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ABsTRACT

Surfaoe graviby waves were produced in Bhdlow water by

-. charges of Composition C at the surface, at the

IxMxm, and midway between surface and bottom. ~Ueights of 1 oz.

to 8 oz. of charge were detonated in water 1 to 2 feet deep. Surface

explosions were found to be more eftectiw generators of waves than

underwater explosions~ Therefore, this report is devoted principally

to an analysis of surface bursts.

6
In the domain of small charges investigated here, the

aZnplitwlesand wave Iengbhs associated with surf+ce explosions scale

app’oxkatel.y according to ths cube root of the charge weight when

the distance is scaled by the same faotq the periods and velocities

scale according to the sixth root. For surface bursts, the amplitude

varies near~ as tk inverse first power of the distance. The

amplitudes predicted from earlier experiments on the collapse of a

cylindrical cavity in water agree masonab~ well with those arising

frem surface explosions. In fact, the efficacy of such explosions

in generating gravity waves seems to be best understood in terms of

the production and subsequent collapse of a cavity oz.’crater.

A mechanism of wave production by surface explosions is

described,

of the gas

in which the dimensions of the cavity are related to l+ose

Fbubble created by a corresponding underwater explos” 2&,,j.,/,-;.
.-../..,.//....-”
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This mcknism accounts for wxw of the striking propertiek#&

surface bumts, and nqlcesit possible to choose a set of smling

laws for large as wall as small explosions. These

based on an hypothesis which requires experimental

domain of large-scale explosions. A surface burst

laws are, however,

confirmation in the

of the order of 100

tons would help to f~ this gap. The pmaiiction of wavss produced by

a large-scale explosion from those of a small-scale one is based upon

where m :k the scaling factor relating the large amplitudes and wave

lengths *O the smll ones; WI is the weight of the large charge, W2

of the small one; ~ is the depth of the cavity, and H2 the waten=

equivalent depth of the atmosphere in the 8k11-sc&Le experiment. The

corresponding scaling factor for periods and velocities is m~~ Estimates

am given of the wave heights and periods to be expected from the surface

explosim of a nuclear bombs and the effect bf the sea depth is discussed

in somedetail. For a burst quivalent to 20jO00 tons of TNTS a value

Of 106 X

in water

which

terms

under

105 ft.2 is estimated for the mean prochkt amplitude% x distsnce

200 l%. deep, and 1.1 x 105 ft.2 in watar 150 f%. deep.

The Appendix discusses certain phenomena in shallow water

apyxa? anomalous at first sight, but which can be understood h

of the expected behavior of the cas bubble prochacedby explosions

th3 conditions of these exper5.mentse

—, ●

‘The term amplitude here denotes crmt==to-trough height.
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1. Introduction
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In a typioal underwater explosion, the prinoipal damage to

ship structures is inflicted by the underwater shook wave. Thi8 should

alao be true of a nuclear-bomb explosion. However, if the shock wave

in the latter case is to be effeotive, the bomb must be detonated at a

depth at least half as great as the lateral distanoe &om the target.1’~

This is neoessary because the pressure wave is refl@md from the free
.

surface of the water as a rarefaction whi.ohtends to canoel the positive

pressures in the shook wave. Thus, calculations for an explosion equivalent

to 20,000 tons of TNT indioate that the radius of lethal damage is approx-

imately 3000 feet, and that for this distanoe the bomb should be set off

at least 11300feet below the surfaooe Although lessor depths would

obviously suffice for an explosion ooaurring almost direotly undar a

ship, such cUutanoes have to be considered when it is desired to damage

more than one ship with a single bombs or to facilitate the safe delivery

of a bomb. On the other hand,

ordinarily exist in harbor8 or

of ships is apt to be found.

depths of the order of 1600 feet do not

anchorages, where the greatest oonoentration

Xn the early discussions at the Los Alamos laboratory about

the possible us. of nuclear bombs against ships, the implioit objective ‘

was to inflict serious damage upon a number of vessels at once. !l’his “

objeative was determined by the extraordinary value of the first few

nuclear bombs ~ich, at that times had to be measured in terms of the

1) LA-545, “Underwater Explosion of a Nuclear Bomb,” by
John voa Neumann and Maurice M. Shapiro, April 8, 1S46.

//
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tihoobvious military advantages

uitya its use sgainst ships

could be considered seriously only if a single bomb could deliver a

*
major blow against an enmny fleet.

Ileoausoof the raref’aotioneffect oitcd above. the shock wave

from anucl.ear-bomb explosion in shallow water was considered unlikely

to Gause serious damage to large ships other than those in the immediate

vicinity Of’ the burst. The question arose, however, whether thesurfaos

the exploaionxnightbe capable of inflicting

Significant number of ships in a harbor or

gravity wa~es generated by

enough damage to cripple a

anchorage.

It WR8 deoided to investigate the prooess of gravity-wave

production in water by means of small-soale experiments. In tho first

investigation.2) carried out in the Spring and Summer of 1944~ gravity

wavea wero generated in shallow water by means of “simulated explosion~.n

These consisted of the sudden withdrawal of an imnersed oylinder, whioh

resulted in the creation, and subsequent oollapae, of a oylindrioal

oaviky in water. By experimenting with oavitie8 of different sizes

(m it was found that the amplitudes of waves from similar cavities scale

nearly linearly.

“ %iththe reduction in the cost of nuclear bombs, onoe they

are made in considerablenumbers~ this ar@ment breaks down, In fact,
as pointed out by J. von Neumann, a single oapital ship is a worthwhile
target for n nuclear bomb, provided that the industrial effort expended
in produoing it clearly exceeds tho effort required to make a bomb.

2) LA-228. “Gravity Waves Generated By The Creation Of a
Cylindrical Cavity in lTaterO”by M. M. Shapiro, February. 1945.
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performed

The experiments
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desorib~d”~n“this report$

in the Fall end Winter of 1944-45, are concerned with the

wave offarts of real explosione in shalhd’ watero Itwas desired te

know what are the optimum conditions for wave production by explosions

and how the

Information

lengths. A

wave heights dectaywith distance from the disturbanoeo

was also sought about the perioda$ volocities~ and wave

further object of this investigationwas to determine the

sealing lnwe oboyod by the waves under optimum conditions, with a view

to predicting the amplitudes of waves from large scale explosions.

Despite the difficulties anticipated in the deterniinationof scaling laws

from experiments in shallow watere the lstter was chosen deliberately so

as to simulate the condition in a harbor.

*As in Reference 2, tho
the SITAOMtof’H.E. detonated. It
the diargo in question aan create
to the bottom.

.

