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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

UNCLASSIFIED

*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
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 v;é;'éf %he.éBJ{Sus 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.

—
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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 shallow'wa.ter, 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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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.

AEETE NCLASSHED

APPROVED EOR PUBLT C*RELEASE **




|

APPROVED FOR PUBLI C RELEASE

9 §.i g;. i.. g.. E.; ..:

available with the Sept, thereby ‘pgn—;%tiing:rebacna‘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 boafd 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,

APPROVED FOR PUBLI & RELEASE®
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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 Pigure 11 a comparison is made of the waves created 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,

:”i‘” — —
UNCLASSIFED
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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.

LEEAEE o asopg
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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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Table 1. Scaling of ‘Viaves from Surface Explosiona*

e
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 1.59 145 | 3.73 0.6
Test
(e) L 28 1 15 | 4| 1.59 1.56 | 3.12:0.3
_ 1/ veighted
p=n Mean " 3.35+:0.4
(a) 8 2l 1 }14.3)8; 1.68 2.00 j 3.00x0.5
Fourth
Root | (e) 8 24 2 17 [ 4 | 141 1.48 3.54 £0.5
Teat .
(£) b 24 1 17 j4 ) 181 1.7% | 2.50£0.5
Veighted
lUsan 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:: .E. .: o:o :... “.
o0 .o: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
i)
Yo & Wy 2

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

of the cha:‘gg, and the range are increased by a §ivon faotor, the

amplitude is increased ;ny 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 M. 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.

[[®0cee,
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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 from oinematio pictures such as those in
Figures 24 and 25, by measuring the diemeter of the spray columm

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.

.°' .E. .::. .::. 0:. :. E
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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

3°%§ﬁ§ v (focs) risce) | A b"?ff,)
1 by £0.3 1.0440.6 | 4.6%0.5
2 5.020,5 1.06+0.6 | 5.320.8
A 5204 1.18%0.6 | 6.4%0.7
8 6.0 30.5 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 to scale as Wl/b. 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 ;@/g): .
1 1.414 6.2 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 ft.

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.
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Teble 4. Probable Veluss of Velocities, Pericds, and

Wave lengths
Veight Velocity Period Vave length
W (oz) v (ft/sec) T (sec) A= VT (ft)
1 435204 | 0.9850.06 | 4.320.7
2 L9 % 0.4 1,10+ 0.06 54 10.7
4 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

CEEMRINES
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APPROVED FOR PUBLJ'GEREEASES"S .}



®

APPROVED FOR PUBLI C RELEASE

RT3
25 0 000 %06¢ 000 %40 oo

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" Project'n
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,
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by surface explosions leads to predicted amplitudes considerably
smaller than those actually observed.

thile no attempt at a rigorous theory is made hers, we
shall desoribe an hypothesis which may lead to an adequate thecry.
This hypol:hesis will explain:

(1) ®hy surface explosions are more effective wave-
generators than underwater ones,

(2) uhy the wave amplitudes from small explosions scale
as the cube root of the charge weight.

(3) How a well-defined "fountain," or column of spray,
such as that in Figure 24, can be thrown up vertically by a surface
explosion.,

After showing how the hypothesis accounts for the foregoing
facts, we shall deduce its implications for the scaling of large
explosions,

Assume that a surface burst creates a cavity in the water,
whose dianster is of the order of the maximum diameter of the gas
globe from a corresponding underwater explosion.* By "corresponding"
is meant an equal charge fired at a depth such that the gas bubble

will just break the surface at its first maximum expansion (i.e.

*Evidence that this is & good approximation is cited in
Section 5.
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at Pennay's optimum depth for wave production by underwater explosions6))~
The explosion produces the cavity mainly by blowing water outward

and upward,” rather than by pushing back a considerable mass of
surrounding water; i. e. most of the momentun transferred to the

water by the explosive is imparted locally, to water in or near the
cavity, and a relatively small amount of momentia is imparted to the
large mass of surrounding water.

A diagram illustrating the nature of the flow inside the
cavity at, two stages of its formation is given in Figure 23. In the
first stage the jets emerging at the periphery of the cavity are
projectecd outwax;d as well as upward. In the second stage the sidewise
component, in the peripheral spray is smaller; and, in the final stage
(not shown), this spray is thrown direetly upward. A comparison of
the earliest explosion photographs with the later ones in the cinematic
sequences of Figures 24 and 25 lends plausibility to these ideas. It
is thus possible to understand how a surface explosion can lead £o the
formation of a "fountain" such as that shown in Figures 24 and 25.

If the energy available for cavity-formation is largely
expended locally by the "scouring™ action described above, this explains
the superior efficacy of surface ovér underwater explosions in producing

waves, For in the latter case a considerable amount of the explosion

* The writer is indebted to Dr. F. Reines for demonstrating
that a mechanism of this kind appears to operate in a cavity formed -
by blowing a jet of gas downward against a water surface.

APPROVED FOR PUBLI C RELEASE See T
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energy goes into the radial mass motion of the water surrounding
the gas bubble,

Another clue to the mechanism of wave production by
surface explosions may be found in Figure 24. In the last few
frames of this figure there appears a thin central jet of water.
Although no measurements are uvailable on the total height of
this Jet, it was confirmed by visual observation of scores of
surface explosions that the jet was thrown to a height several
times that of the main body of spray. There is good evidence
that this jet is produced by the collapse of the cavity , and it

is reasonahle to regard the great height of the Jet as an indication

of the violence of collapse. The gases inside the cavity formed by

*In the original prints of Fig. 24, the jet can first be
seen in the second frame of the film strip at the right, i.e. at
about 0.125 second after the explosion. Now, we can calculate the
pericd of the first pulsation of a gas bubble produced under the

conditions of Fig. 24, applying the formula (cf. Reference 10, Appendix):

@ is the density of the water in gm/em3, 5
p 1is the hydrostatic pressure in dynes/ecm®,
and & is O.4 of the total emergy in ergs released by the

explosion.

