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GRAVITY WAVES GEER:Tabr Bx§s@avp.§n§ AND

UNDERWATER EXPLOSIONS IN SHALLOW VATER /7%
. ////:’,’:'{//

ABSTRAGT {///

Surface gravity waves were produced in shallow water by
exploding small. charges of Composititn ¢ at the surface, at the
bottom, and midway between surface and bottam, -Veights of 1 oz.
to 8 oz. of charge vere detonated in water 1 to 2 feet deep. Surface
explosions were found to be more effectlve generators of waves than |
undexwster explosions. Therefore, this report is devoted principally
to an analysis of surface burstse

In'the domain of small charges investigated here, the
amplitudes and wave lengths associated with surface cxplosions scale
approximately according to the cube root of the charge veight when
the distence is sealed by the same factor; the periods and velocities
gscale according to the sixth root. For surface bursts, the amplitude
varies nearly as the inverse first power of the distance. The
amplitudes predicted from earlier experiments on the collapse of a
cylindrical cavity in water agree rcasonably well with those arising
from surface explosions. In fact, the efficaéy of such explosions
in generating gravity waves seems to be best understood in terms of
the production and subsequent collapse of a cavity of crater,

A mechanism of wave production by surface explosions is

described, in which the dimensions of the cavity are related to those
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This mechanism accounts for some of the striking properb:.es f
surface bursts, and mekes it possible to choose a set of scaling
laws for large as well as small explosions. These laws are, however,
based on an hypothesis which reyuires experisental confirmation in the
domain of large-scale explosions., A surface burst of the order of 100
tons would help to fill thils gap. The prediction of waves produced by
a large-scale explosion from those of a sngll-scale one is based upon
the relationship
{ W1 )é ( H2

w) A%/
where m Ls the scaling factor relating the large amplitudes and vave
lengths to the small ones; Wy is the weight of the large charge, W,
of the small one; hy is the depth of the cavity, and Hy the water-
equivalent depth of the atmosphere in the small-scale experiment, The -
corresponding scaling factor for periods and wvelocities is m%. Estimates
are given of the wave heightas and periods to be expacted from the surface
explosion of a nuclear bombj and the effect 6f the sea depth is discussed
in some Jetail. For a burst eyuivalent to 20,000 tons of TNT, a value
of 1.6 x 10% £t.2 is estimated for the mean product amplitude™ x distance
in water 200 ft. deep, and 1.1 x 10 £t.2 in water 150 ft. deep.

The Appendix discusses certain'phenomna in shallow water

which appear anomalous at first sight, but wh;'.ch can be understood in

terms of the expected behavior of the gas bubble produced by explosiocns
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*he term amplitude here denotes crost-to-trough height.

under tha conditions of 'chesé experiments,
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In a typical underwater explosion, the principal damags to
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l. Introduction

ship structures is inflicted by the underwater shock wave. This should
also be true of & nuclear-bomdb explosion. However, if the shock wave
in the latter case is to be effective, the bomb must be detonsted at a
depth at Yeast half as great as the lateral distance from the targetol)
This is necessary because the prossure wave is reflected from the free
surface of the water as a rarefaction which tends to cancel the positive
pressures in the shock wave., Thuas, calculations for an explosion equivalent
to 20,000 tons of TNT indicate that the radius of lethal demage is approxe-
imately 3000 feet, and thet for this distance the bomb should be set off
at loast 1500 feet below the surface, Although lesser depths would
obviously suffice for an explosion occurring elmost directly under a
ship, such distances have to be considered when it is desired to damage
more then one ship with a single bomb, or to faoilitate the safe delivery .
of & bomb, On the other hand, depths of the order of 1600 feet do not
ordinarily exist in harbors or anchorages, where the greatest concentration
of ships i3 apt to be found.