-1,,

term”’’ahallownis used in relation to
refers to,a depth of water such that
a oavity extending from the aurfaco
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The explosionswere set off in a pond 36 feet Zonge 25 feet

wide, snd 2.5 fsot

range of dis%anoes

was limited by the

, bottom waticoverod

deep. The size of the pond end. therefore, the

and explosive charges which could be investigwted~

water aupply available at Los Alamo80 Tho mud

with a few inohes of sand and gravel. To prevent

the formation of maters by the explosions. a sheet of l/2-inoh armour

plate, 5 x 5 feet in size, was laid on the bottom about 16 feet from

one end of’the pond. IMmxiing longitudinal y from this plate~ over

nhioh the charges were detonated, was another sheet of

plateO 8 x 4 feet in size; Bee Figure 1*. In this way

was provided along a radial strip over whioh the waves

l/4-inch steel

a flat bottcm

were to be

measured. Moreover, the complicating effeots of having sand, mud and

gravel thrown up by the explosion were avoided.

Motion pioture8 of the wave system against the background

of the reference frame described below were obtained with two cameras.

A Sept 35 mm camera, running at about fourtean frames per 6000nd$ was

used for I;hemeasurement of wave emplitudea~ see Figures 3S 4, nnd SO

When the 35 mm film was projected on the soreen of a Recordak Reader

the resolution was sufficient to permit a measurement of wave heights

acourate 1;0within 5 per oeato For most of the trial~pioturea were

algo taken with a Boll and Howell 16 mm camera at a rate of 64 frames

per second. This film provided better tine rosolufiionthan that

*The figures”appear at the end of this report.
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P-available Id th the Sept, thereby“p&?&i~~re&c~&bl y ood measurements

of periods and velooities. In some instanoes pioturem of the explosion

itself wero also taken with the Ilelland Howell camera; see Figures 20

24, and 25,,

A ~=inah plywood board, 8 feet 1ong end 21 inohes high was

irons, and supported vertically by steel poles sunk

the pond. A set of coordinate lines was painted on

as a referenoe system for the measurement of amplitudes

employed al)a reference frame. The board was stiffened longitudinally

by two duml angle

into the bottom of

the board to serve

and WV8 lengths; see Figure 3. The near end of the board was plaoed

5 feet t%on the explosion, and in scuneinstanoes 11 feet away. Thus the

board extended radially either betwuen 6 and 13 feet or between 11 and

19 feet from the explosion.

Various weights of

variety of

set off at

Xn a depth

and at the

in order to provide additional evideme concerning the sealing laws.

The ueighto bf oharge employed were 1 oz.~ 2 Oz.$ 4 OZ., and 8 OZ.S the

conditions. In a

Composition C* were detonated under &

depth of two feet of water, oharges were

the surface, one foot below the surfaoe, and at the bottom.

of one foot of uater, oharges were detonated at the surfaoe

bottom. Several intermediate depths of water were also ueed.

last being ooneidcwed a practical upper limit for the dimensions of tho

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

*Several of th early charges were pentolite~ later it ums
found oonvonient
the two types of
●rroro

to use Composition ~, The w&e syst&s produced by
explosivo were found to agree within experimental

0.0
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eaoh set of conditions. In all, more than 180 explosions wro set off.

and about 150 of these yielded films whioh were satisfactory fnr

measurernente

3. Surfac. Explosions vs. Underwater 12xplosi.ons

Exoept where otherwise specified, the term “amplitude” will

denote tho maximum orest-to-troughheight of a grdup 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 term

‘rangen--cmoeptwham used in the general senseo+ll denote 8 radial

distance from the explosive oharge, meaoured in a horizontal piano,

Figures 6 to 10 show the observed wave emplitude as a iiuwtion

of range under a variety of conditions. As a rule, each ourve is b~sed

upon data from three to five nomiaally identioal explosions. The

amplitude was meaaured at every foot within the range interval shown.

The probable errors in the amplitudes from the 800Z explosions were

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

*Aotually, the first disturbance to be propagated ia a ‘swoII,*
whioh is considerably smaller in amplitude thau the first crest. The
swell is sucoeedod by a trough, whose depth is approximately aa zreat
as the bight of the
groat distances, the
However, the maximum
subsequent cr~

first crest whioh follows it; At maff~aien~ly
succeeding cremta are higher than the first OW%
height of the first orest exoeeds that of any
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of preoision of the measurements. Thqy are indioated

‘?,

*

by the vertioal

error 1ines in the 8-02. ourve of Figure 6. For the l-oz.~ 2-02.$ end

4-02. explosions the probable errors were about 0.7, 0.8, end 0.9 as

large, rospeotively, as those of the 8-02. amplitudes.s

h Figure 11 a oomparieon is

weter 2 feat deep by en explosicn of 1

plaoed at the eurfaae of the wetor, at

surfaoe and.bottom, respective y. The

2 oz.. 4 oz., and 8 oz.. respeotivelys

made of the waves creeted in

oz. H.E. when the ohergo is

tho bottom, and midwey between

same comparison is made for -

in Figures 12, 33, and 14.

It is oleer from these graphs that higher waves are produoed when the

8
cherge is fired at the surface than at the other two depths. similarly,

in Water 1 f%. deep, surfaoe bursts create larger waves than explosions

sot off at the bottom, as oan b. seen in Figures 15 to 18. The superior

effioaay of eurfece bursts over underwater bursts in generating gravity

waves is the most striking result of these experiments.

*Amongthe procedures subject to experimental error are:
(a) placem.nt of the ch5rge; (b) weighing of the charges(c) adjustzwnt
of the depth of water; in the vicinity of the charge, the depth soms-
times differed slAghtly from its nominal value as a result of the
dishing of the azmr plate at the bottoms (d) measurement of the
projected f31m. These sources of error were known$ and could be
mini.mi%d. TWO othc~reffects nay have been present: (e) titeraction
of the reference bo~rd with the waves;and (f) ~rturbation of the
waves by spray and broken va.ter.
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4. Scaling Laws for wall Surfeoe Explosions.—

.

Sinoe surface bursts appeared distinctly more promising .

than underrater ones,

of the scwling laws.

Let the oharge might

Of n should tho depth

amplitude by the same

the former wetreseleoted for an investigation

This problem can be formulated as.followss

be increased by a faotor n. Then by what root

and range be inoreased in ordor to inorease the

root? In other words. tit is the value of x

l/x.t’old,the amplitudesuoh that if the depth and range are inoreiasedn

is also inoreasodnl/x-fold?

