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Introduction.

After the occurrence of the tunami on the Sanriku Coast of Nippon
on March 8, 1933, the writers made a field investigation of the water
heights attained along a part of the devastated coast of the Sanriku,
and arrived at the conclusion that one of the most potent factors on
the water height distribution are the geographical features along the
coast, and the main object of the present paper is to discuss the cf-
fects of the topography and the configuration of the sea bottom on the
propagation of the tunami waves.

Iror the purpose of obtaining by model experiment the wave height,
the velocity of the tunami wave, the velocity of the water particle in
a bay, and phenomena connected with the inundating tunami wave,
the following facts must be known, namely, the height and form of the
tunami at the mouth of the bay and vicinity. Of course the shape of
the model of the bay must be similar to that of the actual bay to be
studied. '

Now the tide records, which were obtained on the day of the
tunami at several tide gauge stations along the Sanriku Coast, show
that the periodic motions of water, with periods 5 and 10 minutes pre-
dominating are caused in the bays by the tunami. Of course a bay is
an oscillating system, thercfore the periods obtained from the tide re-
cords are not neccessarily those of the tunami waves propagated from
the origin. Now since the mean depths of the water at the tide gauge
stations are only a few meters, the apparent wave length of the waves
which cause these predominating periods are generally a few kilo-
meters. We do not know, however, whether the waves thus determined
from mareogram data are of the progressive type or whether they are
stationary.



16]  Exzperimental Study on the Propagation of Tunami Waves. 233

It may be somewhat bold to assume that the tunami waves pro-
pagated from the origin have periods the same as that shown by
mareogram data. If this assumption is within reason, then the ap-
parent wave length of the tunami wave at the mouth of a bay may
be a few kilometers, about the length of the bay measured from it's
mouth to head. From the results of field investigations and also from
the reports of eyewitness of this tunami, the wave height of the present
tunami at the mouth of a bay along the Sanriku Coast was a few
meters. From these considerations we may say that the slope of the
surface of the present tunami wave was about one in a few hundreds
at the mouth of the bay in question.

As just stated, the propagated tunami wave may ‘be an oscillatory
wave of great wave length compared with the depth of the bay, so that
the widely separated elevations (of the waves) are practically independ-
ent of one another, and therefore it may be reasonable and simple to
assume that each elevation corresponds to a solitary wave. The total
effects of the tunami waves on the coast, therefore, are obtained by the
superposition of each effect of the solitary wave thus defined.

To study the propagation of the solitary wave thus defined for the
purpose of investigating the present large scale tunami wave by tank
model experiments on a small scale, we must bear in mind the law of
similitude as follows:

We must, first of all, introduce a viscosity term in the = equation.
For example, if we wish to know the actual velocity of the flow of
water in a bay of the Sanriku Coast owing to the tunami, we obtain
the equation

" ; :
Vgh¢< hy by PVghq/') o

where

v =velocity of flow of water,
no=wave height at the mouth of the bay to be studied,
h =water depth in the bay,
! =linear dimension,
g =acceleration due to gravity,
ho=water depth at the mouth of the bay,
p# =viscosity,
p =density,
. ¢ =unknown function.
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If the following relations are satisfied,
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we obtain
V=0 h_",, e (8)
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where the quantities with accented notations are those of the actual
waves, bays, etc. Since in the present experiments, a tank a few meters
in size, and a long wave about 2 meters in length, are used, we neglect
the viscosity term ou the assumption that viscosity has no marked
effect upon the velocity of flow of water, hence use water as the liquid
for the model experiment. Therefore if we adjust L, 7, ! to satisfy (2)",
(2)"”, we obtain the actual velocity of flow of water using the expression
3).

The present report” is only preliminary to the following subjects
for future research.

1. On the propagation of long waves in a bay of variable section.

2. On the study of phenomena connected with the inundating
tunami wave.

3. On the occurrence of seiches in a bay due to excitation of the
propagated wave.

4. On model experiments in connection with wave propagalion
and the inundation of the Sanriku Coast.

Experimental Equipment.

The wooden water-tank used in the present experiment measured
640°™ x 152" x 60°™,

One of the side walls of the tank consists of two panes of glass
G4, G4 as shown in Fig. 1. A photographic camera ¢ is used for taking
the wave phenomenon.

To generate a solitary wave of long wave type, the wooden plate
A, which is hinged to the bottom surface of the water tank, is moved
from one side to the other by hand at suitable speeds and displace-

1) The model of a bay referred to in the present report consists of geometrical
planes as a first approximation to the form of an actual bay. We then obtained the
experimental formula for the case of a solitary wave of which the apparent length is
equal to the length of the model bay being propagated in the model bay. Of course
7/he are varied to satisfy the relation (2)"’. :
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ments. The displacements and the speed are recorded on the drum®d
rotating with constant speed.

To vary the effective depth of water, the bottom of the tank is
composed of double floors as shown in the figure the upper one B is
made movable vertically ; and is situated far from the plate 4.
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Fig. 1.