{n the early discussions &t the Los Alamos laboratory about
the possible use of nuclear bombs against ships, the implicit objective
was to inflict serious damage upon a number of vessels at once., This
objestive was determined by the extrzordinary value of the first few

nuclear borbs which, at that time, had to be measured in terms of the

1) LA-~545, “Underwater FExplosion of & Nuclear Bomb,”™ by
John von Neumann and Maurice M., Shapiro, April 8, 1946.
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total cost of the project. In vi‘e;voéf‘ i;he.é!b'o;{:)u" millitary advanteges
of employing the bomb against en enemy city, its use against ships
could be considered seriously only if a single bomb could deliver &
major blow against an enemy fleet.‘ |

Because of the rarefaction effect cited above, the shock wave
from a nuclear-bomb explosion in shallow water was considered unlikely
to cause serious damage to large ships other than those in the immediate
vicinity of the burst. The question arose, howover, whetho£ the surface
gravity waves generated by the explosion might be capable of inflicting
enough damege to cripple ; significant number of ships in a karbor or
anchorego.

It was decided to investigate the process of gravity-wave
production in water by means of small-gcale experiments. In the first
investigation,a) carried out in the Spring and Summer of 1944, gravity
wavea were generated in shallow water by means of "simulated explosions.”
These consisted of the sudden withdrawzl of an immersed oylinder, which
resulted in the creation, and subsequqnt collapse, of & cylindriocal
cavity in water. By experimeanting with cavities of different sizes
it vas found that the amplitudes of waves from similar cavities scale

nearly linearly.

*With the reduction in the cost of nuclear bombs, once they
are made in considerable numbers, this argpument breaks down. 1In fact,
as pointed out by J. von Neumann, a single capital ship is a worthwhile
target for a nuclear bomb, provided that the industrial effort expended
in producing it clearly exceeds the effort required to make & bomb.

2) LA=228, "Gravity WWaves Generated By The Creation 0f a
Cylindrical Cevity in Water,” by M. M. Shapiro, February, 1945.

—

Vol T

= UNCLASSIRED




:ﬂ....

The experiments described in this eport,

performed in the Fall and Winter of 1944~45, are concerned with the

wave effocts of real explosions in shellow® water. Itwas desired te
know what are the optimum conditions for wave produétion by explosions
and how the wave heights decay with distance from the disturbance.
Information was also sought about the periods, velocities, and wave
lengths. A further objsct of this investigation was to determine the
scaling laws obo&@d by the waves under optimum cenditions, with & view
to predicting the smplitudes of waves from large scale explosions,
Despite the difficulties anticipated in the determination of scaling laws
from experiments in shallcw'water, the la tter was chosen deliberately so

as to simulatg the condition in a harbor,

*As in Refersnce 2, thé term "shallow" is used in relation to
the amount of H.E. detonated. It refers to a depth of water such that
the charge in question can create a cavity extending from the surface
to the botitom,.
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20 Apparstus and Procedure .:: .E. §. .§. é:. §.§ uucm

The explosions were set off in a pond 36 feet long, 25 feet
wide, snd 2.5 feet deop. The size of the pond snd, thorefore, the
range of distances and explosive charges which could be investigated,
was limited by the water supply available at Los Alamos., The mud
bottom was covered with a few inches of sand and gravel, To prevent
the formation of craters by the explosions, a sheet of l/é-inch armour
plate, 5 x. b feet in mize, was laid on the bottom about 16 feet from
one enq of the pond, Extending longitudinally from this pldto,, over
which the charges were detonatod, was snother sheet of l/binch steol
plate, 8 x 4 feet in size; see Flgure 1*. In this wey & flat bottem
was provided along a radial strip over which the waves were to be
mersured, Moreover, the complicating effeots of heving sand, mud and
gravel thrown up by tho explosion were avoided.

Motion pictures of the wave system against the background
of the reference frame described below were obtalned with two cameras.
A Sept 35 mm csmera, running at about fourteen frames per second, was
used for the measurement of wave amplitudes; ses Figures 3, 4, and 5.
When the 35 mm film was projected on the screen of & Recordsk Reader
the resolution was sufficient to permit o measurement of wave heights
accurate .o within 6 per ceat, For most of the triaelsy piotures were
also taken with & Bell and Howell 16 mm camere et & rete of 64 frames

peor asecond, Thia film provided better time resolution than thsat

*The figures appear at the end of this report.
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available with the Sept, thereby ‘pgn—;%tiing:reoacna‘bly ood measurements

of periods and velocities. In some instances picturss of the explosion
itself weruo also taken with the Bell and Howell camera; seo Figures 2,
24, and 25.

