26)(6) = + 0.2 cubic feet
217 7 per foot(nearly)

This could be amply provided for by a wave generator 0.5 feet
wide, in the direction of wave travel, and immersed to a depth
of 0.75 foot as shown in figure 15.’ It will be assumed that the
top of the wave generator is 1.5 feet above the equilibrium level.
For each unit of length of the generator the spring constant, for
small oscillations, is provided by an air cushion 1.5 feet deep
and the mass is represented by the 0.75 depth of water in the
wave generator plus an addition due to the hydrodynamic effect
of the water which must be set into motion outside the wave
generator. The equivalent mass of the water outside the wave gen-
erator may be visualized as a half cylinder of water which moves
with the water in the wave generator. The arrangement is illus-
trated in Fig. 15./

If a weight W departs from a position of rest by
the amount y; and this departure is resisted by some sort of a
restoring force proportional to y; the differential equation

of motion is

7=
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where g represeﬁts the acceleration of gravity and K is the
spriné constant. The product Ky, is the force tending to re-
storé the weighﬁ W to the position of rest.

For our case the spring constant K for small oscil-

lations, can be obtained from the isothermal pressure law

¥ = HeVy - (éO)v

where p and v are the absolute pressure and volume respectively
and the subscripts o indicate the conditions at the position ef

rest. Then

/
p = Belo e )
and
dp = . pavo 5
dv v P e
If the area is A the restoring force is Adp and the increment
of volume is dv = -Ady;, we may, for small displacements Y1
take v = v, - so that
A2 d ¢3)"
sap = B0 dorwam ()
Vo
The spring constant is then
2 .
k = 2. - poA” Sy
dy Vi
~68-
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At an altitude where the atmospheric pressure is about 12.2 lb/in2

or 1750 lb/ft2 we would have, for a unit length of wave generator

K = B&Aj - (1730)(0.5)%(1)% _ 585 1b/ft ___<é5‘)/
Vo (0.5)(1)(1.5)

The weight, based upon 62.4 1b/ft3 as the density of water is

=
1

(62.4)(0.5)(1)[ 0.75 + -1;1 0.5]

29.5 1bs.

A solution of the differential equation is

Y3 = A sin KD ¢ + B cos{ﬁ_g_t o (ég)
W W
A complete cycle will occur in the period T when

'-’%}“T: ZT (),

the period is then

- W ;
T 5 - ---(68)

In our case the period will be

Sy x -
Tl“\ (585)(32.2)

T2
25.25

|
1

= 0,249 seconds 2

-69-



=

e

'

.

'

This would do for wave lengths longer than 5 feet but would be
too slow for wave lengths shorter than this.

An alternative form of wave generator is shown in
Fig. 13. This is in the form of a wedge which is moved vertically
by means of a hydraulic cylinder., If the wedge is 2 feet high,
1 foot wide at the top and the plunger is 2 feet long, the cross-
sectional area at mid height will be 1 sq. foot. The previously
estimated displacement required to produce the wave of amplitude
0.25 feet and wave length 5 feet is 0.20 cu. foot per foot of
length of wave generator. The total displacement required for
the 2 foot length of plunger is then (2)(0.2) = 0.4 cu. feet,
This can be obtained with a vertical movement of approximately
0.4 feet in either direction. The natural period of a plunger
of thig type would be determined by its own mass, plus the equi-
valent mass of water, and the spring constant provided by the
rigidity of the hydraulic drive. These rigidities would provide
a very large value for the restoring force K and it seems quite
certain that its period would be short compared to that of any
wave it would be desired to produce.