In earlier experiments2) it

simulated explosion (the collapse of

had been found that waves from

a oylizxlrioaloavity in water)

soale nearly linearly, provided that the depths of water are sealed

linearly. In the present experiments it was desired to learn whether

the same oube-root sealing applies to the uaves from real surfaoe

explosions. British investigators3, had oonoluded from dimensional

considerations that, although exqot scaling is not possible, approximate

sealing should subsist for x=4. It therefore scornedimportut to

determine which of the two valueaO x =3 or x=4, more nearly fits the

faots for ~Ae small-male explosions involved here.

TO answer this question, the following experiments were

oarried out (the results are mmmar ized

3) Note No. AD~214/GC.ARB.,

. ...

in Tablo 1)x

Deoember, 1944.
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made under the
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Test of Cube-Root Sealing.=- Three comparisons wore

conditions (a), (b)$ and (o) of Table 1. These

oomparison13are shown graphiually in Figures 19, 20, and 21. The

1/3.depths ofmter employed in eaoh case were in the ratio dlld~n

Similarly, the wave amplitudes yl and y2 were oompared a’tcorresponding

ranges rl=n 1/s
rzs and the mean ratio ‘~~ for a oeriee of

was computod. Writing
l/x

~=n

tho reoiprooal exponent is then ocsaputedfrom

x= leg n

W *

The experimental values ofx for the three series

(a), (b), and (o) aregiven in the last eolumnof Tablel.

of explosions

The weighted

mean (obtained by weighting eaoh value of x by its reoiprooal error) is

3.35*0.4. It can be seen that if the range had been sealed by, Say.

/ 1/3, the muputed value of x would have bo~ smitler~ .nl 30~ instead of n

approximately 302. This 8uggests that linear scaling--or, at leastO

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

possibility that fourth-root soa3ing may fit the data nearly as -11.

For this reason en additional set of oompariaons was undertaken.

(2) Test of Fourth-Root Sealing.--In this series, waves were

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

of water for a given pair of explosions were in the ratio d1\d2zn$, md
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Table 1. Scaling of ‘Javesfrom Surface Explosions*

&
dlieries

{d

(b)

(c)

1.8s

1.45

1.56

3.38 *0.324

24

24

1

2

1

12

15

15

2.00

1.59

1.59

,= nlli

Cube
Root
Test

6

3

3*35LO.4
-

Fourth
Root
Test

—

(d

(e)

(f)

1

2

1

U*:

17

17

1.68

1.41

1.41

2.00

1.4$

1.74

3.00AO05

3.54ko.5

8

8

4

24

24

24 2.50&Oo5

Weighted
Mean

3.01*0.4

*
W = weight of Conp. C in oz.
d =depth of ‘fiaterin inches

y =Amplitude of wave at range r.
yl= Amplitude at range rl = Pr2
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amplitude ratios were obtained for distanaes

Again the reciprocal exponent x was oomputed

turned out to be 3.01=0.4. Since the value

rauga of experimental errore it appears that

+with aVf - agaling law. Thus, in the domain

● ☛●☛☛ ●
● ☛✘

● *m ●

● oh*
● *9

*rl~ r2 suoh that r =n r2.
1

in each ease. Its mean value

x=4 lies well outside the

our data is inconsistent

of small-scale surface

explosions investigated here, the wave amplitudes soale much more

nearly according to a cube-root law than a fourth-root law. The

former eon be expressed as followet

In other words, if the depth of watere the linear dimensions

of the charge, and the range are increased by a given faotor, the

amplitude is increased by the seinefactor.

~!hisconclusion is based upon experiments with relatively small

oharges, and should not be applied uncritically to large-soale explosions.

There is, in fact, reason to believe that for explosions involving c+harges

of the order of hundreds of tons or larger, the amplitudes saalo

aooordingto W+. The argument for this is given in Seotion 10.7
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l?urtherEvidence for Cubs-Root Scaling of mall Explosions

‘I’hereis another line of evidenoe in facor of cube-root sealing

small mrfaoe explosions. In earlier experiments) performed in a

small laboratory tank, the wave effeots of an explosion were simulated

by the sudden withdrawal of a oylinder immersed in shallow water. This

produced a cavity whose collapse generated a wave system. The dimensions

of the oavity oould be varied by ohanging the diameter of the cylinder

and the depth of the water. In this way it was observed that the

amplitudes of the waves from geometrically similar cavities so&k

nearly linearly. The maximum catity diameter in those experiments was

1 ft., and tho maximum depth, 6 inches. The results were expressed

non-dimensionally,howver,

larger oavi”bies.then these

from such cavities.

and if the same scaling law obtained for

results also prediat the wave amplitudes

. .

In order to oompare these predictions with the amplitudes

from real explosions let us assme that, to a first approximation

the water ]?roducedby a surface explosion in shallow water may be

treated as Q oylindrioal cavity. We assume further that the depth

of this cavity equals (at least for the 4-oz. and 3-oz. oharges) the

depth of th(swater, and that the dismeter is approximately equal to

the maximum diameter of the gas bubble fonued by an underwater explosion.

Using the formula for ~, the maximum radius,which is given in tho

Appendix, this dismeter is found to be about 6.1 ft. for our 4-02.
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explosions, and 7.? ft. for our 8.oz. explosions.* Evidence that the

dianmterg our our exploBion waters aotudly approximated these

dimensions was obtained from oinomatio pictures suoh as those in

Figures 24 and 25, by measuring the diameter of the spray oolumn

XMar its base. The most reliable data in the presant expo~iments

were obtained with the 4- and 8-OZ. ohargea in 2 ft. of waters and

we shall therefore oompare these with the results of the simulated

explosions.

Now, in the artificial-oavity experiments, a significant

parameter was found to be R, the ratio of diameter to depth of cavity;

and most of the results obtained were for integral values of RO Ifo

therefore,,we adopt for simplicity the approximate value of 8 ft. for

the diameter of the 8==oz.orator and 6 ft. for the 4-oz. orater, w

shall havo two cavities with integral R for direot comparison with the

●arlier predictions: R=8/2=4 for 8 oz., and R=6/2=3 for 4 oz.

the tuo comparison are shown in Figure 22.- The upper graph compares

*These values are 6omewhat larger than those in Table 10
(Appenfi~) because the pressure at the surface is qaivalent to
25 feet of’water at Los Alamos, whereas the values of ~ in ‘i’able10
are based on a total pressurequivalent to 26 feeto

K*
The dashed curves were obtained mom Figure 13, Reference 29

the only difference being that in the latter, the coordinates are nozA-
dimensional, whereas here they are given in absolute units. The plot
is logarithmic sinoe the wave amplitudes decrease with range aooording
to a power law.
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the pradicted wave

diameter and 2 ft.
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amplitudes for t$e Y;liap”G’ol?”a”;avity8 ft. in

deep (dashed curve) with the actua~y observed

aaplttudea fkuna surface axploslon of 8 oz. Comp. C in 2 ft. of

w~ter (solid curve). The lower graph makes the mm cmparison

between a 6 X2 ft. oavity end a &oz. explosion.