A %-inch plywood board, 8 feet long end 21 inches high was
employed an a; reference frame. The board was stiffened longitudinally
by two durnl angle irons, sand supported vertically by steel poles sunk
into the bottom of the pond., A set of coordinate line; was painted on
the boaz;d 0 serve 88 a& reference system for the measurement of amplitudes
and wave lengths; see Figure 3. The near end of the board was placed
S5 feest fron the explosion, and in scme instances 11 fset away. Thus the
board extended radially either between 6 and 13 feet or between 11 and
19 feet from the explosion.

Various weights of Composition C* were detonated under a
variety of conditions. In a depth of two feet of water, charges were
set off at the surface, one oot below the surface, and at ths bottom.
In a depth of one foot of water, cherges were detonated at the surface
and at the bottom. Several intermediate depths of water were also used,
in order to provide additional evidence concerning the scaling laws,
The weights of charge smployed were 1 oz., 2 0z., 4 0z., end 8 oz., the
last being considered a practical upper limit for the dimensions of the

pond. At loast two explosions, and usually four or five, were tried under

“Several of the early charges were pentolite; later it was
found convenient to use Composition C. The wave systems produced by
the two types of explosive were found to agree within experimental
error.

}
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each set of conditions. In all, more than 180 explosions were set off,
end about 150 of these yielded films which were satisfactory faor

measurement,

3. Surface Explosions vs. Underwater Explosions

Exoept where otherwise specified, the term "amplitude"” will
denote tho maximum crest-to-trough height of a group of waves. At tha
distances investigated here, this amplitude was always the sun of the
depth of the first trough and the height of the first crest.* Yhe ternm
"range”~~except when used in the general sense--will denote a radisl
distence from the explosive charge, measured in e horizontal plane,

Figures 6 to 10 show the observed wave amplitude as a function
of range under & variety of conditions. As a rule, each curve is bsased
upon data from three to five neminally identical explosions. The
smplitude was measured at every foot within the range interval shown.
The probeble errors in the amplitudes from the 8-0z explosions were

deducaed from the dispersion of the observed values and from the degree

*Actuslly, the first disturbance to be propegated iz a “swell,"
which 18 considerably smaller in amplitude then the first crest. The
swell is sucoeeded by & trough, whoee depth is epproximately es great
as the haight of the first crest which follows it, At sufficiently
great distances, the succesding cresta are higher than the first one.
However, the maximum height of the first orest exceeds that of any
subsequent crest,
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of precision of the measursments. They are indicated by the vertical
error lines in the B-oz. curve of Figure 6. For the 1-05;. 2-0%., and
4-0z. explosions the probable errors were about 0,7, 0.8, and 0.9 as
large, respectively, as those of the 8oz, unplitudoso*

In Figure 11 a comparison is made of the waves crested in
water 2 feet deep by an explosion of 1 oz, H.E. when the charge is
placed at the surface of the water, at the bottom, and midway between
surfece end bottom, respectively. The same comparison is made for
2 0zo, 4 02., and 8 0z., respeotively, in Figures 12, 13, and 14.

It is oleer from these graphs that higher waves are produced when the
charge is fired at the surface than at the oth;r two depths. Similarly,

in water 1 ft. deep, surface bursts create larger waves than explosions

set off et the bottom, as can be seen in Figures 15 to 18. The superior

efficacy of surface burstes over underwater bursts in generating gravity

waves is the most striking result of these experiments.

¥among the procedures subject to experimental error are:
(a) placement of the charge; (b) weighing of the chargej (c) adjustment
of the depth of water; in the vicinity of the charge, the depth some~
times differed slightly from its nominal value as a result of the
dishing of the armor plate at the bottom; (d) measurement of the
projected £ilm, These sources of error were known, and could be
minimized, Two other effects may huve been present: (e) interaction
of the reference board with the wavesy and (£) perturbation of the
waves by spray and broken vater,

e
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4. Scaliog Laws for Small Surface Fxplosions

Since surface bursts appeared di;tinctly more promising
than underwater ones, the former were selected for an investigation
of the sculing laws. This problem ca;xx be formulated as. follows: |
Let the charge weight be increased by a factor n. Then by what root
of n should the depth and range be inoreased in order to increase the
amplitude by the same root? In other words, what is the value of x
such that if the depth and range are increased nl/ X-fold, the amplitude
38 olso increased nl/X-fold?