Taking for p the equivalent of 25 ft. of water (one Los Alamos
atmosphere), and for the mnergy liberated by Composition C,

1300 cal./gm, we obtain T=0.123 second for the time of the first
minimum. Since, within experimental error, the jet arises at the
same time, therc seems little doubt that it is produced by the
collapse of the cavity.

APPROVED FOR PUBLI C RELEASE *°*
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& surface explosion are not nearly as well confined as are those
in an undsrwater explosion. Hence, the collapse should be more
complete and violent than the contraction of an underwater bubble.
Because of the cushioning effect of the gases inside, the latter
does not collapse completely at the end of its first pulsation,
but is reduced only to approximately one half of its maximum diameter.
This difference is porhaps an additional reason for the sreater
amplitude of waves from surface explosions.

Our hypothesis assumes that the dimensions of the cavity
produced by a surface explosion are of the same order as those of
the buBble cavity from a corresponding underwater explosion. Penney
has deduced the scaling laws for the latter case’, and since our
initiel condition may likewise be taken as a surfece displacement, the
same scaling laws should apply. The arguement goes as follows: The
energy E which goes into the expansion of the bubble is given approx~

imately by
E=VP

where V is the volume of the bubble at its maximum size and P is the

total pressure (including atmospheric) at the center of the cavity.

*Reference 6, pp. 5-6, see "Case I, Initial Surface
Displacement .
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Lot nn=rmaximun bubble radius (or, in our cady,sas Isieter & & °o
dimension of the cavity), 0t %20 200 030 see 4a
e 3 a 20 o

H:depth of water corresponding to one Wmedypiterel, $., :.

Vi =vweight of charge.,
Then E = W; Vo by and Pc: (h+H).
Therefore, Wee h3(he H)* (9.1)
¥ow, in comparing two explosions, let us assign the ‘
subscript 1 to the parameters of the larger explosion, and subscript

2 to tnose of the smaller one.
Wl

3
Frox (9.1), we have: -1 . By (hy + Hq) (9.2)
‘2 Hg (hz + 32;

{Note that Hl may differ from H,, €.g8. in a comparison between on
explosion at Los Alamos and one at sea level).

let 2 z m.

1/hy
Frem a generalization of the fundamental solution for

cylindrically expanding waves, Fenney obtains the following scaling

I

laws: .
D.a.n.y (9.3)
y2 = > = 5-2- = tz = n °
vy (mry (@ t,) = my, (ry, t3)  (9.3a)
where d = depth of water

r = range
t = time efter explosion

y(r,t)= amplitude at range r and time t: Since the scaling laws are
determined ty the value of m, we need only solve Eq. (9.2) for this

ratio.

* Bigorously one should; in the shallow-water case, distipsuish between
two kings 'of h:s the_lateral dimension of the ocavity, R, an e depth, D;
thus, h” should be R*D, The scali laws, however, are
the seme if k° is used. In Eq.(9.6), below, hy must be theEepth, and it

is so interpreted in Sec, 10, It should be mentioned that iz our exgerlaonts,
where U # aissersd at wost by a fuctor 4 from the "optimum depth,” R was
deternined alrost entirely by W, und changed only slihtly with D,
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Consider three cases:
(1) Comparison of tmo small-scale explosions. If, as
in our experiments, h; and hy are of the order of 1 or 2 ft.,
| Hy>> hy and Hy3> hy

and Eq. (9.2) reduces to

hi W, (H2>
'ﬁg W, \H,

If, moreover, both experiments were performed under the

same atmospheric pressure, then Hy=H,, and

1/3
hy _ /%
fn = = 1 (90’0)
B~ (%

I.e., the amplitudes, distances and depths scale according
to the cube root of the charge ratio. )

(2) Comparison of two large-scale explosions, If both
explosions are of hundreds of tons or more, then the cavity dimen-
sions are of the arder of hundreds of feet. Thus

hl>> Hl and hz» 82.

- Eg. (9.2) reduces to
A
W h
1._1;and
LT
1/
h W
=3 _ {71

In this case the various linear dimensions scals as the fourth root

of the charge ratio.
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(3) Prediction of very large-scale explosions from

smal)-gscale results. Here again, hy» Hy, but

hz <4 l'l2
Therefore, eq. (2) reduces to
3
W h h
- i 1
&
Y (k)
Therefore d
’ nm - B!‘-: .vil /h‘/ﬂg.\}/h (9-6)
ho tig \ hy

Here. the scaling factor which relates the amplitudes,
distances, and depths of the two explosions depends not only on the
charge ratio, tut also upon the ratio H2/h2 which chazfacterizes the
amaller explosicn.

