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A METHOD OF ANALYSIS FOR LONG-WAVE PHENOMENA IN
THE OCEAN, USING ELECTRONIC NETWORK MODELS

I. THE EARTH’S ROTATION IGNORED

By S. ISHIGURO

National Institute of Oceanography, Wormley, Surrey and
Nagasaki Marine Observatory, Nagasaki

(Communicated by G. E. R. Deacon, F.R.S.—Received 25 June 1958—
Revised 29 September 1958)
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A method of analysis for long-wave phenomena in the ocean and examples of its applications are
described. A phenomenon to be analyzed is assumed to be ‘response’ resulting from an ‘excitation’
on the ‘system’, and the relations between these are analyzed. The original hydraulic system is
divided into a number of cells of finite size. Each cell is assumed to have a constant depth within
itself, and is represented by a two-dimensional electric network consisting of many capacitors, which
are proportional to the area of the mesh, variable inductors, inversely proportional to the depth of
each mesh and variable resistors, proportional to the total energy loss in each mesh. The excitation
and its response are represented either by a voltage which represents the water elevation of each
mesh or electric current which corresponds to the total flow across each mesh. Complicated cases,
like that where the excitation is changing irregularly with both time and two-dimensional space,
can be treated by simple and small-scale equipment by applying the reciprocity theorem and the
pulse-superposition method.
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SYMBOLS
Hydraulic system
time
wave period
wavelength

wave angular velocity

wave amplitudes at point 0, and at distance / from 0

phase difference between point 0 and point separated by / from 0

elevations of free surface above undisturbed level, at arbitrary point, at point 0,
and at point separated by / from 0

depth of water

horizontal co-ordinates

horizontal distance

mesh size

components of mean current velocity from sea surface to bottom, in direction of
xand y

components of current velocity near sea bottom, in directions of x and y

total flows across vertical section of cell of mesh

friction coefficients of cell of mesh (dimension 77-1)

frictional constant of cell of mesh (dimensionless)

attenuation constant, at distance / from 0

acceleration of gravity

. Electrical system

time

wave period -

phase velocity of wave propagation

horizontal distance corresponding to /

horizontal co-ordinates corresponding to x and y

currents in arms of mesh

angular frequency of voltage

voltages across one arm of mesh representing x and y component

voltages across two terminals of a capacitor of mesh, at arbitrary point, at point 0,
and at point separated by 7 meshes from point 0

amplitudes of voltage, at point 0, and at point separated by z meshes from 0

phase difference of voltage between mesh at point 0 and mesh separated by 7
meshes from 0

inductance of mesh

capacitance of mesh

resistance of mesh

inductive reactance of mesh

capacitive reactance of mesh

iterative impedance of mesh

attenuation constant, at point separated by 7 meshes from 0
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Commion for both systems
K, coeflicient for transformation of time
K, coefficient for transformation of horizontal distance
K, coefficient of transformation of water level to voltage
K; coeflicient of transformation of total flow of water to electric current
k ratio of mesh size to wavelength
s coeflicient to represent friction term in dimensionless value
¢4 error of amplitude in model
¢p error of phase in model
n number of meshes

1. INTRODUCTION

Long-wave phenomenon in the ocean can be investigated by ordinary model methods but
a great deal of labour, time and money would be required. Some numerical methods based
on theoretical equations and using automatic computers can also be used, but here again, a
great deal of work would have to be done to set up a programming system for the computers.

The present paper describes an analogue method which uses a variable electric network
to treat such problems and their applications. A wide range of conditions can be covered by
making only minor variations in the circuit. The author has tried to treat as wide a range of
problems as possible by using only simple and small-scale equipment.

2. Basic 1DEA

A phenomenon to be analyzed is assumed to be a ‘response’ resulting from an ‘ excitation’
on the ‘system’. The system is represented by an electric network, and the excitation and the.
response are represented by some electrical quantities such asvoltage or current. Then, when
two of them are given, the third (unknown) function can be determined by an operation
using the network and these electrical quantities.

‘Three possible cases, where any one of the elements, system, excitation and response is
unknown, and some applications of the operation are shown in table 1.

TaBLE 1
element
r A A
case system excitation response samples of application
I known known unknown - prediction of phenomenon
II known unknown known derivation of cause
I11 unknown known known representation of system

To carry out this operation easily, these elements should be changeable. It is necessary,
however, first to find how these elements can be represented by the network and the
electrical quantities. The electric network can then be regarded as both a model of the
system and as a computer.

3. PRINCIPLE OF ANALOGY
To represent the three elements, system, excitation and response in a long-wave phe-
nomenon, the following analogy is used between hydraulic and electrical systems.
Ifthe vertical acceleration and the deflecting force due to the earth’s rotation are neglected
and if it is assumed that the friction force is linearly proportional to the current velocity, the

39-2
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306 S. ISHIGURO ON THE

equations of motion and continuity for the propagation of long waves take the form, assuming
unit density:

du ) —
3}; = _gaé—ﬁ“‘u’ (l>
0o i .-
Friia @—Eyv’ (2)
(%—C (whdy) dx+—(% (vhdx) dy = ——{(C—Hz dx dy}. (3)
. d d oh
Assuming Sl =0, 2(dy)=0, Z=0, ({<h) } "
dx =dy=dl, F =F,=F,
and introducing the relations @, =%hdl, w,=vhdl, (5)
equations (1), (2 ) and (3) become
ow, /G-
0w, 1,0
—a—tl=~ghdl£——Fﬂ7y, (7)
a ow, 0w,
= dz(ax + ay) (8)

These equations are to be solved by the analogue method described in this paper. Intro-
ducing the following relations

{= Ktte’ (9)
%Y, L= Kixo, Ky, Kl (10)
§ = K,e, (11)
w,, w, = K, K;i,, (12)
equations (6), (7), and (8) become
di, K, K, de .
7 = —eh(Tx) g~ K. Fi, (13)
i) K, K, de .
th:_gh( e )dlea —K,Fi, (14)
de (KK di, | 0%,
P (K2K) a, (ax +0ye) (15)
Now, if we design an electric network as shown in figure 1(), we find the following equations:
di, 1 R.
@*szex“sz’ (16)
i 1 .
iZ“ery"ZZy’ (17)
de 1,,. .
i —;(Azx—l—Azy). (18)
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Assuming a2 _pp, 19 A, (19)
A A

VR 00

= 0= A, (20)

dl = Al (21)

(@) (b)

(@) (&)
FiGure 2. Scheme of hydraulic system and a synthesized network model representing it.
(The resistors of the network are omitted in the illustration.)

and comparing equations (13), (14) and (15) with equations (16), (17), and (18) respectively
we find the following relations:

L= ( Kf(}() :g}/; volts amp~!sec or henries, (22)

C= ( K, AZZ volts~! amp sec or farads (23)
KK, ’

R = (ﬁ 1p volts amp~! or ohms. (24)
K,) gh
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Then, if a network as shown in figure 2 (), which consists of many networks of type shown
in figure 1 (%), is set up and the component values are given by equations (22), (23) and (24),
it can represent the hydraulic system shown in figure 2 ().