In earlier experimentsz) it had been found that waves from
simuleated explosions (the collapse of a cylindrical cavity in water)
scale nearly linearly, provided that the depths of water are scaled
linearly. 1In the present experiments it was desired to learn whether
the same cube~root scaling applies to the waves from real surface
explosionio' British inveatigatorss) had concluded from dimensional
considerations that, although exact scaling is not possible, approximate
sceling should subsist for x=4. It therefore seemed important to
determine which of the two values, x=3 or x=4, more nearly fits the
faots for the small=-socale explosions invelved here,

To answer this question, the following experiments were

oarried out (the results are summarized in Table 1):

3) Note No. ADM/214/GC.ARB., December, 1944.

!
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(1) Test of Cubs-Root Somling.-- Thres comparisons were

made under the conditions (a), (b), and (c) of Table 1. These
comparisons are shown graphically in Figures 19, 20, and 21l. The

depths of vater employed in each case were in the ratio dl/da-- nl/ 3
Similarly, the wave amplit;zdon y; and y, were compared at corresponding
ranges r1=n1/ sz'z, and the mean ratio 3?{75"5 for a series of such distances
was computnd. Writing

1/x

¥y /¥p=n
the reciprocal exponent is then computed from

- log n

log F3/¥;

The experimental values of x for the thres series of explosions

X

(o), (b), end (o) are given in the last column of Table 1. The weighted
meen (obtained by weighting each value of x by its reciprooal error) is
3,35 £0.4. It con be seen that if the range had been soaled by, say,

n?-/ 302 fnatead of nl/s, the computed value of x would have bsen smaller, .

approximately 3.2. This suggoests that linear sceling--or, at least,

nearly linear scaling=- probably subsists, but it does not exclude the

possibility that fourth-root scaling may fit the data nearly as well,
For this reason an additional set of oomparisons was undertaken.

(2) Test of Fourth-Root Scaling.--In this series, waves wore

generated under the conditions (d), (e), and (f) of Table 1., The depths

> 3
of water for a given pair of explesions were in the ratio dl/dazn*, and
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from Surface Explosiona*

e

L
Explosion 1 pilosion 2
.'! - 'TJ!“"—‘! 1 _doz n
Series | ¥ dy W, dy | nip:=n /3} YJ/YQ X = -ﬁg-m
(a) 8 24 1l 12| 84 2.00 1.85 3.38 +£0.3
Cube
Root | (b) 8 24, 2 15141 1.59 1.45 | 3.73 0.6
Test
(e) L 28 1 15 | 4] 1.59 1.56 | 3.12:0.3
_ 1/ veighted
p=n loan 3435 £0.4
(a) 8 24 1 }14.3;8; 1.68 2,00 § 3.00+0.5
Fourth
Root | (e) 8 24 2 17 t 4} 1.41 1.48 3.54 £0.5
Teat .
(£) b 24 1 17 1.41 1.7% | 2.50£0.5
Veighted
lisan 3.01x0.4
*, .
W =weight of Comp. C in oz.
d =depth of sater in inches
n :Wl/w2
y =Amplitude of wave at range r.
¥1=Amplitude at range r, = pr,
o:: 0::0 .: .E. :... “.
o0 .:o 5: : :. E :.
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amplitude ratios wsre obtained for distences T Ty such that rla.ﬁ%ia.
Agein the reciprocel exponent x was computed in each case. Its mean value
turned out: to be 3.01 x0.4. Since the value x=4 lies well outside the
range of experimental error, it appears that our data is inconszistent
with ‘-"%m scaling law. Thus, in the domain of small-scale surface
explosions investigated hers, the wave amplitudes scale much more

nearly according to & cube-=root law then a fourth-root law. The

former can be expresscd as follows:

1/3
_{l_z 4 M _ __2
Y, & Wiy Ly

in other words, if the depth of water, the linear dimensions

of the chargg, and the range are increased by a givon faotor, the

amplitude is increased By the same factor.