It is worth emphasizing that the underlying reason why
the scaling law which subsists for small charges ‘does not apply
to large ones is the existence of a (relatively) fixed atmospheriec
pressure. In order to preserve similitude, the latter would have

to be varied in proportion to the depth of water. Instead, it is

much larger than that depth for small-scale bursts and much smaller

for explosions on the scale of a nuclear bomb. This, as we have seen,

'2.
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leads respectively to a cube-root scaling law in the first case,
and to a fourth-root law in the second. |

- Theoretically there is good reason? to expeet that if
the air pressure above the water could be suitably reduced in small-
scale experiments (so that Hec h in Zq. (9.2), W scaling would
apply--at least spproximately--in the entire range from amall to
large charges. G. I. Taylor and his collaboratorgh) have studied

underwater bubtle phenomena with apparatus of this kind. For wave

-investigations, a pressure-sealed tank nmuch larger than the one

used by Taylor and a liouid other than water, with a low vapor
tension, would be required. Even with a large tank (say, 10 x 8 x
5 ft.), the scale of the explosions and waves would necessarily be
considerably smaller than that of our pond. Loreover, the entire
experimental arrangement would obviously be far more elaborate.
However, these disadvantages would probably be offset by the
increased confidence with which large~scale wave phenomena could be

predicted.

*This can be shown by applying Puckingham's T -Theorem
to our situstion; ef. Phys. Rev., 4 (II), 345 (1914). The relevant
variables are the energy released by the charge, the hydrostatic
pressure, the density of the water, the acceleration of gravity, the
time after the explosion, the linear dimensions, e.g. of the cavity
or of the waves, and the efficiency of conversion of chemical energy
into energy of wave swtion.

7a) British Report S5.11.29, Undex 13.
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10. Surface Explosion of a Nuclear Bomb,
If we accept as a working hypothesis the mechanism of

surface explosions described in the preceding section, and the
gcaling laws based on this hypothesls, we are in a position to
estimate the magnitude of the waves from a surface explosion of
a nuelear bomb,

For this purpose we choose the results of the 8-oz.
surface bursts (Figures 6 and 9) in 1 and 2 feet of water, respect-
ively; because the relative errors in the measured amplitudes were
smallest for these charges. From £q. (9.6), the scaling factor m
which relates the linear dimensions of very large-scale explosions

to thoss of small ones is given by:

-2(3) (2

At Los Alamos, Hy= 25 ft.

Table 5 lists values of m and hy for explosions
involving TNT equivalents of 10, 20, and 50 kilotons. Figure 26
gives estimates, for these nuclear-bomb efficiencies, of the crest-
to-trough wave height as a function of the range. Not only the

amplitude and range, but also the depth is scaled up by the factor

R T S
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Table 5. Scaling From Small to large Surface Explosions.

' (kilotons) | \ "2 \hz2 / m (feet)

10 79.5 2.236 178 178

W2 =8 oz,
20 TR 212 212

h2 = 1 ftlo
50 118.9 266 266
10 79.5 1.88 149 298

‘72 = 8 [o}
20 94 .6 178 356

5= 2 ft.
50 118.9 22, 418

m from the 8-0z. curve in Figure 9, vhere the depth was 1 ft.
This explains the depths (rounded off to the nearest 5 ft.) given
in the figure. Sinilarly the curves in Figure 27 are scaled up
from the 8-oz. curve in Figure 6, where the depth was 2 ft. The
crest amplitudes, measured from still-water level, wculd be

" approximately one-~half of the crest-to~trough values in Figurss
26 and 273(

The solid part of these curves is scaled up from the.

exporimertal data in Figures 6 and 9. The broken~line portion of

the curves is an exirapolation to larger ranges, which fits the

X  Note added in prints Our amplitude values should be reduced
l.ay approximately 10 per cent in srder to take account of the difference
in energy between Comp, C and TNT, 2
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formula yr = km? (10.1)
Here y, r, and m have the sams significance as tefors, and k is the
obgserved value §f yr for the small-scale prototypes, i.e. k= 3.58 £t.2
for 8 oz, in 1 ft. of water, and 7.36 £t.2 in 2 ft. of water. The
factor m? arises from the fact that both the amplitude and range are
scaled up by the factor m. It will be recalled (cf. Section 6) that
the smallescale curves are fairly well represented by yr =k, even for
small ranges. Similarly, By. (10.1) is a reasonably :ood representa-
tion of the curves in Figures 26 and 27. The values of km2 are
listed in Table 6.

For large-scale waves, evidence that the amplitude decays

approximately as 1

s especially at large distances, was obtsined
by Japanese observations of the “tunami® waves which originate in

disturbances of the sea produced by earthquakes7).

Table 6. The Product yr* for Waves from

a Nuclear Bomb at the Surface.

=W | Depthof | TFemm®

kilotons viater (ft.) (££2)
10 180 1.13 x 10°
20 210 1.61 ®
50 265 2.53 "
10 300 1.63 v
20 355 2.33 "
50 450 3.69

*y =crest-to-trough amplitude;

T = range e ees & eoe sse oo
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In estimating the velocities and periods of the waves
from a nuclear bomb explosion, we recall* that a scaling factor m
for linear dimensions implies a scaling factor mé for velocities
and pericds. If we scale up from the average results listed in
Taﬁle 3 for 8 oz. in 2 ft. of water, we arrive at the values of
V, T, and A in Table 7. The values of m are the same as those
in the second half of Table 5. The veloeity is that of the first
crest, as in the small-scale experiments; the period is the time
interval between the arrival of the first and second trourhs
(respectively preceding and following the first crest) at the
distance r.

It should be noted that all of these estimates of
velocities, periods, and wave lengths are for a mean distance r
from the explosion. 1In the 8-0z. burst measurements, this distance
was 16 ft., and the values of r in Table 7 were scaled up from this
distance by the factor m. As mentioned earlier*, the velocity and
wave length are theorstically expected to increase with distance

from the source.