. When the water in the tank rises owing to the movement of plate
4, trolley €, on which are an Ica standard camera ¢ and a 1[16 D. C
motor m to drive it, runs parallel with the propagation of waves on
the smooth trolley rails placed 2 meters distant from the tank. The
wave phenomena in the tank are then photographed by the camera. In
the present experiment the camera is adjusted to take 24 pictures per
second.

The wave height and the apparent wave length of the generated
wave in the tank varies according to the driving speed of plate 4 and
the amount of it’s displacement, respectively. It will be explained in
the next section that the wave thus generated is a long wave of solitary

type. -



236 G. Nrspinvra and T. Tagavaua. [16

Now the water contained between the two panes of glass G, G- is
virtually insulted from the main body of the water in the tank, the
surface of this water remaining horizontal even though a wave is pro-
pagated in the main water. Photographing this water surface and the
wave form in the film at the same time, we are able to read oft the
wave height and the other vertical movements of the water when a
wave is propagated.

For measuring the horizontal movements of particles we paste long
strips of dark paper on the surface of glass plate G:, spaced equally
apart as measured beforehand. Since these papers also go into the
photograph, it is possible to measure the length of the horizontal
movements of the water, ete.

With this arrangement we are ready to measure the time, and the
length both horizontal and vertical.

L A Bay of Rectangular Section of Uniform Depth.

In the ordinary wave equation of water, we neglect terms relating

to the quantitics of high order, such as uz—“, where w is the horizontal
velocity, but not if the wave height® becomes so large as to be com-
parable with the water depth, in which case the expression for wave
velocity becomes more or less complicated. Airy, Riemann, and others®
obtained theoretically the wave velocity expression for a long wave, and
Scott Russell” obtained experimentally the velocity expression Yg(7,+7)
for solitary wave. In the above expression & and # arc the depths of
the water and the wave height respectively, and g the acceleration due
to gravity. .
1. Wave Form and Wave Velocity.
~ The following two water depths were considered in the experiment.

h=12" =20"".
The wave generated in the tank is a solitary wave, and it’s form is
shown in Fig. 8, in which the wave form assumed at zero second has

the same form as when 5=20"", =8
The time-distance curves for maximum wave height I/ and that of

2) When the tunami approaches the coast, it’s wave height becomes comparable
with the water depth, so that the ordinary velocity expression of long wave gl be-
cames inapplicable.

3) See Lamb’s Hydrodynamics, 6th edition, p. 260.

4) Scott Russell, Brit. Ass. Rep., 1844.
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wave front F are shown in the following figures. (Fig. 2, 3, 4).

In these figures, the abscissa is the time in which the unite is
1/24 seconds, while the ordinate corresponds to the displacement of the
maximum height, front or tail of the wave, respectively. Using these
curves, 1/, we obtained the wave velocities shown in Fig. 5.
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Fig. 2. h=20°", p=8™. M} : maximum wave height, I': wave front,
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Fig. 3. h=12m, y=6dem,
M: maximum wave height,
a, b: surface particles.
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Fig. 4. h=12" 5=2-4m_  Jf: max. wave height.
a, b, ¢, d: surface particle.

In this figure the abscissa is the value of 5[k, namely, the ratio of
the maximum height of the waves to the depth of water, while the
ordinate corresponds to the ratio of the wave velocity v to Vgr, where

g is the acceleration due to gravity. Irom this figure we see that the
wave velocity increases with the wave height %, and we obtain .the fol-
lowing wave vclocity expregsion.

v=vg—h]/1+_g_%.................._.(4)

The curve 4 shown in Fig. 5 is the value of l/1+_g’_ ]l, and this
b
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v and V are the velocity of travel of maximum wave height, and
the maximum horizontal velocity of surface particle respectively.

expression (4) is fairly accordant with the experimental value as shown,
for example, in the following table.

Table 1.
L 7 y/h Expe:,rrni;ﬁgntal Calcu}z’;ed by
o0em | gem | 040 176M/ o 1776M/see
20 4 020
12 64 0533 1416 1455
12 32 0266 1272 1282
12 24 020 1228 1235

2. Motion of the Water Particle.

To see the motion of water particle in the propagated wave, a drop
of a liquid” whose density is equal to water is added to the water.
This liquid particle is then suspended at a certain position in the
water. A number of midget electric lamp that float on the surface of
the water are connected to the city line by BS.#42 wire. 'When the wave

5) In the present study, we mixed machine oil and white colouring matter to the
density of water. Of course the cohesion of this mixed liquid is larger than the ad-
hesion with water. )
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is propagated, two particles, one of which
is suspended in the water and the other
floating on the surface of the water,
move.  These movements are photo-
graphed as shown in Fig. 6.

Irom this figures we can see thal
cach of these particles, «, b and ' far
from the vertical wall supposed to be the
head of the bay desecribes an are, and the
maximum height of the arc described by
the surface particle b is equal to the
wave height while that of the oil, ¥/
suspended in water is smaller than that
of the surface particle b (or «). Since the
horizontal displacements of the two par-
ticles are almost equal, we can say that
the solitary wave generated in the tank
is a long wave of which the apparent
length is longer than the water depth.