In this model, the elevation of the free surface of the hydraulic system above the undis-
turbed level is represented by the voltage across the terminals of the capacitor of each unit
network, and the total flow through a section of a cell of the hydraulic system is represented
by an electric current passing through an arm of the unit network.

4. ERROR OWING TO THE FINITE MESH SIZE

An error is introduced in the analogue method because of the finite size of the mesh. This
error can be estimated in the simple case where the hydraulic system is sine wave travelling in
one dimension in a channel of constant depth, and the corresponding electrical system is an
iterative network as shown in figure 3 (). The result can then be extended to more compli-
cated systems.

& &
. Y{:_—_ATLE_??‘_‘_
@ F tenat ——] e
€ € e, €n €n €n+i
R L T
IT T TITTT
€o &

(b) R4 I Hz
Z; > Zc—!— /

Figure 3. (a) Comparison of long-wave propagation in a one-dimensional uniform hydraulic
system and an equivalent electric network. (b) Equivalent network of one mesh of the above
network.

If { is uniform along the y-axis, the displacements and voltages can be expressed by

= Ihexpjot, (25)
= Texpj (0t—0) — Tyexp — -+ 6) expj ot (26)
ey = Eyexpjo,t, ’ (27)
ey = En Cij (wet_ﬁen) = EO €Xp — (aen _I_J Hen) €xXp o, , (28)

where n meshes of the electrical system correspond to a length /in the hydraulic system.
The error in amplitude ¢, depends on the difference between the ratio I'y/I; and Ey/E, and

the error in phase ¢, by the difference between 6, and 6,,. It is convenient to express the

errors in the form: In (E,E)

=T (T,I,) " (29)
4
p =21 (30)
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It is possible to evaluate ¢, and ¢, by calculating I'/T;, E /E,, 0, and 0,, independently.
Before proceeding with these calculations, however, it is advisable to express all the con-
stants describing both systems in terms of two non-dimensional constant £ and s which are
defined below.

As there are n meshes per length /,

Al =lln (31)
and if A is the wavelength
Al = k. (32)
k is thus a measure of the mesh size. If velocity of long-wave propagation is (gh)?,
wAl
=, 33
NI 3)
The constant s is used to represent the frictional term and is given by
FAl
i 34
INIED (34

Equations (33) and (34) give the constants in the hydraulic system in terms of £ and 5. The
constants in the electrical system can also be expressed in terms of £ and s by means of
equations (22), (23), and (24) and one obtains

p= 22O, (35)
2, = jo,L = 2 k/(L[C), (36)
Zo= s = g |5 (37)

Y -

R = 2ns Jé (39)

Now to return to the hydraulic system. In this simplified case, equations (6), (7), and (8)
reduce to 0w

-
= = —ghdiz—Fw, (40)
i 10w
Frar A E (41)

and if the value of {; given by equation (26) is substituted in (40) and (41), and solving by
separating real and imaginary parts, one obtains from the real parts

cwan - QLA D

and from the imaginary parts

ﬁz=l/(%[]((§)2+(ﬁ)2}+§—2]>- w
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310 S. ISHIGURO ON THE
If (42) and (43) are expressed in term of k and s:
In (Iy/1) = —nm J[20/(82-+ K — k), (44)
0, = nm J[2{J/ (s%k%+k*) +k?}]. (45)

For the electrical system, corresponding values can be obtained by considering a unit
mesh of the network for it is immediately apparent from figure 3 (2) that
In (E,/E,) = nln (E,/E,) (46)
and 8,, =nb,,. (47)
In figure 3 () then, if Z; is the iterative impedance of the network, the impedance of the unit
mesh looking from the left is Z; and thus

Z.Z, 1

efep = Z,+Z —I—Z R EYAVA (48)
Z, can be calculated in the usual manner and is equal to
Z,— {[Zy+ R J{(Z,+ R)2+ 4(Z,+ R) Z}), (49)
and so, substituting in (49) values of Z,, Z;, and R given by (36), (37), and (39), one obtains
Z, — nljk-+s = 52— R+ 1+ s(2k—1/nR)Y] J(L/C) (50)
and then from (48)
! (51)

W = [ g ek L — P s @k — 1R
When (51) is reduced to the forma,; —j 8, then E, /E, is «,, and the phase shiftis §,;, ¢, and ¢,
can now be evaluated and the full expressions for them are given by equations (52) and (53).

1
mJ[24J (k% + k) — k%]

6y =—1—

B e o I e o e e )
Y [ B e R )

RN ENCEEE R
1 2
2 L2 2 —
das Jlleows ) e o) ol g 1]
. T\
___.___ {2 12— 2 _ k2. N e
A R R G
1 1
* _— —
for k< L + for k> "~k
Calculated values of e, ¢, I'y,/1, and E, /E, for given conditions are shown by the curvesin
figure 4, and these have been checked in some cases by experimental values as shown by the

circles. It can be seen from the curves that for 1/k = 6 to 7, ¢4, ~ 0-1 and ¢, =~ 0-06 which is
satisfactory for most cases.

X tan~!

(53)
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o4 T T T TTTT T T 7T ¢
’ (4
€p
(s=01) | =09
0
(@) (5=0-)
- r{) o
o3 |~ \69"3 o3 T T T T T 1717 T T T TTT7T
(s=0-1)
€
) (s=01)
g
02 b -~ 2:‘2 02 1 1
e o
& / - E/Eo AT Lo
j M (s=01) | (s=04) =
A \ k3
\
// _ | S
ol y ~ 1 [oX I = “ -1~
// \ W
Vi \\
/ \\
N
N
/ / Q\QO
o Il Lt ! [ 1111lo o 1 [ S B O I 1 I T T T o~ P
o-ol 002 004 006 Ol o2 o4 ob | 0-01 002 004 0O0b ol 02 o4 Ob !
[ O | 1 1 O T O | 1 1 ] [ R T T I Y 1 Il 1 | O I O I | 1 1 1]
100 &0 40 20 ° 6 4 2 1 100 60 40 20 o b6 4 2 1
upper scale, & lower scale 1/

Ficure 4. (a) Example of the values of 6, 6,, and ¢, as a function of k£ or 1/k. (b) Example of the
values of E,/E,, I'y/I';, and ¢4 as a function of k£ or 1/k. Circles show experimental values
obtained under similar conditions.