*See Section 7.
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Table 7. Velocities, Periods, and llave lengths of lLaves

from Nuelear-Bo:zb ixplosions at the Surface®.

TNT -
Eyulvalent | Depth v T r
(kilotons) | (££.) | o | m® | (£t/sec)|(sec)|(£t) | (£t)

10 300 i9112,2 75 16,8 § 1260 | 2400
20 355 178113.3 82 18.4 | 1510 { 2850
50 450 224115.0 92 20.7 | 1300 ! 3600

¥Scaled up from 8-0z. bursts in 2 ft. of water; cf. Section
7, and Tables 3 and 4,

1l. Effect of Sea Depth on the Waves from Surface Explosions.

The estimates of wave amplitudes in Section 10 (Figures
26 and 27) were made for water of a given depth, scaled up in
each casé by a factor m from a small-scale experimental depth.
It is of interest to estimate the effects upon amplitude of

(a) Shallower water: this would apply to most

harbors and anchoragzes; and

(v) De’ép water: the open sea,

In cur small-scale experiments only two depths, 1 ft. and
2 ft., were employed. For bursts of 8 oz. in these respective depths,
we found values (g. Section 6) of 3.58 ft.2 and 7.36 £t 2 for the

_APPROVED FOR PUBLI C RELEASE *** °
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mean products §F of amplitude and range. Y%hile it is hardly
possible to generalize on the basis of two depths, tLhese figures
at least suggest that--for depths small compared with the wave:
length--y¥* is roughly proportional to the depth.

Fortunately, the New Zealand Seal project has investigated
the variation of J* with depth. Their results are given non-
dimensionally* in terms of yoro=-the product yr 1ln deep water--
and A, the wave length in deep water. Specifically, yr/y ro is
plotted against h/x,, where h is the actual depth. An examination
of the Seal curve shows it to be nearly linear for h<0.2 A.. At
these depths it conforms approximately to the equation

T .24 & -0.01 (h<0.2 X,) (11.1)
Yoro A -
Ist 73¥; be the mean product for a depth hy . To evaluate

3{?, corresponding to some shallower depth, h, we can write

_ 2.4 (h/ Au) 0,01 (nc0.2 Ap) (11.2)
TI¥T T 24 {hy/a.) -0.01 (hy< 0.2 A.)

For our purposes we may simplify kq. (11.2) to the

. 3¢
approximate form

F (11.2a)

Sib‘

(H

i =
Y71y " m

Reference 4, Figure 2.
For the values of h/x,and hy/.  with which we are con~
cerned {between 0.09 and 0.18), this indroduces an error not exceeding

6 per cent. In view of the other uncertainties, Eq. (11.2a) is an
oe.pt:h-ta;.wener:-. ///'/

o,

admissible approximation. For other values of the
length ratio, Eq. (11.2) should be used. * 3
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Eq. (11.2a) is consistent with the indication of our
small~scale data that, for very shallow water, V¥ is approximateiy
proportional to the depth,

It will be noticed that when the approximation (1l1.2a)
is valid, F is independent of A, However, to make sure that the
depth condition h<0.2A4,is satisfied, we need to know A,, the wave
length in deep water, at least roughly. (This wave length differs,
in general, from that in shallow water; hence we cannot use here
the wave lengths in Table 3 or 4.) From a curve in one of the
Projeef; Seal reports, A,z12 ft. is judged to be a reasonable
value* for a burst of 8 oz. Thus our experimental depths of 1
and 2 ft. of water satisfy the condition h<0,2 A

Equations (11.1) to(1ll.2a) are non-dimensional. If we
now assume that the foregoing considerations also apply to large-
scale bursts, such as those in Figure 26, we can easily deduce the
factor F for the same explosions in shallower water. The depths
in Figure 26 are scaled up from those in our pond experiments,
Hence these, as well as lesser depths, should also nect the require-

ment h<0.2 A,

*Phis figure was obtained as follows: In Fig. 17,
Reference 7 the wave length is about 24 ft. for a surface burst
of 4.25 lbs. Scaling this down to 0.5 lb, by the cube root of
the charge weight ratio, we obtain, approximately, A 212 ft. .7/

////////

[ ]
®
i
X
. O
NN
N

.0....‘ (L XY T
[ X X1 ]

.
oo
]
b
sss e
o
.

o
A
g
- o0

°
> oneoe

APPROVED FOR PUBLI C RELEASE

(J XX 1]
(XXX ]}




APPROVED FOR PUBLI C RELEASE

L L .io - &

[}

Table 8. Estimated Values of ¥ for a Surface Explosion.

in Vater 150 ft. Deep.

T [y
W 1 B ‘ yr
(kilotons) | (££) | (££2) P %—i (£f2)
10 180 }1,13 x 10°} 0.85 0.96 x 10°
20 210 11.61x "} 0.70 1.13x
50 265 §2.53 x * | 0.55 1.39 x

*
To the nearest 0.05. Greater precision is not justified.

Table 8 lists values of F and ¥¥ for a depth h =150 ft.

(which is understood to be fairly typical of the Bikini lagoon),
for three bonb efficlencies expressed in TNT equivalents. The

' first three columng are identical with those in the first half of
Table 6. Figure 28 was obtained from Figure .26 by multiplying the

. latter's ordinates by F (i.e., by 0.85, 0.70, and 0,55 respectively,

for the 10, 20, and 50 kiloton curves). Figure 26 was chosen for
this purpose, rather than Figure 27, because considerably less
extrapolation is required from the depths in the former than from
those in the latter. The amplitudes in Figure 28, like the others

in this report, are crest-~to-trough heights. It should be
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ehphasized that these estimates refer to a bomb detonated at the
surface.