One would hardly expect very close agreement between the

observed amplitudes and those predicted by the cavity-collapse

experiments, considering that the assumption of cylindrical shape

Zor the explosioncratersis merelya convenient idealization. h

view of thia$ Figure22 showsremarkable agreement not only in the

absolute va~ue of the amplitudes, but also in their rate of decay

with distanca. This providesadditionalevidencefor cube-root

scaling,sincethe predictedamplitudes(dashedcurves)werebased

on the assumptionthatour expkxsionwavesscalelinearly.

Th18 agreementalso euggeststhat the characterof”the

wavesgeneratedby surfaceexplosionsin shallowwatercan be under-

stoodby attributingthem to the creationand suddencollapseof 8

cavityextendingto the bottom. The implicationsof this mechanism

o of wave productionfor the scalinglawswhich governvery large

explosionswill be discussedbelowin Section9.
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6 b Variaticnof WaveAMDlit*Ce in surface dxF&j#glJ!8*

The msximnmrange,about18 f’k.,at which waveswere MSa8Ur8d

in the88expertientawas determinedby the size of the art~ieial pond.

It Is possible,however,to make reasonableestlmsteaof the amplitudes

at larger distancesfrom the explosion. There is evidenoefrom at least

two’souroesA$5)that at distancesbetween5 and 50 tiresthe depth,the

amplitudevariesnearlyas the inverse

As before,let y= amplitude,

explosionsof 8 oz. in 1 ft. of water,

firstpowerof

and r=range.

the productyr

the distance.

Then in our surface

decreases slowly

with distance,whereasin 2 ft. of water,it increasesslowly. However,

the mean values~=3.58 and@=74j6 ft.2,respeu’tively,fit the

observeddata fairly

rl- decayat greater

of extrapolatingthe

well. In view of the evidencecitedabovefor an

distances,it wouldseem to be a reasonablemethod

amplitude-rangecurvekto make the productyr approach

the observed~ at largedkstances. This extrapolationis employedin a

subsequentsection, h whichthe wave amplitudesfrom a nuclear-bomb

explosionare estimated.

4) NewZealand Pro@ct ‘&al[#,Note of 15 June 1945,issued
by the Department of Science and Industrial Researoh, Dominion of New
Zealandf also see subsequent %ealn reports. These experiments in New
Zealand were carried on simultaneously with amiindependentlg of those
at Los A1.amot3.

5) BuShipsScientificMemorandumNo. 14, dated 1 November
1944,by G. 4, Roe.
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7b MW3s. Periods.and Wave Lengths

The velocityof the first, and highest,crestproducedby

uurfaoeexplosionsfn 2 i%. d waterwae measureddirectlyfrom the motion

p%cturesfcm severalburstsof each of 1-, 2-, 4-, and 8-0s.charges.

The periodof the leadingwave--the one cmtal.ning the f~st ~~est.-was

obtainedby”meas&_ng the the betweenthe arrivalof’the firstand

eeeond troughsat a givendistance. In view of the evl-tincefor cube-

root scalingof the amplitudes

expectedthat the wave lengths

ding ranges. Accordingly,the

frcm smallsurfaceexplosions,it was

would likewisescalelinearlyat correspcn-

variousperiodswere measured at distances

‘1/3. It was convenient to use theapproximately proportional to W

distances 8, I.Os1s, and 16 ft,, respectively, for the four charge weights.

Similarly$ the velocity was measured over a range interval whose midpoint was

the ssmecorrespondingdistance,~. from 6 to 30 ft., 8 to 12 ft., 11 to

15 ft.,and 1.4to 18 ft., respectively.

The resultsare listedin ‘fable2. Uach set of values ie

basedon data from

by multiplyingthe

four or five explosions.The wave lengthwas obtained

velocityby the period.
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Table2 ● ObservedValuesof Velodties, F&iods, and

Viave J.en@h8

2
I

5.0*0.5
I

1.06*0.6
I

5.3~0.8
.

4 ‘ 5.4%0.4
I I

1.1%*0.6
I

6.4&Q.7 .

8
I

6.0*0.5
I

1.39*U.6
I
8J3*1.O

For gravitywaves,the lineardimensionsare proportional

to gt2. Hence,if ampl.itudes scaleas &3 for smallexplosions,we

1~6. It is easyto seeshouldexpecttime Intervalsto scaleas W

dimensionallythatthe lattershouldalso

Thus,wave lengthsshouldscaleas W1/3 .

are’consistentwith thesescalinglaws is

the velocitiesand periodsof the 1-, 2-,

be true of velooltied.

That the data in Table2

shownin Table3. Here$

and &oz. waves axw scaled

up to 8 oz. by the sixthroot of the appropriatechargeratio. The

calculatedvelocities agree very well with that observed for 8 oz.,

and the periods agree reasonably well. In view of this, the averages

of thesevelocitiesand perimks,as

(themean wave length)are probably

well as the productof the averages

somewhat more reli~ble than the
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Table3. Velocitiesand PeriodsScaledup to

MJ ~~&oz. Explosion,Usingah

Weight
w (0%)

1

2

4

8

/6
(/$‘w

Z*4U

1.26

1*M3

Loo

Averages:

* /6v
([t
f!/sec)

6.2

6.3

6,1

6.0

Et/yT
Q!&&L_

1.39

~=1.38 sec

= 8.5 ft.

valuesbasedon the 8-oz. measurements alone: (Unweighed

are consideredadequatebecausethe relativeerrors in the

averages

four Sets “

of valuesin Table2 are much alikein magnitude.) It is interesting

to note,however,that all threeaveragesagrae,well withinthe

experimentalerrors,with the directobservationson 8-oz.btists.

A set of probablevalues

lengthsfor bumts of each size is

were obta:tnedby sealingdownfrom

of velocities,periods,and wave

givenin Table4. Thesevalues

the citedaveragesfor an 8-oz.

——.

*Forthis r~asonit is theseaveragevalueswhichare
used belcw (Section30) in estimatingthe periodsand velocities
of the wavesfrom a nuclear-bombexplosion.
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Table4. Prdbabh Valuesof Veboitiea, l%riods,and

Wave Lengths
t

-

Weight I Wave Iength
w (0=) a=m (ft)

1 4*35 = 0.4 4.3&o.’7

2 4*9 + O*4 1.10*0.06 5*4 LO*7

4 5.5 * 0.4 1.23* O.O6 4.0kO.~

8 6.15+0.4 1,38*0*06 8.5 *0.7

explosion(oJ Table3), udmg again

velocitiesand periods’.