5. ARRANGEMENTS OF THE NETWORK

5-1. Value of Q

In the electric model, all the energy losses in a unit cell of the hydraulic system are repre-
sented by the electric resistances which consists of the total value of the self resistances of the
inductors and any extra resistances attached. In a case where the energy losses in a hydraulic
system are negligible, the electric model has some energy losses, and the lowest limit of this
depends mainly on the self resistances of the inductors. This effect causes a greater error in
the amplitude of the waves than in the phase.

To reduce this error, inductors which have a high value of @ are required. We can
estimate a value of @ to correspond to a given friction term and wave angular velocity in the
hydraulic system by the following relation, derived from equations (22) and (24):

Q=olF. (54)

Although it is difficult to estimate accurately the value of the friction coefficient F in actual
cases, an approximate value can be estimated from an equation of the form

F= k———‘”',z;;._'ﬂ’, (55)

which is derived from the equation of frictional force per unit area, (see, for example,
Proudman 1953, p. 303, eq. 3). Values of £, of about 0-002 have been estimated by means of
actual observations by several workers (Bowden 1956 ; Rossiter 1953). However, in practice,

40 VoL. 251. A,
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312 S. ISHIGURO ON THE

after the network is constructed, the value of @ of the inductors used should be adjusted to
compare with actual observations. For this purpose, it is useful to compare the damping
coeflicient of free oscillations on the model with that of the actual oscillations, if this is
possible.

5-2. Range and tolerance of the value of the inductances

A mesh in which the mean depth of the sea (or lake) is assumed to be zero is represented
by an open circuit of a terminal of a network, and a mesh in which the mean depth is assumed
to be infinitely deep is represented by a short circuit. For other meshes the inductance
varies inversely as the depth, so that a wide range of inductance values must be available. It
is not practicable to obtain a single component which can be adjusted over the whole range,
and it is therefore necessary to use either fixed inductors with values separated by small steps
(e.g. twenty steps might be adequate), or a smaller number of inductors variable over
a small range of values. In these cases, the largest depth to be modelled by the network
should be ascertained first and the smallest value of inductance should correspond to this. If
the capacity of the capacitors in the network is known, the coefficient K,in equation (9) is
automatically given. '

If an inductor or capacitor used in the network has a change in value of dL or dC, the
change in the phase velocity of waves in the electric model, de,, is given by

de,00 dL/L}* or dc,o0dC/CE. (56)

It then follows that there should be a finer grading of the lower values of inductance.

5:3. Determination of the value of the inductances

To determine the value of an inductance of a network, from equation (22), the mean
depth of a mesh must be measured from a chart of the bottom topography. In principle, the
mean depth should be measured over a square of centre corresponding to the position of
a capacitor, and the corresponding inductances should be divided into four arms of equal
inductance as shown in figure 5(a). Therefore, an inductance between the nearest
two centres of the meshes P, and P, should have a value of L, +L,, where L, and L, are
the inductances in the arms of the network corresponding to the areas abcd and cdef in
figure 5 (a).

An equivalent procedure would be to use the mean depth of an area ghij in figure 5 (4), to
estimate the inductance representing the depth in this area, i.e. an inductance L,, to be
connected between the points P; and P,.

Although these considerations are not so important in cases where the mesh size is small in
comparison with the variation in bottom topography, the latter procedure is more useful in
a case where the mesh size is comparable with the variation, e.g. a case where part of the
topography is represented by only one mesh and three of the four arms of the mesh become
superfluous as shown in figure 6.

5-4. Representation of the boundary with an open sea
When the number of the components of a network is limited, and the area to be modelled
is connected with another much wider area (e.g. an open sea), it is desirable to limit the
number of components required to represent the wide area. In such a case, it is useful to
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connect a group of equivalent impedances across the boundary instead of a complicated

network. , ,
The construction of a completely equivalent impedance would, in principle, require

almost as large a number of components as the original network. For analyzing one case,

a d e
L L
L| %R L| L2 2%6 Lz
(a) T 2
' 3u | 73
b c f
d
7_.._... g_4a _J .___j;
| | |
R B |
(b)_qls\ Lf{y\ 2 -
1~2 l
3 _L_/_\J Jl
S i

Ficure 5. Method to determine the value of an inductance
corresponding to the mean depth of a mesh.

Ficure 6. Example of a case where the mesh size is small in comparison with
the variation in bottom topography.

however, the range of the main component frequency of the waves may not be very wide
and so, if a suitable frequency range is chosen, the equivalent impedances can be repre-
sented almost entirely by pure resistances. Variable resistors are useful for this purpose and
they can be adjusted experimentally by checking the reflexions from them under the same
conditions as when in actual use.

40-2
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314 S. ISHIGURO ON THE

An example of a network including these equivalent impedances to represent the open
sea is shown in figure 7. In this diagram, several steady oscillations caused by the different
frequencies in the actual sea form their nodes and antinodes on the same position in the
model, shown by an arrow, and this shows that the representation of the boundary by an
equivalent impedance is adequate.

v VT
!
= IR R
-
£
3
tir
Sl g
5]
2
< ‘.'_r
< 3
Lol N N I | T O T T |
|
77’
L1 N N TN AN SN T T |

relative distance

Ficure 7. Example of a result obtained with a network including equivalent impedances
(position is shown by arrow) to represent the open sea.

5:5. Actual construction and adjustment of the components

An example of an actual network for a 30-mesh model is shown in figure 8, plate 2.
This network consists of sixty variable inductors, sixty variable resistors, thirty fixed
capacitors, and several variable resistors for the equivalent impedance.

=271
I I INDUETOR
| |
[ |
L
r — —" RESISTOR
| |
L

SOCKETS

MAIN
BOARD
I I CAPACITORS

Ficure 9. Example of the actual arrangement of the network components.
Components set between the nearest two sockets are shown.

Experience using this model has suggested that the following specifications would be the
most convenient for practical use:

(1) The network is set up on a board and arranged to have a similar shape to the original
map of the topography. (This avoids misarrangement.)

(2) The board has sockets to which other components can be plugged in as shown in
figure 9.
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Ficure 8. Example of a 30-mesh network.
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(3) Inductors which are of the fixed value or variable type can be used with standard
pins, i.e. as shown in figure 9.