We next make a rough estinmate of the amplitudes to be
expected in deep water. - For 8 oz. in 2 ft. of water, h/)w: 1/6,
if we again take N 12 ft. Substituting this into Egu. (11.1)

we have

-"'{- = 2.4 (1/6) ~0.01 = 0.39

Yoo

Or yoro®™ 2.6 yr. Assuning agaixi that these considerations are
applicatble to large-scale bursts, this means that, at a given distance
in deep water, the amplitudes of the waves from a nuelear-bomb
explosion will be approximately 2.6 tihes as zreat as those in
Figurel27., 'It would be better merely to say "two or three times
as great," in view of the many uncertainties in this analysis.

Before leaving this subject, it is necessary to specify
what is meant here by "deep" water. In the same Seal graph on
which Eq. (11.1) was based, yr=yro when h 2 0.8 A,. Thus,
scaling up 5\°= 12 ft. by the appropriate values of m in Table 5,

"?Apaz't. from the extrapolations involved, it should be
noted that A,, which is not accurately known, enters explicitly
in determining the value 2.6. This is unlike the situation in
very shallow water, where, as we have seen, F is independent of A,.

gz

-
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and multiplying by 0.8, we arrive at the following, c;efir&tions *

L

g ..

.. o
[ d

00 00 o,

of "deep" water: .3 5

For 10 kilotons, a depth > 1450 ft.
For 20 kilotons, a depth 2 1700 ft.
For 50 kilotons, a depth 2> 2150 ft.

12, Discussion.

Surface vs, Underwntor Bursts.—The principal result of

these experiments is that in shallow wator, charges detonated at
the surface produce higher waves than submerged charpges. The New
Zealand Seal Project found this to be true also for ceep iwaters
surface bursts generate higher waves¥ than those produced even by
& charge at Penney's "optimum depth. "6)

. .Seal also observed that as an & oz. charge is submerged
from O to a few inches in deep vater, the vave amplitudes decrease,
British investigators” found that as a charge is submerged froa about
0425 Ry (where Rp is the maximum bubble radius) to 0.9 Ry, the
amplitudes first increase, tiion reach a maximum, and finally decrease,
the peak oceurringat about 2/3 Ry, Actually therc is no contradiction
between these tvio sots of results., The range of depths in the British
experinents did not include depths very close to the surface, nor--and

this is most importent--did they try any bursts at the surface. This

*Reference 4, Figure 1,
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explains why they concluded that 2/3 R is the optimum depth for
wave production,

Combining the reosults of thesc experiments with our‘ oWy
and with those of the 3eal Project, one arrives at the following
conclusions: If, in a given situation, the principal am of an
explosion in vater is to produce gravity waves of mexmnnn amplitude,

the place at which the charge should be fired is at the surface.

As tihie submergence of the charge is increased to about

0.1 R, the amplitudes decrease rapidly. At greater depths, the
amp]i‘é.udes increase slowly, reaching a secondary maximum ab about
2/3 R, This maximm is, however, distinctly lower than that at
the surface.

Estimates of Nuelear—Bomb Effects.--The predictions in

Sections 10 and 11 should be regarded as order-of-magnitude estimates
only. To be. sure, these estimates were not obtained by indiseriminate
exbrapolation; we did not apply the small-charge scaling laws to a
comparison of large bursts with small ones. MNevertheless, the
scaling laws which we did use to compute nuclear-bomb effects, ave
based on an hypothesis which lacks experimental qoni‘irmat.ion in the
domain of large-scéle explosions. This hypothesis of a mechanism

*or slightly below it. Project Seal concludest) that, for
optimum wave production, the centexr of gravity of the charge snould
be submerged to a depth of 0.05 wl/3 fte (where W is in pounds). For
a half-pound charge, this is a depth of 0.5 ineh, For a z0,000-ton
bomb, this corresponds to a depth of 17 ft. The wave heights will be
much the same for any location of the charge betweeq tm,s degf‘l;z 9;1d.

the surface, . H . : E E
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APPROVED FOR PUBLI C RELEASE

of wave production by surface explosions is consistent with the
results of small-scale experiments. It camnot, hovever, be considered
astablished until it has been tested for surface bursts of the order
of 100 tons or more.

Efficiency of Energy Conversion.-Accdrding to 'roject

ssal*, the efficiency of conversion of explosive into wave energy
inereases steadily from small charges up to those of several thcusand
pounds, vhere it levels off. This conclusion is based on the supposition
that a ‘.ﬁ scaling law subsists throughout this range of charge weights.
The actual amplitudes were observed to increase faster than predicted

by the W’E law, and this unexpected rate of increase was attributed to

an entanced conversion efficiency for larger charges.