Fi@ly, it shouldbe

the velocitiesand wave len@hs

inoreasewithdistancefromthe

eize of the pond

limitedrangeOS

the rate of this

saidthat theoretically,one expects

associatedwith a givenburstto

explosion.6)However,the small

employedh theseexperimentspermittedonly a

distances,insufficientfor an investigationof

increase●

6) I’GravityWavesin WaterCausedby
W. G. penney~LA Report215,February5, 1945.
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Some of the resultsobtainedin theseexperiments

rathercuriousat firstsight. For example,whendetonated

appear

at the bottom

in 2 f%. of water,2 oz. of H.E.generateswaveslargerthan thosefrcm

4 OZSS and approxhwtelyas largeas thosefrom 8 oz. This,and other

apparentlyanomalousresults,can be explainedby consideringthe

behaviorof the gas globe~duced by an underwaterexplosion,

togethor with certain characteristicsof the prcxluctionof waterwaves

by explosions.This subjectis treatedin the Appendix.

9. kch~ism of ?iaveproductionbv SurfaceExplosions

We have presentedevidencethat the wave amplitudesscale

approximal,elyas the cube root of the explosiveweightfor surface

burstsof smallcharges. Clearly,we cannotassumethat this scaling

law extendsup to very largeexplosions.

Beforeattemptingto predictthe magnitudeof wavesfivxn

largs-scalesurfaoeexplosions, it is necessaryto have somenotion ,

of the processwherebythesewaves are created. The mechanismof

gravity-w&veproductionby underwaterexplosionshas been q~litavely

describedin an earlierreport (cf.Introduction,Reference2), and

W. G. Penney,6) has givenB theoryfor the generationof suchwaves

whiuhis in substantialagreementwith experiment.Unfortunately,no
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8atb.Ctmtct’y the= existsfor the oreation& wavesby ~

6) iaexplowtom. A me~hanisnproposedby Penneyin the samepaper

baaedupon the Mtial deliveryto the surfaceof a downwti Lnpulse

over a oertainarea. A SC- bW deduoedfl%xnthistheorystates

that wave heightsat oorrespond~ dlstanoesare proportionalto the

ash rock of the chargeweight. This mnol~ion is in eharp disagree-

ment with our experiments@. Section4).

It shouldbe mentionedthat Penney?stheoryappliesto deep

water,Whereaaour experimentswere performd in shallowwater. However,

one wouldhanllyexpectthis differenceto resultin a changefrom a

sixth-rootlaw to a cube+oot law. SKIfact therais evMence* that for

depths less than about0.8 timesthe wave length,the wave amplitudes

decreasewith decreasingdepth;so we wouldexpeotour experimental

valuesto be smaller,ratherthan larger,than thosepredicted for

deepwater. Moraovm, experiments

largercharges(~ lb. to 300 lbs.)

l//+yieldeda scalinglaw betweenW

distanceconsidered,the cuberoot

in both deep and shallowwatqrwith

by the New Zealand‘Seal”Project7)

and W1~3, and lt~erthe lmt~ Of

law...isa closerfit than the fourth-

root law.. on It is clear,then, thatPenneytstheoryof wave production

%aference 4, F&we 20

?) Interim Reportof the New ZealandSeal Project,
aumuarizingresultsup to 31 October1944. Auckland,N. Z., 1945.

d---
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by mrfaco explosions leadsto predictedamplitudes

smallerthan thoseactuallyobserved.

●

✚✚ “ff”;o:o::” :“!
● 9 ● -, . ●

● ●:0 ● 9** . . . ● .

considerably

Whileno attemptat a rigoroustheoryis made here,we

shalldssoribe~ hypothesiswhichmay leadto an adequatetheory,

‘IINLshypdhesis will explain:

(1) ~~y s~face explosionsare moreeffectivewave-

gemratoro thanunderwaterones.

(2) Wy the wave amplitudesfrom smll explosionsscale

as the cuberoot of the chargeweight.

(3) I?OWa well-defined“fountain,”or cohnn of spray,

suchas that in Figure~, can be thrownup verticallyby a surface

explosion.

Aftershowinghow the hypothesisaccountsfor

facts,we shalldeduceits implicationsfor the scaling

explosion~

the foregoing

of large

Assumethat a surfaceburstcreatesa cavityin the water$

whosedianeteris of the orderof the maximumdiameterof the gas

globefrona correspondingunderwaterexplosion.* By ~corresponding”

is meantan equalchargefiredat a depth suchthatthe gas bubble

will justbreakthe surfaceat its firstmaximumexpansion(i.e~

*Evidencethat this is a good approximationis citedin
Section54)
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6)).
at Rsnneytsoptimumdepthfor wave productionby underwaterexplosions

The explosionproducesthe cavitymdnly by blowingwater outward

and upward,”ratherthanby pushingbacka considerablemass of

surroundingwater;i. e. most of the momentuntransferredto the

waterby the explosiveis imparted100ally,to waterin or near the

cavity,ad a relativelysmallamountof momentu is impartedto the

largemaes of surroundingwater.

A diagramillustratingthe natureof the flow insidethe

cavityat two stages

firststogethe jets

projectedoutwardas

of its formationis givenin Figure23. h the

emergingat the peripheryof the cavityare

well as upward. Snthe secondstagethe sidewise

component.in

(not dwvn),

the earliest

sequencesof

the peripheralsprayis smaller;and, in the finalstage

thi% sprayis throwndirectlyupward. A comparisonof

explosionphotographswith the laterones in the cinemtic

l?igures24 and 25 lerxlsplausibilityto theseideas. It

is thus possibleto understandhow a surfaceexplosioncan lead to the

formationof a ~fountain~~suchas that shownin Figures24 and 25.

If the energyavailablefor cavity-formationislargely

expendedlocallyby the #scouringnactiondescribedabove,this explains

the superiorefficacyof surfaceover underwaterexplosionsin producing

waves. For in the lattercase a considerableamountof the explosion

* The writeris indebtedto Dr. F. Reinesfor demonstrating
thata mechanismof this kindappearsto operatein a cavityformed~;,
by blodng a jet of gas downwardagainsta water surface. /,,/

APPROVED FOR PUBLIC RELEASE

APPROVED FOR PUBLIC RELEASE



2$
●*a ●:0 :00 88b ● *. ● *

● OO. ::O ::
● : : ●:..* :

●** ●
::

●.. ..* .*

energygoes into the radialmass motionof the watersurrounding

the gas bubble.

Anotherclue to themechanism of wave productionby

surfaceexplosionsmay be foundin Figure24. In the lastfew

framesof this figurethereappearsa thin centraljet of water.