- (4) If the range of the depths to be modelled is not so wide, the capacitors can be all of
the same capacitance and can be fixed on the other side of the board, opposite the sockets
on which the inductors areset. Ifseveral groups of capacitors of different value are required,
these should also be of the plug-in type, but in this case, also, it is advisable to have the
capacitors set up on the opposite side of the inductors.

(5) If an extra resistor (fixed or variable) is required for an inductor of the network, it
should be attached between the inductor and the socket as shown in figure 9.

(6) Theinductor and resistor (and capacitor, if necessary), of each component of the net-
work should be measured or adjusted bysuitable apparatus when detached from the network.

(7) If the current in arm of the network is required, a standard low resistor should be
put between the arm and the socket on the board and the voltage across the resistor should
be measured by an oscilloscope.

(8) If equivalent resistors representing the open sea are required, these should use the
same type of plug and socket as the other components.

6. TECHNIQUES OF THE ANALYSIS

6:1. Generators and oscilloscope

To give an excitation to a network model, a generator is required, and to record the
response of this excitation, an oscilloscope is also required.

It is desirable that the generator should be stable and able to produce: (1) sine waves,
(2) short pulses, and (3) arbitrary waveforms, in a suitable frequency range. It is easier to
meet this demand by constructing three separate types of generators.

Although a solution by the analogue method should, in principle, take less than 0-01 s,
it is, nevertheless, desirable that the pulse or arbitrary wave should be repeatedly generated
so that the response can be recorded more easily on the oscilloscope.

The electrical characteristics of the network should not be altered when the generator
and oscilloscope are connected to it. It is therefore essential that the impedance across the
generator and oscilloscope terminals should be much higher than that across the terminals
of the network to which they are connected.

If the network has been suitably designed, it is easy to obtain the above condition in the
case of the oscilloscope because its input impedance (including that of its amplifier) is, in
general, very high. -

In the case of a generator, however, careful design is necessary, because the output
impedance should not be very different from the impedance across the terminals of the
network if appreciable electric power is to be fed through, otherwise the effective voltage
across the network would be reduced by the mismatching of the impedances. A com-
promise can be found as follows: (1) Estimation of the lowest permissible impedance,
corresponding to the maximum error allowed. (2) Estimation of the maximum voltage

‘required to excite the network, considering the sensitivity of the oscilloscope. (3) Deter-
mination of the maximum voltage output of the generator, considering the mismatching of
the impedances.
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As an example the main characteristics of the apparatus at present in use are as follows.

Pulse generator

pulse length 0-15 to 100 ps

pulse height 20 V max. (at load of 1 kQ or above)
repetition frequency 50 c/s to 50 kc/s

output impedance resistance of about 10 k(Q is connected in series

with the original output terminal (about
100 times the average characteristic impedance
of the present network)

Sine-wave generator

frequency range 25 c/s to 500 kc/s

accuracy of frequency +1%or +1c¢/s

output voltage 10 V max. (10 Q) or 1 V max. (75 Q), or with

attenator (600 €2)
distortion less than 19,
Oscilloscope

two independent beams

X-axes
input impedance 1to 1-5 MQ, 15 to 20 uuF
frequency response d.c. to 10 Mc/s: —3 dB; 20 Mc/s: —12 dB
rise time 0-035 s without overshoot
sensitivity 0-118 V (pk —pk)/cm
accuracy of voltage calibration 459, or +5 mV
accuracy of time calibration within 2 9,

Y-axis d.c. to 500 kc/s

As an arbitrary waveform generator for this method, electronic photoformers like those
used for other electronic analogue computers can be used, if their frequency range and
output impedance are suitable. An arbitrary waveform generator of a simple type, suitable
for alow-frequency range, has been designed by the author and is shown in figure 10, plate 2.
This generator consists of a fixed waveform holder into which a waveform of any shape
can be inserted, a photocell, and a scanner which is a rotating optical lever at 120 c/s.
This arrangement can generate an arbitrary waveform containing frequency components
between 120 and 10000 c/s.

If the shape of the mask in the photoformer can be varied continuously, it can be used to
solve the problems listed under Case II in table 1 (§ 2). An example of a mask of this sort,
devised by the author, is shown in figure 11. This mask consists of many thin plates
skewered by two rods, and the shape is formed by the edges of the plates and can be
changed by a hand operation even when in use. When the output voltage of this mask
generator is supplied to a network, the shape is checked at the network terminals by an
oscilloscope and adjusted to fit a required waveform and to compensate for any waveform
distortion due to the mismatching.


http://rsta.royalsocietypublishing.org/

JA '\

Y |

THE ROYAL A

PHILOSOPHICAL
TRANSACTIONS

THE ROYAL A

PHILOSOPHICAL
TRANSACTIONS

Downloaded from rsta.royalsocietypublishing.org

LONG-WAVE PHENOMENA IN THE OCEAN. I 317

6-2. Application of the reciprocity theorem to the analysis

If a network is linear and bilateral, there is a reciprocal relation between the current at
one point due to an e.m.f. at a second point and the current at the second point due to an
e.m.f. at the first point. Thus in passive, linear electric analogue networks representing

A A

SOCIETY

OF

y
A B

SOCIETY

Ficure 12. Examples of waveform obtained by the reciprocity method in a two-dimensional
network model of a lake (Lough Neagh). The relations were obtained between two meshes at
different positions in the model.

OF

hydraulic systems, a waveform at a point obtained by injecting an excitation into another
point of the mesh is almost the same as the waveform obtained by interchanging these
two points. Some examples of waveforms obtained by this method in the case of Lough
Neagh are shown in figure 12.
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This method is very useful for analyzing cases in which there is more than one input
point and a wave of the same form but not of the same amplitude is injected at these
points. An example of such a case is the investigation of the free oscillations of Lough

1
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Ficure 13. Example of the application of the reciprocity method. (a) Original arrangement to
analyze a free oscillation along the long axis of the lake. (§) Equivalent arrangement of (a).
() Waveforms in the arrangement (b). ¢,, Excitation voltage of the generator. ¢;, Superposed
waveform of the excitation and the response on the point P,. ¢, to ¢;, Responses on the points