However, an alternative explanation of the discrepancy is
possible: that the fourth-root law is not applicable over the entire
ronge of charges in question., If, instead of this law, a cube-root
law is adopted for small charges, and a law conforuing to Eg. (9.2)
is used for charges of intermediate weight, most of the disproportionate
increase in amplitude is accounted for, and most of the supposed

increase in conversion efficlency disappears,

——rwy o

*Reference 4; see especially Figure 8.
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It should be addéd, in this connection, that in their
earlier papers, Seal tentatively reported a Wl/ 3 law for charges
up to 300 lbs. Later,l“"n on theoretical grounds, they adopted
a Wb lzw, but asserted that so far as their experimental data
vwent, "the cube-root laweseis a closer fit than the fourth-root
]iNN¢“7)

Addendum
Dr. K. Fuchs has called the writer?s attention to the

following difference betweon the surface explosion of a nuclear bomb

-and that of a ocorresponding charge of TNT. In the latter, the distance

from the source at which the pressure becomes acoustic is not very
large relative to the dimensions of the H.B, Therefore, the energy
which was able to get into the water--by virtue of the reMtive
densities of H.E. and water--can stay there long enoligh to produce a
large cavity. In the muclesr-bomb explosion, on the other hand, a
oonsiderable amount of energy may escape from the water to the air
before acoustic pressuré is reached, Thls would reduce the cavity size,

and therefore the height of the vmaves,
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APPENDIX

tAnomalous" Results

Some of the results obtained in these experiments appear
rather curious at first sight.. These can, however, be explained
by considering the behavior of the gas globe produced by an under-
water explosion, together with certain generalizations :bout the
production of waves by explosions. We shall first list the apparently
anomalous results, using, for convenience, the following notation
(ef. Table 9): S~, B-, and U-waves will refer to surface gravity
waves generated by firing charges at the surface, btottom, and midway
between surface and bottom, respectively. The subscripts 1 and 2
wlll denote the total depth of water in feet. Thus Sy~ waves will
refer to waves preduced by firing a charge at the surface of water
2 ft. deep. A ratio such as 82/52 will denote the zverage ratio of the
corresponding wave amplitudes from a charge at the surface of.2 ft. of
water and from a charge fired at the bottom in the same depth of water.
(Paragraphs 2 to 5 below are based on Table 9.)

l. Perhaps the most surprising set of curves is the one
in Figure 8, There it is seen that 2 oz. of H.E. generates B,- waves
larger than those from 4 oz., and approximately as large as those from
8 oz. Moreover, even the 1 oz. of explosive yields By~ waves which

are not nuch smaller than those from 4 or 8 oz.
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TABLS 9

Averaze Ratios of Amplitudes for Various Conditions of Charge Immersion’

*—“:-m_*zm

®

| o ) “a;
1 2.7 0.51. 1.5 ¢ 0.2 0.5 1 0.1
2 3.3 1,0 1.2 + 0.2 0.7 £ 0.1
4 1.6 1 0.3 2.4 £ 0.5 1.0 1 0.2
8 1.1 + 0.1 3.7 £ 0.6 2.3 £0.3

mzhmmm

‘m&w

32/31 82/131
1l 1.1 £0.2 2.1 1+ 0.2
2 1.0 = 0.1 2,9 0.4
4 1.8 = 0.3 1.2 + 0.2
8 2.1 % 0.3 0.5 + 0.1

*S, B, end Y refer to amplitudes of waves from charges fired at the

surface, bottom, and aidway between surface and bottom, respectively.

Subscripts 1 and 2

TiMean deviations froa the ratios are given throughout.

t
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denote the total depth of water in feet,
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2. The ratio S,/B, (ef. Table 9) is greater for 4~ or
8-0z. charges‘than for l- or 2-o0z. charges. iIxactly the converse
is true of thé ratio SI/bl: It is greater for 1 or 2 oz. than for
4 or 8 oz,

3. A coméarison of My~ and By-waves shows that for 1 and
2 oi. ths former are smaller than the latter; for 4 oz. the two are

*

equal in height; whereas for 8 oz., the My-waves are more than twice

as high as the By-waves.
Lo Sp- and Slfwaves are sbout equal in magnitude fer 1 or
2 0z,, but the former are zbout twice as high as the latter for 4

or 8 oz,

5. For charges fired at the bottom, 1 or 2 oz. yield

‘By=waves which are two or three tines as high as the Bl-wavesa For

4 oz. the two types of waves are nearly alike, whereas 8 oz, produces
Bzawaves which are actually smaller than the Bl-waves.

At first sizht, many of these results seem paradoxical.
In an effort to explain them, we shall (a) review some well-estatlished
facts about underwatcr explosions; (b) state several generzlizations
(citing supporting evidence) about the generation of waves by
explosions; and (c) list the.controlling factors and secondary
factors which zovern the production of waves under each set of

conditions tried in our experiments.
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~ The prenomena associated with an underwater explosion

have been extensively studied, and their main features are fairly
well understood,8~ll)

- ] 1 .
underwater, the cozbustion products form an expanding bubble of

Witen 4 charge of high explosive is fired

gas. The expansion continues until the pressure inside the bubble
falls below the surrounding hydrostatic pressure (an inertial affect),
and then the excess pressure outside the gas globe causes it to
contract.. If the charge is immersed deeply enouch, the sequence of
expansion and contraction may be repeated several tiues. Thus there
occurs a series of pulsations, each accompanied by a shock wave and
by a mass motion of the surrounding water. ieanwhile the gas globe
tends to rise toward the surface because of its buoyancy. If the
charge is initially located fairly close to the surface, the expanding
bubble bireaks through, venting some of its gases and inhibiting the

process of pulsation.

i v, L < APPROVED FOR PUBLI C RELEASE™™

8) “Experiments on the Pressure lave thrown out by Stb=
marine lixplosions," by H. W. Hilliar, British Admiralty Research
fxperiment 142/19, 1919.

9) "The Pressure-Time Curve for Underwater £xplosions,"
by W. G. Perney, .inistry of Home Security, Civil Defense Research
Committee, Lngland, R.C. 142, November 1940.