Althoughno measurementsare availableon the totalheightof

this jet,it was confirnedbyvisualobservationof scores of

surfaceexp~08ions that the jet was thrownto a heighbseveral

timesthat of the main body of spray. Thereis good evidence

thatthis jet is producedby the collapseof the c8vity*,and it

ie reasonableto regardthe greatheightof the jet as an indication

of the violenceof collapse. The gasesinsidethe cavityformedby

——

*In the originalprintsof Fig. ~, the jet can firstbe
seen in the secondframsof the film stripat the right, i.e. at
about0.125secondafterthe explosion.Now,we can calculatethe
periodof the firstpulsationof a gas bubbleproducedunderthe
conditionsof Fig.~~ applyingthe formula(Q. Reference10, Appettdfx):

112 -5/6El/3T=l.3.35f p

? is the densityof the water in gm/cm3p
is the hydrostaticpressurein dynes/cm2,

and ? is 0.4 of the totalemrgy in ergs released
explosion.

by the

Takingfor p the equivalentof 25 ft. of water (oneLos Alamos
atmosphere),and for the anergyliberatedby CoinpositionC,
1300cal./gm,we obtainT=O.123 secondfor the time of the first
minimum. Since,withinexperimentalerror,the jet arisesat the
sametime,thereseemslittledoubt thatit is producedby the
collapseof the cavity.

4 (+
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a surfaceexp30sionare not nearlyas well confinedas are those

in an und19rwaterexplosion. Hence,the collapseshouldbe more

oompleteand violentthanthe contractionof an underwaterbubble.

Becauseo.tthe cuahionlngeffectof the gasesinside,the latter

doesnot collapsecompletelyat the end of its first pulsation,

but ie reducedonly to approximatelyone half of its maximumdiameter.

Thi8differenceis porhapaan additionalreasonfor the ~reater

amplitudeof waves fromsurfaceexplosiom.

Our hypothesisassumesthat the dimensionsof the cavity

producedby a surfaceexplosionare of the same orderas thoseof

the bubblecavityfroma correspondingunderwaterexplosion. Penney

has deducedthe scalinglaws for the lattercase*,~d sime ow

initialconditionmay likewisebe takenas a surfacedisplacement,the

earnsscalinglaws shouldapply. The arguementgoes as follows: The

energy E whichgoes into the expansion

imatelyby
E =VP

where V is the volumeof the bubbleat

totalpressure(includingatmos~eric]

of the bubbleis given approx-

its maximumsise and Pis the

at the centerof the cavity.

*Reference6, pp. 5-6, see nCase1. InitialSurface
Displacement.H
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I@ ix=maximumbubbleradius(or,in our ca~%”,‘a”&&~ : : “.”

dimensionof the cavity), ..*●:. ●OO ●O*● 0...
● .:. *: ●* ::

H Y.depthof watercorrespondingto onela&f&&er~~o ~ooSC:

1’/ . weight of charge.

Then E a;W; Vx h3; and PCS (h+H).

Therefore, Wa. h3(h-H)% (901)

how, in comparim:two explosions,let LS assignthe

subscript1 to the parametersof the largerexplosionsand subscript

2 to tnoseof the smallerone.

(NotethatHlmaydiffer$rom H2, e.g. inacoq=i~on bet~eenan

explosionat Los Alamosand one at sea level).

&t :11/~25m.

Fr;ma generalizationof the fundamentalsolutionfor

cylindrir’al?.yexpanding~,aves,
1

Penneyobtainsthe followingscaling

Y~ (mr2,@V t2) =my2 k2, ta) (9.3d

whered = depthof water
r --- range
t = tim afterexplosion

y(r,t)=amplitudeat ranger and ti,met: Since Me scalinglawsare ‘

determinedky thevalue of m, we need onlysolve&q. (9.2)for this

ratio.
-
* Rigorouslyone should,in the shallow-waterease,disti.Vuiehbetween
two kin s’ofIM

3

+

the lateraldimensionof the cavity,R, an e de th~ D;
thus,h shouldbe R%. The ScaIi

7
laws,however,are

the same if # is used. In Eq.(9.6, below,h2 mustbe the\ pth,and it
is so interpretedin See. 100 It shouldbe mentionedthat iQ our oxperiwnts,
whereLJ~ ail~srwiST most by a motor 4 fromthe ‘optimundepth~mR was
doterminadal-ostentirelyby\7,und ohangedonly sli~tly with D.
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Considerthreecases~
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(1) (kxmarisoq of two smal&scaleexdosions.

in our experiments,h~ end h2 are of the orderof 1 or 2

Hlz> hl and H2?> h2

and Eq. (9.2) reducesto

If,moreover,both experimentswere

sameatmosphericpressure,thenH1=H2, and

I.e.,the

to the cuberootof

amplitudes,distancesand

the chargeratio.

If, as

ft.,

perforned”underthe

depths

(9.4)

ecale according

.

(2) Commrison of two lame-scale explosions% If both

ex@ostons are of hundredsof tons or more,thenthe cavitydimen-

sions M’S of the ader of hundredsof feet. Thus

hl>>H1 and ~>> H2.

Eq. (9.2)reducesto

(9.5)

In

of

this casethe variouslineardimensionsscaleas the fourthroot

the chargeratio.
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(3) Predictionof ve~ Iamze-scaleex~losions~

.W+a -,. Here again, hl>>HI, but

h2 <<~.

Therefore,eq. (2) reducesto

(9A)

Here?the scalingfactori$hich relatesthe amplitudes,

distances$and depthsof the two explosionsdependsnot onlyon the

chargeratio,but alsoupon the ratio‘2/h2whichcharacterizesthe

small.orexplosion.

It is worth

the scalinglaw which

emphasizingthat the underlyingreasonwhy

subsistsfor smallcharges-doesnot apply

‘tolargeones is the existenceof a (relatively)fixedatmospheric

pressure. In order to preservesimilitude,the latterwouldhave

to be variedin proportionto the depthof water. Instead,it iS

much largerthanthaL depbh

for explosionson the scale

for small-scaleburstsand much smaller

of a nuclearbomb. This,as we have seen,
/+

.->.//.
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leadsrespsctivelytoa cube-rootscalinglaw in the first

and to a fourth-rootlaw in the second.