A similar problem is present with the float system
because good performance of the wave generator could not be ob-
tained if the float responded sluggishly to level changes. Sup-

pose we try a float made of a foam plastic block 18 in. long,

4 in. wide and 2 in. high, to float with the 2 in. dimension

R - - . " . . -A.

s 3 . o ln - - - . s
S ¥ i
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vertical., If the density of the plastic is 12 lbs. per cu., foot
the weight of this float will be 1 1lb. The equivalent mass of

water will be nearly that contdined in one half of a cylinder of
water 4 in. in diameter and 18 in. long, The volume of the float

is 1/12 cu. ft. and the volume of the equivalent mass is

'r/
S —- = 0,065 £13

L
—
N

il

The density of water is 62.4 lb/ft3 and the weight of the equi-

g3

valent mass is therefore

(62.4)(.0655) = 4,08 lbs

If the attachments weigh an additional pound the total weight

would be

l1+4,08+1 = 6.08 lbs.
The restoring force would be produced by floatation in this case.

The horizontal cross-section of the float is 0.5 sq. ft. Then the

K wvalue is
kK .= [624)056) = 31.2 1b/%t

The natural period is theng by use of equation 68

£ W_
A Kg

. 6.2832 6.08 = 0,489 seconds.
(31.2)(32.2)

T

!
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This is too slow to follow satisfactorily a wave of even 1 sec.
period since about a 4 to 1 ratio is needed for close following.

A cylinder with its axis vertical, as shown in fig. 16; does some-
what better because the equivalent mass of water (Lamb, p. 124) ~
is 1/2 of that contained in a hemisphere having the same diameter
as the float but the improvement is not sufficient to make it a
satisfactory device. We can overcome these difficulties by in-
creasing the restoring force. A cantilever spring mounting as
shown in Fig. lé'éould be made to accomplish this.

To complete the design we chose to operate the plunger
with a 1-1/2 in. diameter double acting hydraulic cylinder with
6 in. stroke, connected to the float by a lever having a 5 to 1
ratio. At 500 lbs. per sq. in. oil pressure this will exert 176
lbs. of thrust at the plunger. This is ample to completely sub-
merge the plunger.

For a simusoidal displacement of the plunger of 0.4
ft. and a frequency of 1.0 cycle per second required to produce
the wave of wave length 5 ft. and amplitude 0.25 ft. the displace-

ment would be of the form:

3

Where e 1is a constant specifying a phase position. The corres-

ponding velocity would be

P

T.= 0.40 sin%ﬂ— (t +¢) ---4{eD”
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p
gﬁ = 0,40 (2T) cos 21F (t +@&) ———(70)
dt T T
The maximum rate will occur when cos 2%1'(t +¢€) = 1. Then with
T = 1 second
(.db’3:-= 0.40 (2T) _ (0.40)(6.2832) _ , 57 ft_ ___(_ﬂf)
T ¥ 3 sec

max

After taking the lever ratio into account the cylinder rate would

be §9§L2 = 6.02 in/sec. With a 1-1/2 in. diameter drive cylin-

der of area 1.77 sq. in., the maximum oil supply rate will be

(6.02)(1.77) 10.63 cu. in/sec

This is equivalent to

(10.63)(60)

231

1]

2.76 gallons per minute

Solenoid operated hydraulic servo-valves are commerci-
ally available. One such valve¥* which would be suitable for our

purposes has the following characteristics:

e P T B3 Em Em

* Pegasus Model 120-F Electro Hydraulic Servo Valve. Pegasus
Laboratories Inc., 3690 Eleven Mile Road, Berkeley, Michigan.
The price quotation for one of these valves is $462.00. It

will be assumed for computation purposes later that the capa-
city at 500 1b/in? is 3.50 g.p.m.
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Capacity (1000 1b/in) 5.0 gpm

Operating pressure 200 to 1000 1b/in?

Differential current 40 milliamperes

Coil resistance 1200 ohms

Coil inductance 2 Henries
This valve will follow 20 cycles per second with less than 10
degrees phase lag.

Two pair of resistance type strain gage elements are
shown mounted on the float restoring spring of Fig. 16. These
can be arranged in a temperature compensated bridge which will
produce an electrical signal indicative of the float position.