The surface particle ¢ near the ver-
tical wall of the “bay” partakes of a
somewhat different motion from that of
particle b, that of ¢ being caused by
the wave reflected at the wall.

Necdless to say, the floating lamps
strictly speaking do not portray the mo-
tion of a water particle on the surface.
For that purpose a drop of a mixture of
oil and a colouring matter is better than
"the midget electric lamp. However, to
simplify matters we used these lamps to
study the motion of the surface particle
of water throughout the course of this
experiment.

Hereinafter, we shall use the words
“water particle” on the surface of water
and the electric midget lamp in the same
sense. '

Some of the time displacement curves
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for the horizontal motion of the surface particles are shown in Fig. 2,
3, 4. :
Now by the theory of infinitesimal wave motion, the horizontal total
displacement U of the surface particle is expressed by

Uz%yn—h e (B)
for the long wave of soli- 25 i
tary type. When we take ,
7 as abscissa and 2. as /
h I R0

ordinate, we obtain Figure

7, in_ which the curve ) /

il/l ~is  also shown. ' '
V3/ h :
When —7— becomes large

b -0 ~
the expression (5) becomes ) :
inapplicable. '

8. Horizontal Maxi-
mum Velocity of the Sur-
Sace Particle. )

According  to t.he 0 02 07 08 03 70
theory of hydrodynamics
the maximum horizontal

velocity V of a water par-
ticle when the wave motion is infinitesimal, is expressed by

V:%w/g‘h. e (8)

s
<
[

=¢

}h_A

Fig, 7.

‘When —;7— becomes somewhat large, expression (6) becomes unsatis-
3 .

factory, because velocity of the particle is related to the wave velocity,

which is affected by the value of —7— when ;—’ becomes large.
[} (2

T. Matuzawa® recently obtained fheoretically the following expression
for the maximum horizontal velocity of a particle :

V:QV;E{I/@A}. @

Comparing (7) with (6) we find that by Matuzawa’s formula, we get a

6) T. Matuzawa, Disin 5 (1933).
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7 .
smaller value when ]—7 is large.
b

The time displacement curves for the surface particles in Fig. 2,
8, 4 show that the maximum horizontal velocity of a surface particle

” - .
becomes large when 2 or —]’— becomes large. The experimental values
12

of horizontal velocities of the surface particles are shown in Fig. 5, in
which the abscissa corresponds to the value of VTVf and the ordinate to
. ‘(} v

that of L.
h

Now the following expression of %, which is shown as B in Fig.
gh

5, is fairly satisfactory for treating experimental results.”

I/T _i ] 3 7
V‘c}ﬁ*hVH?—h_' P ¢

If we agsume the maximum velocity of the horizontal motion of
the surface particle of water as being actually expressed by the expres-
sion (8), then v becomes equal to V" when #=F ; that is, the horizontal
velocity of the water particle and the maximum wave velocity both
become 1-66ygl when the wave height becomes equal to the depth of
bay. Therefore if »=h, a solitary wave cannot be propagated in the
usual way and the wave breaks. That is to say, such waves as in which
the wave height is exceeds the water depth cannot be propagated in a
rectangular bay of uniform depth. We might state that the present
theory of wave break is based on the assumption that the particle velo-
city V" expressed by (8) accords with the experimental results for any

value of L.
h

4. Water Height and the Motion of the Surface Particle of Water
near the Vertical Wall representing the Head of Bay.

The elementary theory of infinitesimal motion of water shows that
when the wave reaches a vertical wall, the water height on the vertical
wall becomes twice the wave height of the propagated wave. In the
present experiment also, the water height along the vertical wall is twice
the wave height of the long wave propagated in the bay in the case of a

moderate value for ]l, whereas when Iibecomes large, the water height
) [ .

7) The horizontal velocity of the particle near the vertical wall representing the
head of the bay becomes small, owing probably to the effect of the wave reflected at
the vertical wall. For this reason they were not used in obtaining the experimental
results plotted in Fig. 5. ' )
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on the wall becomes more than twice the wave height of the propagated
wave. This is shown in Table II in which the magnitudes of the water
height » at the wall and also the ratio of the water height at the wall
to wave height 7, of the

propagated wave in the bay B )
are given. R e

The propagation of the —’“”/_\o\ 0125
wave form in the bay and e
the variation of the wave form . 020
at the vertical wall and also | ____—"""" s
the generation of the reflected |f———""_"
wave at the vertical wall, T 0500

: ”,‘o—-\
representing the head of the
0625

bay are shown in detail in
Fig: 9 for the case of h=20", T~ rso

=8, | ; \\
‘When the wave is pro- e 0875
pagated near the vertical wall ;
. \—0\0\
and .approaches the vertical - ; o
—_
wall which represents the [ ~" " as

head of the bay, the wave | "o

height becomes more or less e 1250
larger than the wave height _a/“—
of that wave far from the e —— 1375
vertical wall as the result of —
the reflection of the wave ’;’///’:_\0\ 1o
by the wall, so that the wave . ——
velocity for the travel of the
maximum height becomes | e
larger than when the wave . —
is propagated from a region 1675
remote from the vertical wall. —
This fact can be secen from =200
Fig. 2. (curve M.)