10) "Theory of the Pulsaticns of the Gas Bubble Produced by
an Undervwater .ixplosion", by Conyers Herring, MUhG CCHKFIDENTIAL
Report C4-sr20-010, Columbia University, Division of National
Defense Research, New London, Connecticut, October, 194l.

11) "Report on Underwater Explosions," bty 4. H. fennard,
David Taylor iodel Basin CCNFIDENTIAL Report 480, COctober 1941,
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51 ® o000 ®es see oo
_ The maximum radius Ry of the zas globe has been found

by Ramsauerlz) to obey approximately the following relation:
14

_—

where C is a constant depending upon the type of explosive and

the fraction of energy which goes into the pulsating motion,
. W is the mass of explosive,

P is the total pressure (including atmospheric) at the charge

depth,
If R, i3 expressed in fp., W in pounds, and P in equivalent feet of
water, and if we take the heat of combustion of Composition € to be
1300 cal./gm., C =14.2. At los Alamos, atmospheric pressure is
squivalent to 25 feet of water. If we coaxpute Rm for a depth of
1 ft., then P 26 ft. of water, and Ry is given in Table 10 for

the charge weights used in our experiments:

Table 10
‘l" ——
Charge Weight Rm
(oz.) (£t.)
1 1.9
2 2.4
4 3,0
8 3.8

12) C. Ramsauer, Ann. D. Physik, 72, 265 (1923)
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For a charge depth of O ft. or 2 ft., Rm differs by
less than 2 per cent from these values,

In computing R, for a charge depth of 1 foot, we have
ignored the requirement that the water be deep. Actually, the
values of R, in Table 10 would be corrcct for charges fired at
a depth, say, 15 feet below the surface, and if the total pressure
(including atmospheric) at that depth were equivalent to 26 feet
of water, In our experiments the second reguirement was satisfied,
but not the first. Since the depth of immersion was only 1 or 2 ft.,
the zases could not expand to a spherical gloke with radius Rmo It
would seem that before attaining this radius, Lhe gas bubtle would
reach the surface and bs vented.

The behavior of the gas globe in shallow water is, however,

by no means as simple as this. It has been shownlB’lé) that in the

13) These phenomena have been explained theoretically by
C. Herring, G.I. Taylor, and others, and have been discussed in
detail by E. H. Kennard in Report R-182 of the David Taylor Model
Basin, "Migration of Underwater Gas Globes due to @ravity and
Neighboring Surfaces," December, 1943,

1,) "Underwater Explosion Phenomena" and "Small-Scale
Underwater Explosions under Reduced Atmospheric Pressure," David
Taylor Model Basin motion pictures.

15) "Small-Scale Underwater Explosions Under Reduced
Atmospheric Pressure," by lt. D.C.Campbell, USNR, and C. W,
Wyckoff, The David «. Taylor Model Basin CONFIDENTIAL Report
520, November, 1943,

16) "Motions of a Pulsating Gas Globe Under VWater—-~A
Fhotographic Study," by Lt. D.C.Campbell, USNR, The David V. Taylor
Model Basin CONFIDZNTIAL Report 512, ifay, 1943°

YA
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vicinity of a rigid boundary, the gas sphere tends to move toward
that boundary, whereas near the surface of the water the bubble
behaves as though repelled from the sﬁrface. Moreover, if a charge
is fired sufficiently close to a rigid surface, the resulting gas
bubble actually tends to flatten itself against the surface (cf.

Figure 1l in referencelB). These phenomena have been directly

observed by means of high~speed cinematography%h) For small

charges fired in depths of 1 or 2 ft. of water, as in our experiments,
we may expect these boundary effects to bte very pronounced. As we
shall see, it is in fact essential to teke them into account in

order to explain, even gualitatively, the results deseribted in this
Appendix,

It will ve useful to list several generalizations about
the process of wave production by explosions in shallow water. The
evidence for each will be cited below.

(a) For a ziven depth of water, the height of the waves
generated by an explosion depends upon the diameter of the cavity
which is initially created in the water.

(b) A given quantity of charge produces, in general, a
larger cavity and therefore higher gravity waves when detonated at

the surface than when detonated underwater. A submerged charge set

.o: .E. E o!. ?. 303
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off near the surface behaves much like a surface charge in
generating waves?;the larger the charge in relation to igs depth

of immersion, the more nearly do its wave effects approximate those
of a surface‘charge. |

(¢) A charge detonated at or near a rigid bottom
produces avgas tutble which tends to flatten itself against the
bottom. This delays the venting of the gaéés, and results in
creating a cavity of larger diameter than would te produced if
the charge were fired at the same depth in deep water.

(d) Provided that there is sufficient charge to produce
a csvity extending to the bottom, the deeper the water, the higher
will be Lhe waves produced.

Bach of these statements is suprorted by experimental
evidence, as follows:

(a) There is a close correlation between the gravity
waves produced by explosions and those produced by the collapse of
cavities created by other means, as shown in Section 5 of this
report.”

(b) The first statement is supported by Figures 11 to
18. The second stateament is anhypothesis whose validity must te
judged by its degree '‘of success in explaining certain of the

"curious" results listed above.

Fsge especially Figure 22; see also Reference 2.

..: .E. L] .; :... E.=
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(c) See references 13 and 1. ‘

(d) Evidence for the influence of the depth of water
on the height of waves was obtained by the New Zealand “Séal"
Project (¢f. Figure 2, Reference 4).