A similar signal would be obtained from an electrically recorded
program. These two signals would be compared by a vacuum tube
circuit comprising a power supply and an amplifier. The amplifier
would-be connected to the solenoid of the electro-hydraulic servo-
valve and would cause it to act if the wave height, as indicated
by the float, disagreed with the program wave height. If the
maximum flow rate for the valve is 3.5 gallons per minute at 500
pounds per square inch pressure it would be within the capacity

of the wave generator and its controls to make the servo-piston
travel at its maximum rate if the actual wave height departed

from the program wave height by 0.1 ft. An analyses of the per-
formance of such a system will be carried through as an example.

A reference to figures 13 and 14 will show that if a positive

-74-



motion 0{3, as in Fig. 13, is imposed on the spool valve of Fig.
l4a the upper port will be opened to the pressure supply and the
lower poft will be opened to the exhaust. Then> the piston of
the servo-cylinder will move down and the plunger will also
move down. This will produce a local rise of the water surface
éi in the wave basin (Fig. 13). The float will respond to this
an& raise the sleeve (figures 13 and 14). When the level specified
by the motion DLQ(Fig. 13) is reached the ports will be closed
(Fig. 14) and motion of the plunger will cease.
Let
CK;S represent the ratio of the spool valve dis-
placement to the port width-positive if it
produces a positive motion of the plunger.
(See figures 13 and l4a).
653 The ratio:of the sleeve valve displacement
to the port width-positive if it produces a
negative motion of the plunger. (See figures
13 and 1l4a).
3 The displacement of the plunger from the
neutral position-positive down. (See Fig. 13)
éfs Departure from normal level in the wave basin-
positive up. (See Fig. 13).
mys My, mgy, etc. Positive constants.

t time
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The equations of motion are

(-710\—152 = m, (& P,) ~ MY,

6. = m, ot

¥t )

@5: My Cg

In these expressions the constant m; relates to the relation
between the rate of plunger movement and the departure from the
closed positinn of the valve. Ih our case with (CKHg'ﬂ5s) =T,
which would indicate a wide open valve, there would be a flow of
oil to‘the servo-cylinder at the rate of 3.5 gallons per minute.
This will give a float travel of 3.18 ft/sec which, it will be
noted, is not greatly in excess of the 2.51 ft/sec previously
computed as being required for the production of a wave of ampli-
tude 0.25 ft. and wave length 5 ft. Then with (OC§~f55) — 3
for a wide open valve and d03/dt = 3.18ﬁifi= 3.18 ft/sec. The
constant m, relates to a leakage which is provided so that the
plunger may be restored fo its neutral position. This leak per-
mits oil to pass from one end of the servo-cylinder to the

other. If this were not provided a slight maladjustment would

cause the machine to run until the plunger were either submerged

.



or eut of the water, thereby rendering the wave generator inopera-
tive. We will return to a consideration of the value of this
constant later. The value of mg can be obtained from previous

computations which indicate that a wave amplitude 0.25 ft. can

N e R o

be generated by a plunger motion of 2.51 feet per second. Then

.

By HrgEer = 0.10 seconds.

N
L]

w
-

The constant m, can be evaluated from a choice such that a rise
of 0.1 ft. in the water surface should, in the absence of other

changes, open the valve ports wide then

== B3

1 = m 0.1

=3

and

u—

m, = 10 1/ft.

Then we have, as a set of trial values

my = 3.18 ft/sec
my = (to be determined later) 1/sec
my = O.iO seconds

- m, = 10.0 1/ft.

-

Elimination of the variable ?53 from the equations 72

yields the ordinary differential equation

. as e oC 5
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where

g AL R byt & lor—mmiB) 2

% ¥ m1m3m4 1 + mymamy

If the program demands, for example, that

0, = o¢, sin Z%T—t e e

then

oA oCs
e :(&%D Cos ’Z_’F SRS iy s G

and a solution of equation 73 is

— b2 (o coszwfﬂr sin Z t lat v
=T e (a': AT?) | R
Tl )

We may now return to a consideration of the constant my. We note
that it occurs in the numerator of the qu#ntity 385 and that this
is related to the rate at which the plunger will return to its
neutral position. Suppose, for example, we adjust the leak so
that the plunger will return through 0.1 of an initial displace-

ment in one period. Then we could write

0.9 = 23T

In our case, with T = 1.0 and, from tables of the exponential

function, asT 0.1 approximately, we can conclude that

ay = 0.1/1.0 0.1. Then

T



m2

33 - -— — = 0-1
_ 1 + mymamy

5

my = 0.1|1+ (3.18)(0.10)(10)] = 0.418
- We may now evaluate the performance of the wave generator.