The fact that the water
particle on the vertical wall 7 ______{| - \
has neither horizontal dis- 4~~~ ||~~~ 11 " "% " [
placement nor horizontal 777 ’ l 74

velocity is shown by the Fig. 8. 1=20", n=8m,
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Table II.
o WA
A Y 7 o ”
12 em ' 24 cm 4-gem 02 2:00
12 32 64 0267 2:00
12 62 182 0517 213

_elementary theory of infinitesimal wave motion. Irom the present ex-
periment, this fact is shown in Fig. 2, 8,4, in which the total hori-
zontal displacement and the horizontal maximum velocity of the surface
particle near the vertical wall becomes smaller than those remote from
the vertical wall.

In Fig. 2, the total displacement of the surface particle b near the
vertical wall is smaller than that of the surface particle ¢ far from the
wall, while at the same time the maximum velocity of particle b is
smaller that of particle a.

II. A Triangular Bay of Uniform Depth and with a Vertical Wall.
The dimensions of the bay and the propagated wave are given in the
following table. In this table, 2, is the length of the cquilateral
triangular bay from the head to the mouth, b the width of the mouth
at =g, I the water depth uniformly distributed in the bay, and 7, is
the wave height at the mouth of the bay.

Table III.

o bu h o 20
3568 m 12 em S-gcem 27°
?” k2] E2d 5.6 ”
2344 m . ” 28 40°
3> k2 »” 3'6 9
: » 72 // ~Wh
3 » ”» / / / / 72
b ” ” G.S Ei .
Fig 9.

The following TFigures 10, 11, 12, 13, 14, 15 give the experimental
results, such ag the time displacement curve for the maximum height of
the propagated long wave M, and that of the front of this wave F, and
also those of the surface particle. These figures also give the heights
of the waves [ in the bay along the center line =z, as shown in
Fig. 9.

&
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Using these figures we shall study the wave height, wave velocity

and the velocity of surface particle as follows.
1. Wave Form and Wave Height.

From the standpoint of the continuity of flow of water in wave
phenomenon, we are able to conceive that the wave height in the bay
becomes greater when a wave is propagated in a triangular bay, and that
the slope of the wave becomes steeper in the bay. Fig. 16 and Tig. 17
show the variation in the wave form in a bay when solitary wave, whose
initial wave height 7, is 6:4 cm, is propagated in a bay of this form.

It was shown in the preceding section that in a rectangular bay
of uniform depth, the wave form breaks when its height exceeds the
water depth. While in a triangular bay of uniform depth, the wave
form varies as the wave is propagated, and the wave form does not break
even if the wave height becomes greater than the depth. From the wave
height in the bay shown in Figs. 10, 11, 12, 13, 14, 15 we obtain the

following Tigs. 18, 19 in which the abscissa corresponds to 2 and the
Lo

ordinate shows the ratio of the wave height » at =2 to that at the
mouth of the bay 7, the angle 26 being respectively equal to 27°, 40°.
. The theory of infinitesimal wave motion of water shows the fol-
lowing relation of the wave height in a triangular bay of uniform
depth :

B 9)®
o T

This expression is also shown in Fig. 18 and Fig. 19. It will be seen
that the experimental results are approximately accordant with the
theoretical result, whence we conclude that the expression (9) is applicable
even if the angle 28 should become as large as 40°.

2. Wave Velocity.

Since, as already explained, when a wave is propagated in a trian-
gular bay of uniform depth, the wave height gradually approximates the
expression (9), we can conceive that the wave velocity of the travel of
maximum wave height becomes gradually large in this bay.

From the time displacement curve for the maximum height of the
propagated wave, we obtain the velocity v of propagation of the maximum
height of the wave.

8) We assume, of course, that 20 theoretically is small in order to enable equation
(9) to be reduced. Recently Arakawa obtained a generalized treatment of Green’s theorem
on long wave. We shall deal with Arakawa’s theorem on another occasion.
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The velocity v thus obtained are fairly accordant with the expres-
sion (4) obtained in Section 2, namely,

is applicable even if the value of 1 exceeds 1°6.
12

If we assume that the wave height in the triangular bay is fairly
expressed by (9), wave velocity for the travel of maximum height is

expressed by
wegh)/ fr 22 ),

]/?1/:—2?,’—7} N 6 (1))
1432 7

where 2, is the velocity at

the mouth of the bay. The or G

curves a, ¢, ¢, f and ¢ in E%s&;%

Fig. 20 are calculated from ;¢ ==
the expression (10). The J

parameter of the curves in
the figure is the value of TO5
o The curves I and (!

h %
in this figure are the ex-

perimental results for the

cases of %:O'& 05 res-

o Fg 20. C: =05, a: 2=08, f: *=0242
pectively.  We see that the S A >
expression §10) is fairly T ga o Dog
accordant with the experi-
mental results.

8. The Motion of the Surface Particle.

From TFigs. 10, 11, 12, 13, 14, 15, in which the time displacement
curves for the surface particles are shown for the respective wave heights
at the mouth, we find that the total horizontal - displacements and the
maximum horizontal velocities of the surface particles near the head
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of the triangular bay are larger than those of the surface particles
remote from the head of the bay.