5 : )
P, to P, 3 ¢,, Waveform obtained by superposing ¢; to ¢;. This waveform is equivalent
n=1
approximately to that of ¢, in (a).
Neagh, shown in figure 13. It is required, here, to obtain the record of the surface level

variation at a point P, due to a wave advancing from a line P, P, PP, F; as shown in
figure 13(a). The straightforward method of approach to the problem would be to have
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a generator feeding into all the points P, to F; and measuring the response at F, with an
oscilloscope. This would be satisfactory in the case of a wave of constant amplitude where
the potential at all points is the same, but when the potentials at P, to P; become different,
an alternative connexion is supplied to these points via the generator and the network
characteristics are distorted. This effect can only be overcome by installing buffer circuits
between the generator and each point. These circuits would complicate the electronic
system enormously as each one would require at least one valve or transistor. These com-
plications are avoided by using the reciprocity principle, for then the output of the generator
is fed into P, and the response at each point P, to P; is measured in turn when it has been
passed on to the oscilloscope through a high resistance of appropriate value for each point.
The sum of all the responses gives the required answer. This is shown in figure 13(5). In this
method, it is easy to make the value of the resistances high enough to avoid interference and
low enough to match the input impedance of the oscilloscope.

c o .
d ﬂ d

e ﬂ e' J\v/—\/‘\
f [ £ /\V/‘\-\/"\
, 1 NS
B _ .

i o il SN

Ficure 14. Principle of the operation of the pulse superposition method.

6:3. Pulse superposition method and analogue computer for this method

Although the method of using an arbitrary waveform generator, described above, is very
simple when dealing with waveforms of low frequency, it is not so easy to make a high-
quality generator which can be used in a high-frequency range. It is, however, compara-
tively easy to get a pulse generator and as the network is assumed to be a linear system,
a method can be used of synthesizing an arbitrary waveform by the superposition of many
pulses.

The method is illustrated in figure 14. When a response on the point of a network, as
shown in figure 14(a), called ‘unit response’, (a’), caused by the injection of a pulse into
another point, called ‘unit pulse’, (), is solved by the network, we can obtain the response
(6") caused by an arbitrary waveform (4) by an operation as follows: (1) Divide the wave-
form (b) into intervals with the same width as the unit pulse, (¢) to (¢); (2) Measure the ratio
of the height of each of the divided pulses to the height of the unit pulse; (3) Multiply theratio

41 : Vor. 251. A,
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with the unit response (taking sign into account), and shift the time axes of these curves,
(¢") to ('), according to the position of the pulse. (4) Superpose these curves to obtain (4).
An example of this operation in the case of a V-shaped bay is shown in figure 28. In this
diagram, (a) and () are an unit pulse and its response, (¢) and (d) are a given excitation
and its solution.

This operation does not involve as much work as is required to solve the same problem
by numerical methods, because the most complicated part of the operation, the obtaining
of the response to a unit pulse, is carried out by the network.

B\
z} i
2 | 0 7‘

W S

Fieure 15. Principle of an analogue computer for the superposition method.

However, another electronic analogue method can be made to carry out the superposi-
tion operation. Such a method, devised by the author, is shown in figure 15. This device
consists of a fixed board (1) (figure 15), a moving board (2), a scanning light beam (3) by
which both boards are scanned at a speed high compared with the speed of the moving
board, two photocells (4) by which the reflexions of the light beams from the two boards
are separately transduced into two electric voltages, an electronic multiplier (5) for these
two voltages, an electronic integrator (6) for this multiplied voltage and an output voltage
recorder (7) where the movement of the recording chart is geared with the movement of
the board (2). If a black-and-white shape representing the waveform of a unit response is
put on the board (1) and another representing the waveform to be solved, with the direction
of the time axis reversed, is put on the other board (2), the solution of this operation will
be obtained on the recording chart.

Although this illustration shows only the principle of the method, it can be modified into
a more practical arrangement if necessary.

6:4. Treatment of excitations and responses

In general, excitations and their responses on a model network can be treated two-
dimensionally. Although it is possible in principle, to solve these cases by using a large
number of arbitrary waveform generators and oscilloscopes, the following techniques give
the same results using only one generator and oscilloscope.

In these cases it will be convenient to call the area under investigation the ‘response
area’ and the area through which the excitation is introduced the ‘excitation area’
although in some cases this is reduced to a line.

(A) This is the simplest case already mentioned in § 6:2, that of a plane wave. In this
case, as the potential at all points along the wave front is the same, all the corresponding
meshes can be connected directly to the generator. The response can be easily obtained in
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this case by measuring separately the voltage at each point in the response area by an
oscilloscope.

(B) In this case the model is excited through an area or line on which the voltages are in
phase but have different amplitudes. This case was also referred to in § 6-2 and it was
shown that it could be solved by using the reciprocity principle. In practice, however, it is
more convenient to use variable high-resistance potentiometers rather than just high
resistances of different value as described in that section.

(CG) This is the general case where there is no relation between the voltages at any
instant at the points in the excitation area; a solution can be obtained by one of the
following two methods.

response  excitation

coast area area
(c) ﬂ
AT pulse
superposed
/\ /[ response
4 in time
/\/\«\ section
[ fy
~ kAt V4
(b) A\ t,
~ k- (n-1)At
curve
A~ obtained by
summation of
N\ all the above
curves
pulse generator potentiometers oscilloscope

Frcure 16. Principle of a method (C-1), to obtain the response caused by the excitation of a two-
dimensional arbitrary waveform, which is changing in time and space

(1) The response at any point in the response area can be obtained by exciting each
point in the excitation area in turn with the appropriate waveform and superposing the
responses. If the operation is repeated on all the other points in the response area, the two-
dimensional solution will be obtained.

(2) The excitation voltages are represented by a set of two-dimensional diagrams spaced
at regular time intervals. These are called time sections. For each diagram the mean
voltage over each mesh area is worked out as indicated in figure 16(a). If avoltage equal to
the mean voltage is injected separately into each mesh in turn and the responses on another
point P in the response area are superposed, the solution is given for this particular time
section. This procedure can be simplified considerably in practice by applying the
reciprocity method as shown in figure 16(5), where many high-resistance potentiometers are
used between the meshes and the oscilloscope to represent different voltages. If this
operation is repeated for all the time sections required for the problem, and the solutions
suitably superposed, the complete solution for the point will be obtained. Some current

41-2
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has to pass through the potentiometer circuits to make them effective as potentiometers,
and this may not be negligible when the number of potentiometers in use is large. This
difficulty can be overcome by limiting the number in actual use by carrying out the
operations separately for parts of the network for one time section and obtaining the result
for the whole network by superposing the responses.