,Theoretiaa13ythereis good ree.son.toexpet

the air prwmke above the water ceuldbe suitablyreduced

0-- ● . . ● .*

case,

that if

in smaJ3-

Lscale experiments(8o thatHoch in Eq. (9.2), W scalingwould

apply--atleastapprcxi.wately---inthe entirerangefrom smallto

‘A)have studiedlargecharges. C. 1. Taylorand his collaborators

underwaterbubblepheno.mnawith apparatusof this

investigations,a pressure-sealedtankmuch larger

usedby Taylorand a liquidotkerthan water,with

kind. For wave

than the one

a low vapor

tension,~ouldbe required. Evenwith a krge tank (say, 10 x 8x

5 ft.),the scaleof the explosionsand waveskouldnecessarilybe

considerablysmaller than bhatof our pond.

experimentalarrangementwould obviouslybe

However,thesedisadvantageswouldprobably

Increasedconfidencewith whichlarge-scale

predicted.

Mreover, the entire

far more elaborate.

be offsetby the

wave phenomenacouldbe

‘Thiscan be shownby applyingEuckinghemts~-’lheorem
to our situation;Q. Fhys.Rev.,-4 (Ilj,345 (1914). The relevant
variablesare the energyreleasedky the charge,the hydrostatic
pressure,the densityof the water,the accelerationof gravity,the
time afterthe explosion,the Unear dimensions e.g. of the cavity
or of the waves,iincithe efficiencyof conversionof chemicalenergy
intoenergyof wave notion.

7a) BritishReports.vJ.29,UndexJ.3.
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20. &urfacei%mlosionof a NuclearM*=

If we acceptas a work$nghypothesisthenechanismof

surfaceexplosionsdescribedin the precedingsection,and the

sealinglawsbasedon thishypothesis,we are in a positionto

estimatethemagnitudeof the waves froma surfaceexplosionof

a nuclearbonib. .

For thispurposewe choosethe resultsof the 8-02.

surfacebursts(Figures6 and 9) in 1

ively,becausethe relativeerrorsi.n

smallestfor these charges. From Sq.

and 2 feet of water,respect-

the m-sured amplitudeswere

(9.6), the scalingfactorm

whichrelatesthe

tO thoseOf SJM~

lineardimensionsof very large-scaleexplosions

ones 5.sgivenby:

At hXi J~~~OS, H2=25 ft.

Table 5 listsvaluesofm and hl for explosions

involvingTNTcquivalentsof 10, 20, and 50 kilotons. Figure26

givesestimates,for thesenuclear-bombefficiencies,of the crest-

to-troughwave heightas a functionof the range. Not only Lhe

amplitudeand range,but also the depthis scaledup by the factor
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Tablo5, Scal~ FranMall to IargeSurface

*

‘2
=8 OZ.

h2=l ft.

W*= $ 08.

‘2=2 ft.

30

20

50

10

20

50

7~”-3r
~

\‘2)

7905

94.6

118.9
——

79.5

94.6

118.9
——

2.236

1.88
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Explosions.

17$

2J2

266

.. —-..—

hl

(feet)

1’78

212

266

298

356

J!J@
——

m frm the 8-02.curvein Figure9, wherethe depthwas 1 ft.

This explainsthe depths(roundedoff to the nearest5 ft.)given

in the figure. Siailarlythe curvesin Figure27 are scaledup

from the 8-oz.curvein Figure6, wherethe depthwas 2 ft. The

crestamplitudes,cxwured from still-waterlevel,uoultibe

approxitnately

*+*26 and 2/.

The

one-halfof the crest-to-troughvaluesin Figuws

solidpartof thesecurvesis scaledup fromthe

exprimer~taldata in Figures6 and 9. The broken-lineportionof

the curvesis an extrapolationto largerranges,which fitsthe

“~ Noteadded in pr~nt$ Our amplitudevaluesshouldbe reduoed
by approximately10 per cent in mder to take aoeountof the difference,1
in energybetweenComp.C and TNT.
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formula

Here y, r, end

observedvalue

for80soinl
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yr=kd (10.1)

m have tha a~me significanceas before,and k is the
—

of yr for the small-scaleprototypes,i.e.k= 3.58 ft.2

ft. of water,and ‘7.36 ft.z in 2 ft. of water. The

factorm2 arisesfrom the factthatboth the =plit@e ~d r~e are

scaled.up by the factorm. It willbe recalled(~. Section6) that

the small-scalecurvesare fairlywell representedby yr=k, even for

mall ranges. Similarly,Eq. (10.1)is a reasonably,;oodrepresenta-

tion of the curvesin Figures26 and ~. The values of km? are

listedin Table6.

For large-scalewaves,evidencethatthe amplitude decays

approximatelyas r-l, especiallyat large distances,was obtained

by Japaneseobservationsof the %unamillwaveswhichoriginatein

disturbancesof the sea producedby

Table 6. The Product

a NuclearBomb

w
kilotons

10

20

50

10

20

50

earthquakes?).

yr*for Wavesfrom

at the Surface.

Depthof
Viater(ft.)

180

210

265

300

355

lb50

1.13x 105

1.61 “

2.53 ‘l

1.63 n

2.33 “ “ ,

3.6$) “

*yscrest-to-troughamplitude;

r=range
.
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In estimatingthe velocitiesand periods of the waves

froma nuclearbomb explosion,we recall*that ascal.ingfactorm

for lineardimensionsimpliesa scalingfaotorm~ for velocities

and pericds. Ifwe scaleup froathe averageresultslistedin

Table3 for 8 oz. in 2 ft. of water,we arriveat thevaluesof

V, T, and~in Table7. The valuesof mare the same as those

in the secondhalf of Table5. The velocityis thatof the first

crest,as in the small-scaleexperiments;the periodis the time

intervalbetweenthe arrivalof the firstand secondtrou~hs’

(respectivelyprecedingand followingthe firstcrest)at the

distancer.

It shouldbe notedthat all of theseestimatesof

velocities,periods,and wave lengthsare for a mean distancer

fromthe explosion. In the $-oz.burstmeasurements,this distance

was 16 ft., and the valuesof r in Table7 were scaledup from this

distanceby the factorm. As mentionedearlier*,the velocityand

wave lengthare theoreticallyexpectedto increasewith distance

from the source.

*See Section7.
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Table7, Velocities,Periods,and Mve lengthsof Laves

fromNuclear-Bwb ZxplosiOn8 at the fh&faoe*.

~~

Tm-
l@ivalent
(kilotons)——

10

20

50
——

r

1
~ft.) m

300 149

355 178

450 224

M*2

13”.3

15.0

T(ft/:eu)(S:cl
75

I
16.8

$2

I
3.8.l&

92 20.7 ~

A.=VT
(ft) (f:)

3.260 2MM

1510 2850

1900 3600

*Scaledup from $-oz. burstsin 2 ft. of water;~. Section
7, md ‘fables 3 and he

U. ,Effectof Sea De~thon the ~iavesNomSurface Explosions.

The estimatesof wave amplitudesh Section10 (Figures

26 and 27) weremade for water of a givendepth,scaledup in

each caseby a factor.mfroma small-scaleexpeMmental depth.