For example, the total 20
displacements in the bay
are shown in Fig. 21,
where the abscissa corres-

onds to the value of £, , ;
p Lo B B \
the ordinate being the ratio 10 ‘

of the total displacement
U of the surface particle
in the bay to that U, at
mouth. The parameter of
these curves corresponds

15

05

—

N

to the value of 22, 0 0% o4 06 T 08 0
) P
Now if we adopt the . ny ”,
expression (8) as the maxi- Fig. 21z 1=05, B =03; 20=27,
mum horizontal velocity h=12e7, @, =356:8.
of the surface particle in the triangular bay, we obtain the following

expression for the maximum horizontal velocity of surface particle in

this bay: '
V:vﬁ@;)?l/ %V {%JFS;’_V %}, ............ 1

and assuming the maximum horizontal velocity of the surface particle
at the mouth of the bay to be V5, we obtain

z / h 31/ ZJ}
folf [ 420/ %
K___l/a,l {r)o 21
T
7 2
which is also shown in Iig. 22. The value of the paramcter of all the
P

..(12)

curves in this figure is From these curves we see that the horizontal

[2
velocity of the surface particle in the bay increases with the value of %
[2

The horizontal velocity of the surface particle near the head of a bay
is obviously larger than that of the surface particle remote from the head
of that bay. On plotting the experimental results, we can see that they
are not accordant with the curve expressed by (12).
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This fact may seem 30
strange, but it is under-
standable if we remember

that the velocity expres- 25
sion (12) is derived from @
the velocity expression (8) . b

which is applicable to a =0
rectangular bay of uniform ¢
depth, and also thatthe 5 d

maximum horizotal veloci-

ty of the surface particle
greatly differs from that of a 10
rectangular bay of uniform

depth and that velocity in
triangular bay is much 05
affected by the presence T

of vertical side walls. }V
Tigs. 14, 15, 11, in 0 0R 04 06 08 10

which the wave heights - %
in the bay are given, 7 _

Fig. 22. a: “~=0'80, c¢: “-=030,
show that even though the : o o
wave height may exceed b: 7—?:0'528, d:"]—°=0-10.

12 {2

the water depth of the

bay, the wave form of the propagated wave does not break, and that
the maximum horizontal velocity of the surface particle is smaller than
the velocity of travel of maximum height of the propagated wave in the
bay, even were the wave height » to exceed the depth of the water, and

as well as when eventually the value of 22 becomes about 1'7. The two
b
velocities above discussed become equal when —]17:::1'7. This fact shows

that the maximum horizontal velocity of the surface particle in a trian-
gular bay of uniform depth is smaller than that of the surface particle
in a rectangular bay of uniform depth.

Now, plotting the value of Vl—l as ordinate and that of ]i as ab-
gh b .
scissa, we obtain the curves C, D, E and F in Fig. 23. The values of

parameter o of these curves are 0-528, 0-50, 0-30 and 0-242 respectively.

13
Curve B is the velocity curve corresponding to the surface particle in
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R0 I ‘,
5 AT P |
~
101 =
B ,ﬁ/ D
AL
105 =
] Zo— | E
7 /F/(
Ton , :
0 02 04 06 08 10 2 14 16 8 20
}h —
. v L. 3y V 9./ .3y
23. (=2 /1337 == =20
Fig. A=gVitgp B T l/1+2 i
C: 1/—“=0528, D: 71°—=0~50, E: o 30, I T _pog2.
T 0 (1 ( »

a rectangular bay of uniform depth, while curve A is the expression for
velocity of travel of maximum wave height in the bay. Irom this
figure we see that the maximum horizontal velocity of the surface particle
at the mouth of the bay is fairly expressed by curve B, namcly by the
expression (8). " All the curves C, D, i and F show that the maximum
horizontal velocity of the surface particle increases in the bay, but that

the rate of this increase in the bay is smaller than that of curve B. Curves

A and D show that when %';1'7, the velocity of travel of maximum
12

wave height in the bay becomes equal to the maximwmn horizontal velocity
of the surface particle in the triangular bay, namely v and V both
become 1:8yyh. It is in this way that the form of the propagated wave
in the bay breaks. As we have discussed in Section 8, however, when
v and V both become 1'6Yy/ in the rectangular bay, the form of the
propagated wave breaks. We can see from this that the wave velocity
in a triangular bay of uniform depth can become 0-2Y¢7, higher than
he wave velocity in a rectangular bay of uniform depth.

When the breadth at the mouth b, and the depth . are constant,
the wave height in a triangular bay of uniform depth is expressed by

£=I/tfm9z. e 13)
7 tan 6,

which shows that as the length of the bay ! becomes longer, the wave
height in the bay becomes greater.

-
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16]
When the depth % and the length of the two side walls [ are constant,

ﬁ=l/00s91, e ..(14)
72 00802

showing also that when the angle 6 is smaller, the wave height in the
bay becemes greater. The above expressions (13), (14) are obtained of
course from the theory of infinitesimal wave motion of the water, and
7, is the wave height in a bay, the angle of whose sides is 6;, and 7:

corresponds to that when the angle is €.