Most actual problems in which an area of sea is excited by a long wave from outside, can
be solved by applying method (A) or (B). In this case, the excitation can be represented by
a group of voltages fed to a line which divides the response area from the excitation area.

original phenomenon

attached
network

ST AT 1T 17 main
) T T T T network
NP R v (/A WA i

T -~ T -~ T -~ 7T

Ficure 17. Scheme of an attached network to give an equivalent water-level displacement
on each mesh corresponding to the effect of a natural cause.

Other cases in which a part of the area to be analyzed is excited directly by a force and
the response of another part of this area is required, can be solved by using method (C).
In this case, however, the force affecting the sea is usually connected by some relation with
the equivalent water-level displacement on each mesh. If this relation is known, the
operation can be carried out by making another network to represent this relation. This
scheme is shown in figure 17. In all cases, the response is obtained initially as a form of
a time function of the voltage on the oscilloscope and the space functions given in the time
sections can be synthesized from a large number of these voltage-time responses.

The operation for a case where an excitation is unknown (case II in table 1), can be
carried out, in principle, by repeating the operations under many different conditions to
give the same response as the given response. It is very useful for this purpose to have
a continuously variable waveform generator like that described in § 6-1 which can be
changed while in actual use.

6:5. Spectrum analysis

When the record of the variation of water level or current is obtained by a network
model, the spectrum analysis of the record is sometimes required. This analysis can be
carried out by an ordinary manual calculation or by a machine (e.g. an electronic spec-
trum analyzer). However, in this network model method, the same result can be obtained
by a very much simpler procedure.

When the model is repeatedly excited by an arbitrary waveform, the spectrum of the
response can be obtained directly, by putting a variable band-pass filter (or an equivalent
device) between the network and oscilloscope and measuring the output voltage at various
band-pass frequencies. If this operation is carried out on many points on the network, the
two-dimensional spectrum is obtained.
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If a point on the model is excited by a sine wave of constant amplitude at various fre-
quencies, and the response at another point on the model is measured, a ‘frequency.response
curve’ is obtained. If this operation is carried out on many points, a two-dimensional fre-
quency response curve is obtained as shown in the example in figure 34. This can represent
the dynamical characteristics of the original hydraulic system and can also be applied to
obtain other analyses. For instance, the spectrum of the excitation wave can be obtained
from that of the response, if it is known, by dividing by the value at each frequency on response
curve, allowing for the calibration. Conversely, but the same procedure, the response
spectrum can be derived from the excitation wave spectrum by multiplying this spectrum
by the frequency response curve.

7. EXAMPLES OF APPLICATIONS

7-1. Oscillation characteristics of a uniform-depth lake (one-dimensional)

A one-dimensional network model was constructed to investigate the transient state of
the oscillations caused by an impulsive force and also steady oscillations in a lake of uni-
form depth, assuming the friction to be uniformly distributed along the bottom. The
principal factors of the model are as follows:

n=230, C=005uF, L=016mH R=4Q,
J(LC) = 2:83 us, (LJC) = 56:6 Q, s = 0-0113.

These values are accurate to within 5 %,.

Output impedance of pulse generator = 1 kQ (approximately).

Output impedance of sine-wave generator = 600 (Q (approximately).

The results are obtained in terms of relative values of time, horizontal distance, and
vertical distance of depth. The absolute values can be obtained by using the constants
given above and obtaining the values of K,, K, and K, from equations (22), (23), and (24),
assuming a ratio of mesh area to depth.

The water-level variation at each point along the lake is plotted at regular intervals
from the start for a total time of about one and a half times the period of the oscillations
in figure 18. The water-level variation at each point on the lake is shown as a function of
time in figure 19.

In figure 20 are shown stationary waves caused by exciting one end of the lake by sine
waves of various frequencies.

7-2. Oscillation characteristics of a uniform-depth lake, and rectangular lake (two dimensional)

A two-dimensional model was constructed to investigate two-dimensional stationary
waves in a rectangular lake of uniform depth, in which the friction is uniformly distributed
over the bottom. The principal factors are as follows:

n=230, C=005uF, L=0169mH R=370Q,
JIC) = 291 us, (L/C) =584Q, s = 0-0101.
These values are accurate to within 5 9,.

The output impedance of the oscillator could be either 75 Q or 600 Q, but both values
did not have any significant difference on the results.
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With all the analyses, stationary sine-wave voltages were used to excite the model, and
the results are shown as iso-amplitude lines based on relative values. Absolute values can
be obtained asin § 7-1 by using equations (22), (23), and (24). It should be noted that this
model does not represent the friction on the side walls of the lake.
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Ficure 18 Ficure 19

Ficure 18. Transient state of water-level variation caused by a pulse excitation in a lake of uniform
depth (one dimensional), with friction. Each diagram is plotted at regular time intervals. Pulse
length = 43 x 106 K.

FiGure 19. Water-level variation of each point of the lake shown in figure 18. The points are chosen
at all the ‘odd number’ meshes.

A stationary oscillation caused by sending a plane wave along the long axis of the lake is
shown in figure 21(a). In this analysis, the method described in § 6-4 (A) was applied.
Although several positions were taken for the excitation lines, there is very little difference
in the results as shown in figure 21(5).

The case where a point (shown by an arrow), on the lake is excited by a sine wave of
period 14:3 X 1076 K s is shown in figure 22(a). Figure 22 (b) shows the results when the
lake is similarly excited by a sine wave of period 7-15x 1076 K;s.

The case where the same lake is excited by a sine wave of period 10-0 x 1076 K, s near
a corner of the lake (shown by an arrow), is shown in figure 22 (c).
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(@

relative amplitude

(b)

- (©) -
NN RN RN

relative distance

Ficure 20 Ficure 21
Ficure 20. Stationary waves caused by exciting one end (shown by arrow), of the lake, shown in
figure 18 by sine waves. The periods of excitation are: (a) 1-35 x 104 K;s, (5) 0-675 x 10~ K;s,
(¢) 0-337 x 10~ K;ss.
Ficure 21. Stationary oscillation caused by sending a plane sine wave in a rectangular lake with
friction. (@) Iso-amplitude lines. (4) Section of the diagram (). Numbers on the lines show that
these oscillations are excited at the positions shown by the same numbers on the horizontal axis.
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Ficure 22. Stationary oscillation caused by sending a sine wave to a point (shown by arrow) of the
rectangular lake with friction. Lines in the diagram are iso-amplitude lines based on relative
values. Period: (a) 143 x 106 K;s; (b) 7-156x 106 K; s; (¢) 10-0 x 10-6 K s.