This conclusion is based upon experiments with relatively emall
charges, and should not be applied uncritically to large-scale explosions,
There is, in fact, reason to believe that for explosions involving charges
of the order of hundreds of tons or larger, the amplitudes scale

2.
acoording to W4, The argument for this is given in Section ».7
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5. TFurther Evidence for Cube-Root Scaling of Small Explosions

There is esnother line of evidence in facor of cube=root scaling
for small surface explosions. In earlier exporimentsz) porformed in a
small laboratory tank, the wave effeocts of an explosion were simulated
by the sudden withdrawal of a coylinder immersed in shallow water. This
produced a cavity whose collapse generated a wave system. The dimensions
of the ocavity could be varied by changing the diameter of the cylinder
and the depth of the water. In this way it was observed that the
amplitudes of the waves from geometricelly similar cavities sosale
nearly linearly. The maximum cavity diameter in those experiments was
1l ft., and the maximum depth, 6 inchea. . '1"110 resul ts were expressed
non-dimensionally, howsver, and if the same scaling law obtained for
larger cavities, then these regults also predict the wave amplitudes
from such cavities,

In order to compare these predictions with the aﬁé']:itudoa
from real explosions, let us assume that, to a first approximation,
the crater ]pi'oducod by & surface explosion in shallow water may be
treated as a cylindriocal cavity. We assume further that the depth
of this cavity equals (at least for the 4-o0z., and 3-0z. charges) the
depth of ths water, and that the diameter is approximately equhl to
the maximum diameter of the gas bubble formed by an underwater explosion.
Using the formule for Ry, the maximum radius, which is given in the

Appendix, this diameter is found to be about 6,1 ft. for our 4=02z.




explosions, and 7,7 ft. for our 8-og. oxplou:i.oxw."r Evidence thet the

diameters our our explosion oraters aotually approximated theze
dimensions was obtained f{rom oinemstio pictures such as those in
Figures 24 and 25, by measuring the diemeter of the spray colum
near its base. The most reliable data in the present exporiments
were obtained with the 4- and 8-0z. charges in 2 ft. of water, and
wo shall thersfore compare these with the results of the simulated
explosions.

Now, in the artificial-cavity experimemnts, & significant
paraneter was found to be R, the ratio of diameter to depth of cavity;
and most of the results obtained were for integral values of R. If,
therefore, we adopt for simplicity the approximate valus of 8 ft. for
the diametier of the 8-0z. crater and 6 ft. for the 4-oa. crater, wo
shall have two cavities with integral R for direct comparison with the
earlier predictions:; R =8/2 =4 for 8 oz., and R =6/2=3 for 4 oz,

The two cumpaerisons ere shown in Figure 22.%* The upper graph compares

*These values are somewhat larger than those in Table 10
(Appendix) because the pressure at the surface is equivalent to
25 feet of water at Los Alamos, whereas the values of Rp in Table 10
are based on a total pressureequivalent to 26 feest.

**The dashed curves were obtained from Figure 13, Reference 2,
the only difference being that in the latter, the coordinates are non-
dimensionel, whereas here they are given in absolute units. The plot
is logarithmic since the wave amplitudes decrease with ranges according

to & powsr law.
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the predicted wave amplitudes for tho E%liaps‘é'o:f'a .avity 8 ft. in
diameter and 2 ft. deep (dashed curve) with the actually cbaerved
anplitudes from a surface explosion of 8 oz. Comp. C in 2 ft. of
water (solid curve). Trne lower graph makes the same comparison
between a 6 x 2 £t, cavity and & 4-0z. explosion.

One would hardly expect very close agreement between tLhe
observed amplitudes and those predicted by the cavity~collapse
experiments, considering that the assumption of cylindrical shape
for the explosion craters is merely a convenient idealization. In
view of this, Figure 22 shows remarkable agreement not only in the
absolute value of thc amplitudes, but also in their rate of decay
with distance. This provides additional evidence for cube-root
scaling, since the predicted amplitudes (dashed curves) were based
on the assumption that our explosion waves scale linearly.

This agreement also suggests that the character of-the
waves generated by surface explosions in shallow water can be under-

stood by attributing them to the creation and sudden collapse of a

cavity extending to the bottom. The implications of this mechanisnm

of wave production for the scaling laws which govern very large

explosions will be discussed below in Section 9.
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6, Yariaticn of Wave Amplitude with Distsnce in Surface sxplosions

The maximum range, about 18 ft., at which waves were measured

in thess experiments was determined by the size of the artificial pond.