The following two Figures show the maximum height of the water
at the head of the triangular bay, the angle of whose sides varies from
7° to 72° and the length of the side wall is constant.

/

v/

4:0
/A\
30
. 30 . A
/ B
T . ]‘ 20 CD .
ST 2 7z
+ / "o 7 /F/
1O =
‘,Il, /Cﬁ\\ B .
ot | 3
1/ H
90 A
g — 4H
Mg . Yo o Fig. 25. A : 6=25°, B: 0=13°,
A =0459, DB: h—0383, , C: 0=3¢°. D: 0=
E: =53, I': =72

Tk
c: 2=oag2,

h

These figures show that there is an angle of a triangular bay of
uniform depth which should give the maximum height of the water at

the head of the bay. That angle in this case is about 45°.
In studying the height of the wave in a triangluar bay we shall

also study the maximum height of the water at the head of a trapezoi-

dal bay of uniform depth.
When the breadth at the mouth of trapezoidal bay of uniform depth
is constant, the maximum water height at the head of that bay is
To obtain these figures, the angle

given in the following two figures.
between the two sides of the vertical wall is constant and equal to 40°.
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From these figures we can see that the greater the length of the

bay from the head to the mouth, the greater the water height at the
head of the bay.
/ 500
\\

50}
40 \
OP—%
A/ V2 RS R

/ T ' B\\
10 A } \\
= . " 1o ¢ ~. |
\'\
St —
0 085 ) 05 |
S 0 0z 04 06 08 10
Fig. 26. A: L =0, D: L =0621, Fig. o7 .1: R_0458, C: L=0333,
X0 o h h
B: L0154, I:Z=0804 B: L0418, D:=0208.
X x h h
fos
c: =032

To
III. A Bay Whose Depth Varies Uniformly as the Distance from
the Head to the Mouth, the Breadth being Uniform, the Bay havingra
YVertical Wall At its Head.

We shall study the wave motion in a bay in which the water depth
increases linearly from zero to ho as the distance increases from the
vertical wall =0 supposed to be the head of the present bay to the
mouth z,. See Fig. 28. '

The following Table shows the dimensions of the bays used in the
present experiment. '

Table IV.
4 .
ho ) Z
5 >

20 cm 75° e R he

12 50° 4 7

20 , 3:0° _ .

12 2:0° Flg 28.
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The time displacement curves for the maximum heights, those for
the front of the propagated wave, and the variation of wave height in
the bay, and also the time displacement curves for the surface particles
of the water in the bay, are shown in Figs. 29, 30, 31, 32.
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1. Wave Height and Wave Form in the Bay.

We have already discussed in Section I the case in which angle 6.is
equal to 90°. When angle 6 becomes smaller than 90°, the wave in
* the bay breaks and curls over and the form of the wave form collapses
when the height » and the depth L bears a certain relation to each
other.

(1) 0=T75° he=20"".

In the foregoing case, it is not possible to witness such phenome-
non as the breaking or curling of the wave form of the propagated
wave in a bay even though the magnitude of 7, becomes as large as
8™. Of course when 7, is smaller than 8", there is no phenomenon of
the curling of the wave. Fig. 33 shows the variation in the forms
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of wave propagated in a o
bay whose angle 6 is 7-5° : ol
The magnitudes of 7, is : ’ o2
7-2°",

As the wave is propa- , ”
gated in the bay, the ve- : : /‘:0-4
locity of the propagation .,
of the wave front becomes ’~/”j:_/§
small, while the velocity of "
travel of the maximum j 07
wave height becomes a —— o8
little larger than that at the —”’/,f\ :
mouth of the bay. Con- e ”
sequently the slope of the _:‘f:f_\m\‘: —osi0
front part of the wave e T "
form becomes steep, while _——;//;;\ ,
that of the rear part be- | =" "
comes ~gently inclining. fm i
Finally, even if, the ratio D . "
of 7 to L becomes 4 as Q -
shown in Fig. 83, the wave |/ ———=—— ”
does not break in reaching t ! - 1
the vertical wall. The R '

) . \o\
height of the propagated &._\
wave is almost constant in —

the bay and shows a little |~ """ — "
increase when the wave ‘t 20
approaches the vertical ~ .
wall representing the head F——-— —

as shown in this figure —— — *
and in Fig. 29. When the [——— — 2
wave reaches the vertical _ 2

wall, the water height on [~ ——
that wall becomes two or j— '
three times the initial

wave height 7, and the \
wave reflected at that wall

7 Mt
begins to be propagated. //{///// A2

The wave form varies as  Fig. 83. 6=75° 1,=152:8, 7,="T7"2™, fo=20°".

25

SN

sy

T, ” Az
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this wave recedes from the head as shown in the Figure. The wave
height II’ of the reflected wave are also shown in Fig. 29. H’, which
is higher than H near the head, gradually becomes smaller than H
. remote from the head.