These generalizations can be used to explain the
apparently anomalous results described atove. In Table 11 are
listed the factors which would be expected to govern the formation
of cavitieé and the generation of waves under tie various conditions
in our experiments. The values of R in Table 10 were taken into
account in construeting the present table. The symbols s, s', F,
and h denote the following:

ngt prefers Lo the superior efficacy of surface explosions
in producing wavess "s'" refers to the similarlefficacy of submerged
charges near the surface.

nfFu represents the flattening of the gas bubble against
a rigid surface.

"hi preférs to the contribution of the depth of water to
the height of the waves.

We shall now discuss in turn each of tfie couaparisons on
page 1 of Appendixi

1. The bottom of the pond at the site of the explosions

was rigid, consisting of s-inch armor plate. The gas bubble from

- “APPROVED FOR PUBLI C RELEASE.®
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TABLE 11

Factors which Govern Cavity Formation and liave Generation in

Shallow Water,

Depth of Location of | Weight of | Controlling| Secondary

Water (ft.) Charge | Charge (o0z.)| Factors Factors
1 s
2 Surface 4 : h
8 3 h
1 h
5 ' 1% Below 2 h
Surfagce 4 s', h
8 st h
1 F h
2 Bottom z i’ h F
8 s!
1 s
1 | Surface i :
‘I' 8 s
1 F
2 F
1 Bottom 4 g
' 8 s?
‘ ////;'//
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the bottom ana spfead horizontally. For both the 1- énd 2-0z,
charges in 2 feet or.water this effect produces a cavity of considerable
diameter in tﬁe water before the gases are vented. The 2-0%. charge
appears Lo be close to the opﬁimum size for "taking advantage" of

the flattening and spreading effect to produce a wide, weli—defined

hole in water 2 ft. deep. On the other hand , the gas bubbles from

" the 4-0z. and 8-0z., charges, despite some flattening, break through

the surface before they have had a chance to spread and thereby to
increase the size of ilhe cavit;. This explains why the waves from
2-0z., charges placed at the bottom in 2 ft. of water are relatively
large,

2, For the reason just cited, 4~o0z. and 8-0z. charges
are not very effective when fired at the bottom in 2 ft, of water;
by virtue of (b), they are more effective when detonated at the
surface. For l- or 2-oz. charges in this depth, however, surface
explosions &re not markedly better than bottom‘ones, since flattening
of the bubbles created at the bottom makes them effective cavity and
wave producers. Henee Sz/bg is greater for 4- and 8-0z. charges than
for 1 or 2 oz,

In water 1 ft. deep, on the other hand, surface explosions
of 1 or 2 oz. are markedly better than bottom ones by (2) and because

,/Zé}.
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the water is toé shallow~=gven for these small charges--to permit
appreciable spreading before venting. This superiority of the
surface charges is smaller for 4 oz. and negligible for 8 oz,
because for charges of this siie, & submergence of only 1 f§° make
them little different from surfaée charges. For these reasons Sl/bl
is greater for 1 or 2 oz. than for 4 or 8 oz,

3. My-waves are smaller than By-waves for 1- and‘2°OZo
explosions because the flattening effect is moré pronounced in the
bottom explosions, where the charge is actually in contact with the
rigid plate. For 4~0z. charges in 2 ft. of water, the butble is
rapidly vented whether thg charge is at a depth of 1 ft, or 2 ft.

A slight flattening effect enhances bhe cavity-size in the Bz
explosiong but offsetting this, in the M, explosion, is the proximity
of the charge to the surface. Thus, for 4 oz., M2 £ Bye An 8«0z,
charge 1 ft. deep in 2 ft. of water behaves nearly like a surface
charge, whereas if it is fired at the bottom, the attraction of the
bottom and greater distance from the surface result in a smaller
cavity (the 8-oz. explosion produces so large & bubble that, because
of venting, it cannot "take advantage®? of the flattening effect in

shallow water). Hence, for 8 oz., M, > B,.

~ APPROVED FOR PUBL| C RELEASE""
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lb.o When the charges are fired at the surface, 1 or 2 oz.

are apparently too small to create a cavity extending to the bottom
in 2 f%. of water. Hence the cavitf size is not much different from
that produced in 1 ft. of water, and Sy % 81. However, 4= or 8-0z.
charges do produce a deeper cavity in.2 ft. of water than in 1 ft,
Hence 82 > Sl-

5, Comparing the Bz- with the Bl-waves from 1 or 2 oz.,
the flattening effect conduces more readily to the formation of a
good~sized cavity in 2 ft. of water than in 1 ft; hence B2 > Blo
For L oz. this effect in the deeper water tends to be balanced by
the proximity to the surface in the 1 ft. depth, which makes the
4-03, cherge behave somewhet like a surface charge. Therefore
By & By. Flnally, for 8 oz., both depths are so éhallow that, the
flattening effect plays a negligible role. The surface-p;oximity
effect, however, is strong for both depths, and markedly stronger
at the 1 ft. depth than at 2 ft. Thus Bz‘ Bl despite the greater

depth in the former case.
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FIG. 1. EMPTY POND, SHOWING. STEEL PLATE
ON BOTTOM.

~ FIG.2. SURFAGE EXPLOSION OF 8 OZ. H.E.
SHOWING COORDINATE BOARD IN RELATION

" " TO EXPLOSION
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FIG. 3. WAVES GENERATED BY | OZ. COMP. C

DETONATED AT SURFACE IN | FT. OF WATER
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FIG. 4. WAVES GENERATED BY 8 0Z. COMP. G

DETONATED AT SURFACE IN2 FT. OF WATER
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