It is possikle, however, to make reasonable estimates of the amplitudes

at larger distances from the explosion. There is evidence from at least
two'aourees“t5) that at distences between 5 and 50 times the depth, the

amplitude varies nearly as the inverse first power of the distance.

As before, let ya amplitude, and r =range. Then in our surface
explosions of 8 oz. in 1 ft. of water, the product yr decreases slowly
with distance, whereas in 2 ft. of water, it increases slowly. However,
the mean values yr =3.58 and 'y'r;'-z?.jé £t .2, respectively, fit the
observed data fairly well. In view of the evidence cited above for an
r‘l decay at greater distances, it would seem to bs a reasonable method
of extropolating the amplitudé-range curves to make the product yr approach
the observed ;? at large distances. This extrapolation is employed in a
subsequent sectlon, in yhich the wave amplitudes from a nuclear-bomb |

explosion are estimated.

L) New Zealand Project "Seal", Note of 15 June 1945, issued
by the Department of Science and Industrial Research, Dominion of New
Zealand; also ses subsequent "Seal" reports. These experiments in New
Zealand were carried on simultaneously with ardindependently of those
at Los Alamos.

5) BuShips Scientific Memorandum No. 114, dated 1 November
1944, by G. #. Roe.
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7. Yelocities, Periods, and Wave lengths

The velocity of the first, and highest, crest produced by

surface explosions in 2 ft. of water was measured directly from the motion
pistures for several bursts of each of l-, 2=, 4~, and 8-0z. charges.
The period of the leading wave--the one containing the first orest—was
obtained by measuring the tiine between the arrival of the first and
sacond troughs at 8 given distance. In view of the evidence for cube-
root scaling of the amplitudes from small surface explosions, it was
expected that the wave lengths would likewlse scale linearly at correspon-
ding ranges. Accordingly, the various periods were measured at distances
approximately proportional to ﬁl/ 3. It was convenient to use the
distances 8, 10, 13, and 16 ft., respectively, for the four charge weights.
Sinmilarly, the velocity was measured over a range interval vhose midpdint was
the same corresponding distance, viz. .from 6 to 10 ft., 8 to 12 ft., 11 to
15 ft.,, and 14 to 18 ft., respectively.

| The results are listed in Table 2. Xach set of values is
based on data from four or five explosions. The wave length was obtained

by multiplying the velocity by the psriod.
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Table 2, Obssrved Values of Velocitles, Periods, and

Viave Lengths
Wior) | v (tojses) | Tlme) | A=vE(ee)
1 Lo £0.3 1,044 0.6 L6 0.5
2 5.00.5 1.06 0.6 5,3x£0.8
A 5204 1.18%0.6 | 6.4%0.7
8 6.0350.5 1.39%0.6 8.3%1.0

For gravity waves, the linear dimensions are proportional
to gtz. Hence, if amplitudes scale as w1/3 for small explosions, we
should expect time intervals {o scale as W, It is easy to see
dimensionally that the latter should also be true of velocities.
Thus, wave lengths should scale as Wl/a. That the data in Table 2
are consistent with these scaling laws 1s shown in Table 3. Here,
the velocities and periods of the le, 2-, and 4-o0z. waves are scaled
up to 8 oz. by the sixth root of the appropriate charge ratio. The
calculated velocities agree very well with that otserved for 8 oz.,
and the periocds agres reasonably well. In view of this, ths averages
of these velocities and periods, as well as the product of the averages

(the mean wave length) are probably somewhat more relisble than the
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Table 3. Velocities and Perioda Scaled up to
8-62. fixplosion, Using a w1/6 law

| ea)” | el i@/g’;;
1 1.414 62 1.47
2 1.26 6.3 1.3
A 1.123 6.1 1.33
8 1.00 6.0 1.39
Averages: = 6.15 "3&" T 21.38 sec
A= = 8.5 .

values based on the 8-o0z. measurements alones (Unweighted averages
are considered adequate because the relative errors in the four sets
of values in Table 2 are much alike in magnitude.) It is interesting
to note, however, that all three averages agree, well within the
experimental erfors, with the direct observations on 8-o0z. bursts.