Fig. 34 shows the variation of the wave height in the bay. From

this igure we can sce that the larger the value of %79, the larger be-
0 .
comes the value of L.
70

15

Studying curve, F, \\a
which shows the time dis- P D
placement curve of the 1o ¢
wave front in Fig. 29, we
find that when the water
depth becomes shallow in T
the bay, the velocity of the 7
wave front beeon'les small. 4 ; o7 57 G - o
Curve M, which cor- x
responds to the time dis- T
place.ment curve of the Fig. 34, a: 192016, b: Mo _g85 e
maximum height of the to ho
propagated wave, shows that when the depth becomes shallow in the
bay, the velocity of the maximum height becomes large. The velocity
of the maximum height of the wave is accordant with the expression
(4.

(2) 6=3° hy=20".

In the foregoing case, the wave in the bay breaks and the crest
curls when the wave height and the depth become approximately equal.
The variation of the wave form in the bay is shown in Fig. 85. The
wave velocity v in this case decreases when the wave is propagated in
the bay. Both the maximum horizontal velocity of the surface particle
and the total displacement of that particle in the bay also increase in
this case.

X _

=037.
o 7

In the following Fig. 36” the values of - corresponding to - are

7)o Zo
shown in the respective cases of T _0.16, 0-36, 0-115 and 0-10. We

to

9) Tig. 37 shows the values of 7/, when 6=25° J,,=1%cm,
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can sce that, before the
wave breaks and curls
over, the value of 7 in

7o
the bay becomes maxi-

mum when ’1 becomes
v

equal to a certain value.
Before the curling of
the wave, the value of i/

Mo
suddenly increases, and

the space derivative of
-7 changes its sign when

t7}710e wave breaks.
(8) 0=2° ho=12"".
Figs. 30,31 and 32
show the time displace-
ment curves of the
maximum height, that
of the wave front, and
also that of the surface
particle. In these figures
are represented also the
variations of the maxi-
mum height of the pro-
pagated wave in the bay.
a) Wave Height.
Using the wave
height in the bay shown
in Figs. 30, 81 and 32, we
obtain Fig. 88 in which
the ordinate shows the

values of -~ corresponding to the respective values of o,

265
20
B N
C A
TO'5
7
0 02 0-4 06 0-8 70
% —
Fig. 36. 0=25°, ho=20°™, g, =400,
A: g6, B: P=03s
g ho
c: L0115, D: L=010.
ho ho
15
—~
b
T0-5
x5 |
) 0R 04 06 08 70
N :
.

Fig. 87. 6=5° hy=120m, 7,=160°".

a: T334, b =057,
Iy Ny

1

7)o 0
in (2), the value of -2 is smaller, the larger the value of L.

As discussed

. L0 7]0
When the value of = becomes maximum and begins to decrease,

70
the wave breaks and curls over. Therefore a sudden increase in 2 be-

o
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fore it decreases, precedes the break of a wave. When -1 assumes its

o
maximum value, —;7— becomes nearly equal to 1. That is to say, when
3 ,

%:1, approximately, the wave begins to break.

The position of the maximum value of -, namely the part of the
7o
wave where it breaks, varies with the value of -,

lo
Now the ratio of the wave height » to that at the mouth , is
given by the following expression

ﬂ_zi/i .................... (15)
o2

which is derived from the theory of infinitesimal wave motion.
Plotting the value of

R0
2 expressed by (15), we
o%)tain the curve ex-
pressed by « in Fig. 88,
which is approximately
accordant with the ex- 10
perimental values, which /
are smaller than those
corresponding to the oc- 0-
currence of the break of T
the wave in the bay, L
especially when the value ¢ 0 02 04 06 08 70

of I is small. These % —
Lo °

results show that when Fig. 38. =20, 1, =12, 2,=4056°",
angle 6 becomes as small A: T2g30; B: Dooess: ©: Lcgesr

o- Mo . . h ’ T ’ ho ’
as 2°) and when T is a—T/F"
also comparatively somall, &
the expression (15) is applicable in giving the height of the wave be-
fore it breaks in the bay.

b) Wave Velocity.

From curves M and F shown in Figs. 80, 31 and 32, we see that
the wave velocity of the maximum height and that of the wave front
gradually diminishes in the bay before the wave breaks. Morcover,
the rate of decrease in velocity. of the front is greater than that of the
maximum height of the wave.
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Obtaining the wave velocity of the maximum height of the propa-
gated wave for every part of the bay, we see that the value obtained
from the velocity expression

v 3 n
—=1/14+=
Vgh l/ HEY
is also accordant with the result from experiment.
We now know that the wave height in the bay before the wave

breaks and curls over is expressed by (12), whence we obtain the fol-
lowing expressions for the velocity in the bay.