2 1, -
E_. ag® = 0.01
: 412 (4)(9.8696)  _ :
e e - = 39.5
T2 1.00 _
2

- (a5 + 4“;) = 39.51
T L
5

by = (- D ] = (-3.18)(0.10) 0.0762
H 1 + mymgm, 4,18
. Zi
- s T _ 0Dag3r) 0.0154
% (A% AT o T
j % T2

(;ZTT)‘Z

:] 1 =, S8, = .80

(74 AT 39.6) I "
] gl
o We notice several things. The program demands an amplituce
i3 -

. 2 P

= OC‘:B: O<o5\ﬂ _Tr_t e ___(.7?)
| T
% After the transient, as represented by the exponential term has
; X died away, the machine yields a wave having both a sine and a

cosine term. We may consider the cosine term as a distortion

o S e
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since we seek a sine wave. If we measure the distortion by the
ratio of the amplitudes of the cosine and sine terms we obtain
a distortion of approximately
O T
297 e
In the present case the distortion is only about 0.0159/1.00.
This would be an acceptable ratio. The distortion ié due to the
leak since the expression for az has the quantity myp 1in the

numerator. The response we get is

é;: b, (00159 cos Z%T-t +1,00 sin £

If b3 were nearly 1.00 instead of 0.242, the performance would
be satisfactory. It would not be satisfactory with the constants
chosen, We must change the adjustments to improve the operation

of the wavemaker. We need, approximately,

b, = (—iM8 ) =1,0

3 F (0= =

1 + mymamy

We cannot change m, but we can change my and My We solve this

3

equation for the product mym; to obtain
mimg = 1+ mimamy
mmy (1 -my) =1

mims = ( 1 E EZ-)

-B0=

it o, 2L - ()

=t ----Ro)
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It is apparent that m, must be less than 1. If we make

m,  -= 0.5, then my =20. Then mmg = (20)(0.1) =2
mlm3m4 =1

a, = 0.1 by, & =efe = 1,00

3 E 3 15 )

This would be a satisfactory performance. The high amplifier
gain implied by m; = 20 would not cause trouble unless the
capacity of the servo- valve was exceeded. This will not occur
in the present case. The distortion is less than 2 percent., The
leak would need to be adjusted to restore the value of ag to
0.1. This is accomplished if my, = 0.2,

It remains to investigate the performance of the mach-
ine as a wave absorber. Reference to figures 13 and l4a will
show that the incoming wave crest would raise the float which, in
turn, would raise the sleeve. With ¢X;5adjusted to zero, so that
the machine is set to maintain the normal water level, the lower
port will be opened to pressure and the upper one to exhaust.

The servo-cylinder piston will move up and the plunger will also
move up. This will create a local water surface depression
which the float will follow. When normal level is restored the
machine ceases to move, The capacities required for a wave
absorber should be comparible to those for a wave maker if the
wave amplitudes and wave lengths are comparible. Suppose an

incoming wave makes
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paz Ty (£,+126,sin z—gﬂ while ¢, =0 —< iRt
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The factor 2 takes care of the doubling of the amplitude by
reflection.* The differential equation derived from equation 72

now takes the form

ddf?’ +C’$3Z,::: s bq'Z g ‘?;rcos 7:3_1—1: B, L

where

b = . (_mim3mg)
4 1 + My M3y

A soldtion is

Ot
N y 3 3
> +C, & __._(3" )
4 T (01:' 4 472_1\ 4
gy
with the new constants
ml = 20
fﬂ2 = 0,20 _ %
mg = 0.10
iy &= 0.50