A set of probable values of velocities, periocds, and wave
lengths for bursts of cach size is given in Table 4. These values

were obtained by scaling down from the cited averages for an 8-oz,

®For this roason it is these average values which are
used below (Section 10) in estimating the periods and velocities
of the waves from a nuclear-bomb explosion.

7
s
A ,,/
, ,'/3//
L LYY r ///
IR B A AL T .
] : b ™ ° : ° 4
° ° :0 * o4 . ° Vg
% so0 o o o o yd
00 se0 o4 :.. g



ee o000 o o ] [ X ]
e ¢ o o o 0 e o o
e @ o0 o ° e e o
¢ 6 o [ ] [ ] (1 X L]
e e O e o o o o 0 o ~— -
2’0 ese e oo o o [
- " -
0e 000 000 000 000 o0 — -~
. e o o o e o -l
. s oo e o0 o o b
e o o e o o o
e o o o e o e ®
o eee o eee 000 oo

Teble 4. Probable Veluss of Velocities, Pericds, and

Wave lengths
u=========T===============T==========================ﬁ==
vy | o | T | S
1 4e35%0.4 | 0.9850.06 | 4.320.7
2 L9 = 0. 1,102 0,06 | 5.4 10.7
L 5.5 % 0.4 1.23+0.06 | 6.8 0.7
8 6.15 £0.4 1,38+£0,06 | 8.5+0.7

explosion (gf. Table 3), using again the Wl/ 6 scaling law for the
velocities and periods,

Finally, it should be said that theoretically, one expects
the velocities and wave lenzths associated with a given burst to
increass with distance from the explosion.é) However, the small
size of the pond employed in these experiments permitted only a
limited range of distances, insufficient for an investlgation of

the rate of this increase.

6) "Gravity Waves in \ater Caused by Explosions", by
W. G. Penney, 1A Report 215, February 5, 1945.
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b. Mmomslonsn Besults

Some of the results obtained in these experiments appear
rather curious at first sight. For example, when detonated at the bottom
in 2 ft. of water, 2 oz. of H.E. generates waves larger than those from
4 oz., and approximately as large as those from 8 oz. This, and other
apparently anomalous results, can be explained by considering the
behavior of the gas globe p;'c;duced by an under-water explosion,
togethor with certain characteristics of the production of water waves

by explosions. This subject is treated in the Appendix.

9. Mechanism of Vave Production by Surface Explosions

We have presented evidence that the wave amplitudes scale
approximately as the cube root of the explosive weight for surface
bursts of small charges. Clearly, we cannot assume that this scaling
law extends up to very large explosions.

Before attempting to predict the megnitude of waves from
large-scale surface explosions, it is necessary to have same notion
of the process whereby these waves are created. The mechanism of
gravity-wave production by underwater explosions has been qualitavely
deseribed in an earlier report (¢f. Introduction, Reference 2), and
W. G. Pemxey,6~) has given a theory for the generation of such waves

which is in substantial agreement with experiment. Unfortunately, no
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satiafactaery theory exista for the creation of waves by surface
explosions. 4 mechanism proposed by Penney in the same paper6) is
based upon the initial delivery to the surface of a downward impulse
over & certain area. A scaling law deduced from this theory states
that eave heights at corresponding distances are proportional to the
sixth root of the charge weight. This conclusion is in sherp disagree-
ment with our experiments (cf. Section 4).

It should be mentioned that Pennsy's theory aprlies to deep
water, whereas owr experiments were performed in shallow water. However,
one would hardly expect this difference to result in a change from a
sixth-root law to a cube-root law. In fact there is evidence* that for
depths lsss than abeout 0.8 times the wave length, the wave amplitudes
decrease with decreasing depth; so we would expect our experimental
values to be smaller, rather than larger, than those predicted for
desp water. Lloreover, experiments in both deep and shallow water with
larger charges (4 1b. to 300 1bs.) by the New Zealand "Seal" Project7)
yielded a scaling law between Wl/L and WI/B, and "over the limits of
distance considered, the cube root law...is a closer fit than the fourth-

root law,.." It is clear, then, that Penney's theory of wave production

*Reference 4y Figure 2,

7) Interim Report of the New Zealand Seal Project,
summarizing results up to 31 October 1944. Auckland, N. 2., 1945,