EREN
v= Vhl/— : ')’..................16
ghe 2 ho ( )
and EEE —_—
o 2hf& (17)
3% ..............
14+—
l/ 2}!0

where v, is the wave velo-
city at the mouth of the
bay. Curves a, b, ¢ and
d in Tig. 89 are the cal- g A

culated values of 2 when |
’vo ’Cﬂé/
M _1-0, 0-84, 0-30 and 0

15

r(:spectively. Fig. 39 shows
that the wave velocity }V
decreases in the bay and 0 0R 04 06 08 10
that the rate of decrease of % —

the velocity in the bay is °

Fig 39, a: 22=100, b: 22 =0634, c: =030,

large when the value of /i) o I o
. o
is small. a: Lo, 4:T_030, B: A—0 634.
/Io ho 0

Plotting the experi-
mental results 4, B in Fig. 39, we can seen that the expression (17) is
applicable in obtaining the value of a velocity that is smaller than that

corresponding to the maximum value of z,
7o
(8) Particle Velocity.

The horizontal time displacement curves of the surface particles in
Fig. 80, 31, 32 show that when the depth of the water in the bay be-
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comes small, the maximum horizontal velocity of the surface particle
becomes large.

If we assume that the maximum velocity of the surface particle in
the bay is also expressed by (8), we obtain the following expression.

P:V%Z—:{V%}?V{M—g’—%ﬂ/%) e L.(18)
v 2V 320/2)]

Vo V;Féﬂ ’
2 ho

tllerefore

e 19)

where V, is the maximum

horizontal velocity of the . —i "

surface particle at the

mouth of the bay. 30 B B
In Fig. 40, the calcu- ;

lated results of Z as ex-
25 _ : »

0
pressed by (19) are shown
for the cases when 2 =0,

o
030, 0634 and 1-0. From <0
these results we can see é
that the particle velocity

increases in the bay and \ ]
that the value of -II; in-

0
creases with the wvalue

of % Plotting the ex- %
0 s
perimental result for the

case when —@=0'634, we
lo
obtain curve 4, which how- 0 02 04 Y

ever is not in good accord

with the calculated curve b.
This shows that the  pig 40 4: %0634 a: 2=100 b: =063t

expression (8) for the maxi- 7’“’ /h“ ho

mun horizontal velocity of c: hLZ =030 d: ﬁ =0

the surface particle is not

038 10
*—
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applicable to the kind of bay now under consideration.

Plotting the values for —K, we obtain the following curves, (C, D,

Vgh
E, F, (), the values of the pa{}rameter % of which are 0667, 0-634, 0-38,
0383 and 016 respectively. (Fig. 41).

The velocity » of the maximum height of the wave in a bay of form
now being considered, as well as the maximum horizontal velocity V of
the surface particle in a bay of rectangular form and of uniform depth,
are shown in Fig. 41."” From this figure, as in the case of the trian-

gular bay, we can see that for the same values of 0 the maximum ho-
. 0
rizontal velocities of the surface particles in the bay now being con-

sidered, differ from those expressed by (8) and are smaller than those
in a rectangular bay of uniform depth.

20

ST
1:5 fs —7]
]
. )C/
10 v

1
05 A =l
T //‘@
’%ﬁ /{
0 0R 04 06 . 08 70 1R 14 16 18 R0

7.
/h-—r

: v 3 7 I —"]/ L3 Yo _.
. 1' 4,1: —— e H p—
Fig. 4 Vo 1451, B T 1 , C: =0667

2 h ho
D: Logess, E:D-088, F: =033 G: =016
I; ho N g

()
The curves A and C in this figure show that both the surface
particle and the maximum height of the wave in a bay now being con-

sidered have the same velocities when —L=1-1. This shows that the wave

h
in this bay breaks and curls over when ]l==.1'1. Comparing this re-
b
10) Curve .1 shows—v— 3 B corresponds to the expression (8)‘ 1—%
(2

v v B
T 2h/
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sult with that in the case of the triangular bay of uniform depth, we
see that the maximum horizontal velocity of the surface particle in this
case is larger than that in the case of the triangular bay of uniform
depth for the same value of 7.

(4) We shall now study 1?he velocity of the wave at the instant of
and after the curl of the wave. The time displacement curve for the
maximum height and that for the front of the wave in the bay show
that at the curling of the wave, the velocities, both of the maximum
height of the wave and of the wave front, suddenly decrease. After
the curling of the wave, another type of wave is generated in the water,
the velocity of wave front of which suddenly increases at the initial
stage of the generation of this type of wave, but gradually decreases with
advance to the shore. These phenomena are shown in the Fig. 42, in
which the variations of the wave velocities from the mouth to the head

of the bay are shown for the cases of 7”—":0'634, 0-30. When %0 = 0634
Lo o
and 0-30, the abrupt changes in the velocity of the front and in that

160
e
- ) s
‘.‘ |
& A
\‘/
80
40
.
/g; : 0R 0;4 0-6 08 10
2 // Z 7

Fig. 42. 0=2, ho=12m, g2=4056m,

A: velocity of maximum height for zI—"=0'634,
B: velocity of the wave front for Z/320'634,
c: velocity of maximum height 'forloy—°=0'30,
D: velocity of the wave front for %2030, ‘
- B': velocity of wave front after the 0curling of the wave for 1’—“:0'634,

7

n
D': velocity of front after the curling of the wave for Z—°=O'3(§.
0
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of the maximum height of the wave occur at --:0-65 and 0-35 repec-
Lo
tively where the curlings of the waves take place.
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