* If the wave is reflected from the surface of the plunger then

the distance between float and plunger must be short compared
to a wavelength if this relation is to hold. A short distance
is needed for effective operation as a wave absorber.
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mm3z = 2.0 : mymgmy = 1.0 b, = -0.5 then

2by ¥' -1.0

We then have an acceptable wave absorption, but the absorption is
not complete. The amplitude of the outgoing wave is about aT/2T(
times that of the incoming wave. In this case the ratio of ampli-
tudes of the outgcing and incoming waves is aT/27 = 0.1/6.2832 =

0.015¢,

Arrangement of Wave Generators

The arrangement of wave generators around a wave basin
for producing a replica of an observed storm sea must be such that
the program wave height at each generator can be continually com-
pared with the wave height exiséing at its location. If there is
a difference the wave generator must move in a direction and at a
speed which wiil bring the wave height to that called for by the
program. The total number of wave generators must be enough to
reprodure the storm seez in sufficient detail for tecsting purposes.

As an example of the considerations which would be
involved in %the planning of a wave generator installation of this
kind the requirements for an installation on the Celorado State
University wave basin will be nutlired. This basin is circular
and is 80 ft in diameter. The factcrs involved when a wave moves
at an anrgle with the wall may be presented more clearly with a
basin ci this shap2 than with a rectangular basin. To fix ideas

we may sunpose that the direction north to south represents the
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downwind direction with reference to the storm sea to be reproduced.
There is evidence that a storm sea is.composed of
elementary wave profiles which are, to a degree, random in ampli-
tude, phase, wave length and direction of propagafion. We may
consider one of these wave elements which runs toward the south.
The generators on the north and south portions of the rim will
have only the task of generating and absorbing the wave. Those
on the east and west sides will have nothing to do because the wave
runs transverse to them but those on the northwest and northeast
portions of the rim must contribute to the generation of the
wave., Those on the southwest and southeast portions must simil-
arly contribute to its absorption. For these generators the wave
profile will appear along the wall and there must be enough gen-
erators in the wave length to define the wave, We may assume that
models of approximately 5 ft. length are to be used in this basin
and that it will be important to generate waves of a wave length
equal to the model length and that some shorter components should
be included. Along the northwest portion of the rim a 5 ft. wave
length, of a wave being propagated toward the south, would cover
about 7 ft. A one foot length for an individual wave generator
would place 7 generators in this length. This should prove
adequate since the wave profile should be well reproduced by a
control a2t 7 evenly spaced points in the profile. All resolution

would be lost, however, for waves less than 2 ft. length along
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the wall or 1.4 f%. wave length as measured in the direction of
propagation toward the south. We may conclude that this resolu-
tion will be satisfactory but we will realize at the same time
that some of the sharp-crestedness present in the actual storm
sea will be absent from the model reproduction because of the
limitations impcsed by the individual wave generator lengths.

We could only improve the resolution by using shorter wave gener-
ators and more of them. We may decide to use 60 wave generators
in each quadrant or 240 for the entire perimeter.

An effective arrangement could be built around an
electrically recorded program. The programner, which reads this
record, could be placed near the rim of the basin and the program
wave height could be transmitted to each individual wave generator
by a pair of wires. At each generator there would be a power
supply.and a vacuum tube amplifier. Each generator would have a
float just on the wave basin side of it to sense the wave height
and convert it to an electrical signal, and a solenoid operated
hydraulic servo-valve. The program and wave height signals could
be compared by a Wheatstone bridge arrangemsnt whose output would
be fed to the grids of the amplifier. The amplifier ocutput would
be connected to the solenoid of the hydraulic servo-valve which
would control the o0il supply to the hydraulic servo-cylinder
attached to the wave generator plunger. A small leak in a bypass
connecting the two ends of the hydraulic drive cylinder would per-

mit the wave generator plunger to creep back toward its neutral
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position to prevent the wave generator from exhausting itself as

a result of small errors in adjustment to the wave basin level.