7-3. Oscillation characteristics of a V-shaped bay

A network model is constructed to analyse the case of a V-shaped bay which is disturbed
by a pulse-like wave coming from the open sea and also when it is disturbed by stationary
waves. The bottom topography of the bay is shown in figure 23 (a), it will be observed that
the coast is very steep and because of the V shape, the coast line is inclined at an angle to
the general direction of the coast line in the neighbourhood. These conditions would give
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rise to a great deal of wave reflexion and this effect can be studied with this model. The
distribution of the values of depth in the bay and other associated quantities are shown in
table 2. In this model, five values of the friction coefficient F are used to correspond to
various ranges of depth. The boundary with the open sea is represented by several
equivalent impedances which have been adjusted experimentally to the right value, taking
into account the output impedance of the pulse generator. Some of the principal factors of
this model are as follows:

n=235 C = 005uF, mean depth = 57-89%, of the largest depth,
mean L = 0-28 mH, mean /(L/C) = 74, mean ,/(LC) = 37us, mean s = 0-0086.

The results are shown with relative values but they can be applied to real cases by using
equations (22), (23), and (24) as was done in §§ 7-1 and 7-2.

TABLE 2

depth inductance resistance

(%) (mH) (Q) number
100 0-158 37 5
90 0-175 37 4
85 0-186 37 1
80 0-198 40 2
70 0-225 40 2
67 0-236 45 5
65 0-243 4-5 2
63 0-250 45 2
54 0-293 50 1
45 0-351 55 1
43 0-368 55 2

FicUre 23. (a) Bottom topography of the bay used for analysis. Depth is shown by relative values,
using 100 for the deepest point. (b) Stationary oscillations excited by a sine wave of period
0-909 x 10-3 K, s. Iso-amplitude lines with relative values are shown. (¢) Stationary oscillation
excited by a wave of half the above period.

Cases where this bay is excited by a stationary sine wave of period 0:909 x 102 K; s and
its second harmonic, both coming from the open sea, are shown in figure 23 (b) and (¢).

The case where the bay is disturbed by a pulse-like wave from the open sea is shown by
iso-water-level diagrams drawn at regular time intervals 28-4 x 1076 K, s in figure 24. This
pulse-like wave has a length of about 74 x 1078 K, s and it represents the case of a single,
very steep plane wave, with a wave front parallel to the general direction of the coast line,
approaching the V-shaped bay. The same phenomena is shown by the vertical sections of the
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water-level variations along the main axis of the bay, taken at the same regular time
intervals in figure 25. A section of the topography of the bay along the main axis is also
shown in figure 25.

In the same case, the positions of the crests and troughs of the pulse-like wave in the bay,
at the same regular intervals of time, are shown in figure 26. In these diagrams, the num-
bers on the lines show the same times as those indicated in figures 24 and 25. Figure 26 (a)

| L R ——
Ficure 25. Vertical section of the bay shown in figure 23 (¢) along its main axis (top), and the

vertical sections of the water-level variations along this axis (diagrams not on same scale).
Numbers show the same times as those indicated in figure 24.

shows the positions of the crest at regular intervals when it is passing from the entrance to
the end of the bay; figure 26 (5) shows the positions of the crest when the wave is reflected
from the end to the entrance. Figures 26 (¢) and (d) show similar positions for the trough.
It should be noted that although the physical meaning of these diagrams is similar
to ordinary refraction diagrams, the diagrams obtained by the present method include the
effects of reflexion and friction as well as refraction.

Although this solution is that of a simple pulse excitation, it is possible, in general to
solve for the response to an arbitrary waveform excitation by using the method of § 6-3.
An example of the relation between ‘unit pulse’ (see § 6:3) on the boundary of the bay
with open sea and its ‘ unit responses’ on each mesh is shown in figure 27. An example of the
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F1cure 26. Positions of the crests () and (), and of the troughs (¢) and (d) of the transient oscillations
shown in figure 24. Numbers on the lines show the same times as those indicated in figures 24

o1 2 3 axiCtms

Ficure 27. ‘Unit pulse’ put on the boundary of the bay with the open sea, and its ‘unit responses’
on each mesh. The responses for the first 4 x 10-% K; s, which covers most of the wave duration,

are shown in this diagram.
42-2
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solution for the case where the bay is excited by an arbitrary waveform is shown in figure 28.
In this diagram, the response (d) on the end of the bay caused by an arbitrary excitation (c)
on the boundary of the bay is given by the superposition method using a unit pulse (¢) and
its response ().

(@) ‘unit pulse’

[N IR N U NN U T N N U O T N O O T 0}

/\ (b) ‘unit response’
(] Illlllllll[l\ll'llllj_l_l
Vg

(¢) given waveform as an excitation
[\ coming from the sea
LA LA 1l AN Ll L

(d) solution of (¢)

Ficure 28. Example of the water-level variation at the end of the bay caused by a given arbitrary
waveform excitation, obtained by applying the pulse superposition method.

7-4. Oscillation characteristics of a lake (Lough Neagh)

A two-dimensional network model of Lough Neagh, a lake in Northern Ireland, was
constructed, to investigate the oscillation characteristics of the lake, including those of the
transient oscillations caused by the sudden springing up of a wind which affects the water
surface two-dimensionally. This lake was chosen as an example for such an investigation
because such effects have been studied by means of actual observations on the lake by
Darbyshire & Darbyshire (1957).

The principal factors of the model are as follows:

n=39, Al=3km, K =2x10%, K, = 9x10"cmss! A,
K, =1x102cm V-1, C = 0-05 uF.

The arrangement of the meshes in the lake and the values of the inductances are shown in
figure 29. Although the values of the resistances of each mesh arm should be as given by
equation (24), the self resistance of each coil had to be used to represent the frictional term,
because the values of @ of the present network are rather smaller than those required.
Although this may lead to some error in the result, it is adequate to give a qualitative
description of the oscillations, and the network can even be applied to transient phenomena
if limited to a short duration of time.
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Another network having the correct @ values is being designed.

The responses on each mesh caused by a sudden displacement at a point on the lake
(A in figure 29), are shown as a time function in figure 30. This diagram can be used for
another case where the sudden displacement is made to occur on each mesh point of the
lake and the response at point A is required, by applying the reciprocity method. The use
of the pulse superposition method will enable the diagram to be used to solve problems
where an arbitrary waveform is involved.

Ficure 29. Bottom topography of a lake (Lough Neagh) and the arrangement of the meshes.
Figures on the contour lines show the depth in fathoms, (2 m), and the figures on the meshes
show the values of inductance of the mesh arms in uH. A, Toome Bridge; B, Newport Trench;
C, Ellis Cut; D, Langford Lodge.