A cable tray woﬁld carry a power line, to supply the vacuum-tube
power supplies, and the pairs running from the programmer to the
individual wave generators. This power line should have a capacity
of about 10 kilowatts. An oil pressure 1ine and an oil return

line would encircle the wave basin to supply oil to the drive
cylinders under the control of the hydraulic servo-valves and to
convey the used oil back to the pump. This oil pressure line would
need to be fitted with air tanks at intervals to prevent slug-
gishness of oil flow due to the inertia of long supply lines. We
will assume one of these to be located in the middle of each quad-
rant. O0il under pressure could be supplied by a pump adjacent to
the prbgrammer. This pump would probably consume about 10 kilo-
watts also.

Some inquiries were sent out to firms who manufacture
computing equipment to learn whether some of their devices would
be adaptable for use as a programmer. The desired characteristics
@ere outlined as follows:

1. To have up to 240 channels

2. To run for 2 minutes

3. To repsat at the end of the program, if possible

4, To permit an easy substituticn of one program for

another
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5. To be readily reset to the starting position
6. To perpit the program to be made up from data
plotted in the form of curves
7. To have the program records in a form which is
easily stored and not easily damaged.
8. To have the records remain essentially unchanged
over a period of several years
The replies received indicate that there is no device
presently available which is exactly suited to these needs. This
is not surprising since they were made for other purposes. One
gets the impression that they either run too fast or do not have
enough channels or both. The capacity of these is expressed in
"bits" of information. To obtain a rough idea of the capacity
which would be required for our purposes we may suppose that the
program will run 2 minutes and that the 5 ft. wave length, mentioned
previously, would be adequately defined by 10 bits of information
per second. The period of this wave is about one second. This
decision is somewhat arbitrary but we can get some idea of the
limitations of such a choice by noting that the limit of resolu-
tion is reached when a wave is defined by two "bits." The period
of such a wave would be 0,2 second. The wave lendth would be

given by

TZ9 1) (»2.2) .
- — = = ¥ fee
a 2. 6. 7837 0.70 feet
B
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Although the resolution for a wave of 0.2 second period would be
poor, we can acqept this quality of resolution as adequate for the
wave lengths of primary interest. The total of these "bits" for
240 generators operating for 120 seconds (2 minutes) at 10 bits

per second is
(240)(120)(10) = 288,000 bits

At least one of the devices described in manufacturers literature
had a capacity of 20,000,000 bits. It would appear therefore
that presently available devices are potentially capable of storing
the amount of data which we would need for our program.
While no device was found which was immediately applic-
able for our purposes it would be surprising if presently avail-
able parts could not be assembled into a suitable programming
device. Consider for example, the possibilities of a magnetic
tape looped over a series of 20 pulleys equipped with reading
heads. Each loop would be long enough to run the full 2 minutes.
A magnetic tape 1 inch wide will accommodate up to 14 channels
and can be run at as low speeds as 1-7/8 inches per second. A

2 minute program would require
(2)(60)(1.879) = 225 inches or 18.75 feet of tape

We could use 20 reading heads with 12 channels each. If we allow
20 ft. of tape between reading heads to provide for some adjust-
ment we would need
(20)(20) = 400 feet of tape to contain the entire
program
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Af this tape speed a response from O to 312 cycles per second can
be obtained, so it is obvious that there is ample resclution for
our purposes. A standard 10-1/2 inch reel will hold 2400 ft. of
this tape and since we would need only about 400 feet for our pro-
gram, we could store 6 programs on a single reel of this size.

It therefore seems certain that available devices and parts can
be assembled into a programming device suitable for our purposes.
A 14 track recorder-reproducer consumes about 1600 to 2100 watts.
An elevation of the power requirements for a programmer with 240
reading heads would probably require the making of a detailed
design., The required information could also be stored on cams

controlling the individual wave generators.

Summary

The results of these studies can be summarized in the
following way.

1. It is possible to reproduce an observed storm sea
tormodel scale in a model basin.

2. The replica sea will appear in the model basin if
the observéd wave heights are reproduced, to model scale, around
the entire perimeter of the model basin.

3. Because of the level changes produced by incoming
waves a type of wave generator is needed which will sense the
wave height, compare it with a programmed height, and act to bring

the wave height at its location, to the programmed height.
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4. The length of individual wave generators will set
a lowér 1imit to the wave length which may be reproduced. In this
sensg all resolution is lost when the wave length is less than two
wave generator-lengths.,

5. It has been shown how a suitable wave generator
may be built and controlled and an application to an 80 ft. dia-
meter wave basin has been outlined.

6. Devices now available could be adapted to the
construction of a programmer suitable for the production of a
"replica sea."

7. It is probable that pneumatic type wave generators
will have too low natural frequencies for wave generators of this
type.

8. It may be necessary to provide spring restoring
forces for the floats to give them a sufficiently high natural
frequency for these purposes.

9. The large amount of information necessary for the
production of a replica sea could be stor=d in an electrically
recorded program or cn cams controlling the individual wave gen-
erators.

10, Suitable solenoid operated hydraulic servo-valves
are available commercially.

11, Where an electrically recorded program is used
the electric circuit may need close adjustment for satisfactory

operation,
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12. The mechanism described could be used to produce
waves of many patterns and these would be reproducible.

13. The analysis indicates that effective wave ab-
sorbing characteristics are possible.

14, Wind forces provided on the model basin would
contribute to the faithful representation of storm sea conditions

in 2 model basin,

«91=



s, 0(5
¥ } i
Roller ol valve adjustable link
“ i il suppl
~ F 01 upply

[e] 8 T
ol \Sleeve
>
I8t —e—
o [+] X
L --Servo cylinder
(_{ob «
SR I 7 /[/ ,j,'///r///,,//- 7777 77 2 .‘r/,./_ 77777
S HERLE OIS LI Y LS AT g  Ea R A Fa Ll g
_}-Float
Z oy
7
7
%
’ 7

Fig. 13 Wave generator arrangement



=3 &=

-3, &3

E BN O ) 3 gD Bl S

Spool valve g Spool

Sleeve‘._,.%
7
F

/]

valve —_

To exhaust

F
P\\\\\

=~

Connectors to

/),
\ Exhaust / {

e

i J—
the two ends of /
o double acting

Pressure
Supply

SN

r
7 _c)).r_lirlger
% 3 Pressure

-

/// Supply ~ >

7 *L
; o exhaust

(a) (b)

=S

=

TR

e e

For a double acting For pneumatic
oil cylinder wave generator

Fig.14 Spool valve arrangement

To generator
—



.

= 1.5 -’ ;
D Wave basin N/Wove generator
ALY A R S,
] 7
- :4: I5|
| Al o
. s
] / ___—h_._ 1 Water level
| =t - ' S T
| A1 w 075
, ? S R 0
80 M;—" % /7/ Equivalent mass
Vg

Fig. IS Pneumatic wave generator




— Strain gages.

Springs A

8" | -___ I~ Water level

Fig. 16 Float with increased restoring force




REFERENCES

1. Diffraction of Sea Waves by Breakwaters, by W. G. Penney and

/

A. T. Price, Directorate of Miscellaneous Weapons Develop-
ment History No. 26 -- Artificial Harbors, Sec. 3D, 1944,

(Not available to this writer but referred to in some of

the references quoted. )
2. Partial Differential Equations of Mathematical Physics, by H.