The transient state caused by a pulse is shown by iso-water-level lines at regular time
intervals in figure 31.

Cases where the lake is excited by a stationary sine wave at point A, and also at point C
in figure 29, are shown by iso-amplitude lines and by iso-phase lines in figure 32. In all the
diagrams in figure 32, the periods of the excitation waves were adjusted to give a phase
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difference of 180° between the points A and C and this was given by a period of 1-64 h.
This value is in good agreement with that obtained by Darbyshire & Darbyshire (1957), by
Fourier analyzing the full-scale observations. Although the same technique was applied
at other points on the lake, such good agreement was not obtained with the full-scale
observations. This is because the period would be less and, as shown in figure 4, the
accuracy decreases with the period.

N\ e

ﬁ@__w: ,amm

ﬁq M(\W\N\Aﬂﬂ\f\m j\/\mﬁf\m

/ﬂﬁ\&,—w;[\/\'\ﬁw:‘[\/\m_/\f\wv

ey

ACTUAL
vobe. 2 '°°/‘5‘

Ficure 30. Responses on each mesh caused by a sudden displacement
at a point (shown by arrow) on the lake.
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16

Ficure 31 (cont.). Transient state of the water level of Lough Neagh disturbed by a pulse. Diagrams
are drawn at regular time intervals (0-1 h in actual time units), and iso-water-level lines are
shown in each diagram in relative values.

To investigate the way free oscillations are propagated in the lake, the method described
in § 6-2 and figure 13 (b)) was applied. In figure 33, a pulse is injected at all the mesh points
indicated by circles to start the free oscillations. The position of these points and the pulse
lengths were selected so that the oscillations caused would be as simple as possible. Pulse
lengths of 1 and 0-62 h (in actual time units) are used for the case shown in figure 33 ()
and (b), or (c) and (d). Lines showing the position of the crests of pulse-like waves at
regular time intervals are shown in (4) and (d), the numbers indicating the time from the
instant of injection in actual time units. It should be noted that although the positions of
crests reflected from the opposite coast can be obtained by the same procedure, these are
not shown in these diagrams. The displacement of water level caused by the same pulse are
shown in (@) and (¢).

The ‘frequency response curve’ (see § 6:5) of the lake, obtained by exciting point A, is
shown in figure 34.

In this lake, the amplitude of the seiches was found by Darbyshire & Darbyshire (1957)
to be closely related to the product of the wind speed and the rate of change of wind
direction. This phenomenon was analyzed by using the network model and the method
described in 6-4 (C) and figure 16. An example of this effect was taken, the observational

43 Vor. 251. A,
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data from 19.00 to 01.00 ¢.M.T., 16 to 17 April 1949. The wind direction and speed, and
the water-level variation at Toome Bridge (corresponding to point A in figure 29), are
shownin the top part of figure 35 (). Finiteintervalsoftime (‘timesections’) are considered,
and the mean square wind speed during each time section is computed. Pulses propor-
tional in height to this mean square wind speed, and in duration equivalent to the time

Ficure 32. Stationary oscillations excited by a sine wave at a point (shown by circule) on the lake.
(a) and (¢) Iso-amplitude lines based on relative values. (b) and (d) Iso-phase line in degrees.

interval, are injected into the network at positions chosen from seventeen meshes near the
perimeter of the lake as shown in figure 35 (b). For each time section, two groups of five
meshes at opposite sides of the lake are selected, and for successive time sections, these are
chosen in rotation round the perimeter so that the effect of variation of wind direction is
simulated. The actual response is obtained in each case by injecting a pulse at point A and
superposing the responses obtained on the two sets of five meshes. The variation in wind
direction is represented by a vector in figure 35 (b). The response on each group of meshes
is shown in (a), the numbers corresponding to the mesh numbers shown in (5). All these
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responses are superposed shifting the time axes according to the position of the time sec-
tions. Itis assumed that the downwind side of the lake gives a positive response, and the
upwind side a negative response, so that responses from meshes 1 to 8 are superposed
positively and responses from meshes 9 to 17 are inverted before superposition. The results

Ficure 33. Free oscillations of the lake caused by a pulse at a group of points (shown by circles).
(a) and (¢) Displacement of water level in relative values. (b) and (4) Lines showing the position
of the crests every 0-1 h. ‘

obtained by superposing all the responses in this manner is shown in the bottom of
figure 35 (a). This curve represents the water-level variation and is very similar to the

curve of actual observations shown in the top of figure 85 (a). It should be observed that

considering the limits set to accuracy of the present network, the agreement is satisfactory.

It is also clear that the analogue method enables a detailed study to be made of the actual
mechanism of the effect of the wind on the water surface.

43-2
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Ficure 34. ‘Frequency response curve’ (see § 6-5) of Lough Neagh, obtained by exciting a point
(shown by arrow) by a sine wave of constant amplitude and various frequencies. The sine wave
periods measured in hours are shown on the horizontal scale, and the ratios of the response
amplitudes to the exciting amplitude are shown on the vertical scale.
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water level at
point A (cm)

wind direction

wind speed

(m/s)

excitation
vectors
on model

superposed
response

curve
obtained by
summation
of all the
above /\‘ =
response
curves

9 20 21 22 23 24 1
time (G.M.T.)

(a) (%)

FIGURE 35 (a). Analysis and comparison of the transient state of the seiches caused by the variation
of wind speed and direction in a lake (Lough Neagh) and its electric network model.

Ficure 35(b) . Vectors representing the wind stress, and points of the meshes of the network model

used for the analysis shown in figure 35(a). The numbers on them correspond to those in
figure 35 (a).
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8. CONCLUSIONS
The closeness of the results obtained by the electronic analogue method with those
obtained on full scale shows that it is a very powerful tool in investigating long-wave
phenomena. The success gained by the relatively simple model encourages the construction
of more complicated models, (@) with a larger number of meshes, (4) taking into account
the earth’s rotation, and (¢) using very high @ coils which can represent phenomena with
a small loss of energy.

This study was started by the author in 1949 (Ishiguro 1950) at the Nagasaki Marine
Observatory, Nagasaki, and is being carried on at present at the British National Institute
of Oceanography, with financial support from U.N.E.S.C.O. and also the Scripps Institu-
tion of Oceanography, La Jolla, through the Japanese Organization for Tsunami Investi-
gations, Tokyo.
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FIGURE 8. Example of a 30-mesh network.
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JIGURE 10, Example of an arbitrary waveform generator
for a low-frequency range.

(lFacing p. 511)
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