Bateman, Dover Publications 1944. (Chapter XI on "Dif-

Bl I BN =
k)

fraﬁtion Problems" contains a treatment of the methods

"used in optics.)
3. Hydrodynamics, by Lamb, Dover Publications, New York, 1945.
(Chapter VIII treats tidal waves, and Chapter IX treats

surface wave motion, )

n S =

4, Diffraction of Water Waves by Breakwaters, by J. A. Putnam

»

and R, S. Arthur, Transactions of the American'Geophysical

Union, Vol. 29, No. 4, August 1948. (Diffraction of waves

by a semi-infinite hreakwater. Comparison of computed and

»

laboratory data.)
5. Diffraction of Water Waves Passing Through a Breakwater Gap,

by Frank L. Blue, Jr. and J. W. Johnson. Transaction of

the American Geophysical Union, Vol. 30, No. 5, October
1949, (Applies wave interference concepts as employed in

light diffraction to evaluate the diffraction pattern of

waves passing through a gap in a breakwater. Comparisons

1
O
T




e

are made between theoretical and experimental diffraction

coefficients for deep and shallow water cases.)

British Association Mathematical Tables VI., Bessel Functions

Part I. Cambridge University Press, 1950.

Waves, by C. A. Coulson, Sixth Edition, 1952, Oliver and Boyd

Ltd., London. (Chapter V treats waves in liquids.)

Gravity Waves, Chapter 14, Diffraction of Water Waves by

Breakwaters. This chapter by John H. Carr and Marshall
E. Stelzriede. The compilation on Gravity Waves is pub-
lished as National Bureau of Standards Circular 521,
issued November 28, 1952. For sale by Superintendent of
Documents, Washington, D. C. (Treats diffraction of

waves passing through a gap in a breakwater by use of

- elliptic cylinder coordinates and Mathiew functions.

This development they credit largely to Morse and associ-
ates and refer to it as the Morse-Rubenstein Theory. They
compare the results of this theory with the Penney-Price
development and compare both with the results of experi-
ments. The Penney-Price development is stated to be
reasonably accurate only for gaps of over two wave lengths
width. The Morse-Rubenstein development appears to work

best for narrow gaps. Advantages to be gained by working

with both methods are described.

9. Theory of Bessel Functions, Watson, Cambridge University

Press, Second Edition, 1952,

X



-
4

1

<

-

L]

| SO T S S g S g SO g S

10,

11.

13.

14.

15,

16.

Bessel Functions for Engineers, Mclachlan, Oxford, 1934.

Hydrodynamics, by Dryden, Murnaghan and Bateman, Dover,
1956. |

Lectures on Cauchy's Problem in Linear Partial Differential
Equations, by Jacques Hadamarc, Dover.

Lecons sur la propagation des Ondes et les equations de
L'Hydrodynamique by Jaques Hadamard, Librarie Scientific
A. Hermann; Paris, 1903.

"Characteristics of Waves Generated by a Local Surface
Disturbance," by J. E. Prins, University of California,
Wave Research Laboratory, Series 99, Issue 1. Augrt 1956.

"Wave Machines" by Francis Biesel, Chapter 21 of "Ships and
Waves" Published by Council on Wave Research and Society
of Naval Aréhitects and Marine Engineers, 1955. (Extract
from Biesel - "If a given state of the sea has to be re-
produced in a given body of water, it is theoretically
necessary to surround the latter completely with wave
generators or abscrbers capable of reproducing the desir-
able boundary conditiors." p. 289)

"New Facilities of the Netherlends Ship Model Basin at
Wageningen; by Prof, Dr. W, P, A, Vanlammern and Ir. G.
Vossers, Publication No., 1412 of the N,S.M.B., reprinted
from International Shipbuilding Prog-ess, Rotterdam. Vol.

4, No. 29, 1957,

-98-



L,

- [ ]
' '

[ )

v

17. "“Analysis of Storm Seas into Random Components" by Manley
St. Denis and Willard Pierson. Ships and Waves, p. 176.

18. "On the Status of Complex Wave Generation in Model Tanks" by
Wilbur Marks; Transactions of the Eleventh General Meeting
of the American Towing Tank Conference. July 1956, Report
1069, page 218, Report 1099, page 215.

19. Glover, R. E., Technical note on "ﬁstimates of Bending Moments
and Pressures due to Slammirng," D.T.M.B. Report

CERSBREG24. Prepared under contract 1610(02).

-99-



	CERF_58_43_001
	CERF_58_43_002
	CERF_58_43_003