It is of interestto esttite the effectquponamplitudeof

(a)Shallowerwater: this wouldapplyto most

harborsand anchorages;and

(b)Deep water: the open sea,

In our sma~-scale experimentsonly two depths,1 ft. and

2 ft.Jwere employed. For burstsof 8 oz. in theserespectivedepths,

we foundvalues(~. Seotion6) of 3.58 ft.2 and 7.36 ft.2for the
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man productsjYFof amplitudeand range. Whileit is hardly

possibleto generaliseon the basisof two depths,thesefigures

at leastsuggestthat--fordepthssmallcomparedwith the wave”

length--~ is roughlyproportionalto tihedepth.

Fortunately,the New ZealandSeal projecthas investigated

the variationof ~with depth. Theirresultsare givennon-

dimensionally*in terms of y~o--the product yr in deep water--

and ~o,the wave lengthin deepwater. Specifically,yr/yorois

plottedagainsth/.~.Q,where h is the actualdepth. An examination

of the.Seal curveshowsit to be nearlyltiearfor h ~Q.2 ~~. At

thesecIepthsit conformsapproximatelyto the equation

(h40.2 ~.,) (1.Ll)

let ~be the mean productfor a de’pthhl o ‘foeva~~te

~, corresponding

*

to

=.

so~e shallowerdepthsh, we can write

~(hi~~) -0.01 (hc 002&) (11.2)
2.4 (h~~,) -0,01 (h~~0.2A,)

For our purposeswe may simplifyJ@. (11.2)to the

*
approximateform

(U.2a)

*, Reference4, Figure 2. s

%-k
For the valuesof h/AOand h /~,,with~ihi~hwe are con-

icerned(between0.09 and 0.18)$this in reducesan errornot exceeding
6 =r cmt. In view of the otheruncertainties.l%. (11.2a)is an

.
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%. (lla2a)is corisistentwith the indicationof our

mall-scaledata that,for very shallowwater,~ is approximately

proportionalto the depth.

It vdll be noticedthatwhen the approximation(U.2a)

is valid,F is independentof &. However,to’makesurethat the

depthconditionh<0.2AOis satisfied,we need to know AO, the wave

lengthin deepwater,at least roughly. (Thiswave lengthdiffers,

in general,fromthat in shaUow water;hencewe cannotuse here

the wave lengthsin Table3 or 4.) From a curvein one of the

Projmt Seal

value*for a

and 2 ft. Of

rep~ts, ~o= ~ ft. is judgedto be a reasonable

burstof 8 oz. Thus our experimentaldepthsof 1

water satisfythe conditionh<0,2 A=.

Equations(Ill) to(ll.2a)are non-dimensional.If we

now assumethatthe foregoingconsiderationsalsoapplyto large-

scalebursts,suchas thosein Figure26, we can easily deducethe

factorJ?for

in Figure26

Hencetheses

the sameexplosionsin shallowerwater. The depths

are scaledup from thosein our pond experhents.

as hell as lesserdepths,shouldalsoaeot the require-

● ✎
●
✎

*’hisfigurewas obtainedas follows: In Fig. 17,
Reference7 the wave lengthis about24 ft. for a surfaceburst
of 4.25 lbs. Sca,lingthis down to 0.5 lb. by the cube root of
the chargeweightratio, ~,eobtain,approximately 2.9=U fto .j~,~~;<.
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Table8. EstimatedValue?of ~ for a SurfaceExplosion.

in ?Jater150 ft. Deep.
.

*
TO the nearest0.05. Greaterprecisionis not justified.

(whichis

for three

Table8 listsvaluesof F and~for a

understoodto be fairlytypicalof the

depthh =150 ft.

Bikini lagoon),

bomb efficienciesexpressedi.nTNT equivalents.The

, firstthreecolumnsare identicalwitttthosein the firsthalf of

Table6. Figure2$ was obtainedfromFigure”26by multiplyingthe

latterrsordinatesby F (i.e.,by 00~5, 0c709 and 0055 resPectivelY~

for the 10, 20, and 50 kilotoncurves). Figure.26 was chc==n for

this purpose,ratherthan FigureZ’?,becauseconsiderablyless

extrapolationis requiredfrom the depthsin the formerthan from

thosein the latter. The amplitudesin Figure28, Mke the others

in thisreport,are crest-to-troughheights. It shouldbe
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~mphasitiecithattheseestimatesreferto a bombdetonatedat the

surface.—-

We nextmake a roughestixateof the amplitudesto be

expecte(iin deepwater.IFor 8 oz. in 2 ft. of water,h~~~= 1[6,

if we againtake 1.e=12ft. Substitutingthis intoliqu.(11.$)

we have

X%& .2.4 (1/6) -4).01 = 0039

or Y~eZti2.6YT. Assuming againthattheseconsiderationsare

applicableto large-scalebursts,thismeansthat,at a givendistance

in deep water,the amplitudesof the wavesfroma nuclear-bomb

explosionwillbe approximately2.6 tihesas

Figure27. It woulcibebettermerelyto say

as great,!’in view of the many uncertainties

-at as thosein

‘twoor threetimes

*
in thisanalysis.

Beforeleavingthis subjectPit is necessaryto specify

what is meanthere by ‘deep” water.

9

In the sameSeal graphon

whichEq. (11.1)was based,yr=y~o when h 20.8~o. Thus,

Sfding up ~~o=U?ft. by the appropriatevaluesofmin Table5,

*Apartfrom the extrapolationinvolved,it shouldbe
notedthat ~o, whichis riotaccuratelyknown,enter~explicitly
in determiningthe value2.6. This is unlikethe situationin
very shalknvwater,where,as we have seen,F is independentof ~o.

.
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and multiplyingby 0.$,we arriveat the follow% Qefi&t%n& “ “
● :.:99●**● *.●e

●

of “deep”water:
●0 : :0

●: : ::
●

:*:●:*. ::& ●**.*
For 10 kilotons,a depth~ 3450 ft.

For 20 kilotons, a depthL 1’700ft.

For 50 kilotons,a depth~ 2150ft.

U. Iliscussion..—

Surfaoavs. UnderwatxmBursts.-The principal. result of

theseexpcrimen.sis that in shallowwater,chargesdetonatedat

the surfaceproducehigher waves than submergedcharges. The New

ZealandJealProjectfoundthisto be true

surfaceburstsgeneratehigherwwes*than

a charr:eat Penneyls‘lOpt- depthOI~6)

.Seal..also observedthat as an 8

alsofor deep i.wter:

ihxe producedevenb~

oz. chargeis submerged

from O to a few inchesin deepuater,the rave amplitudesdecrease.

BritishMveetigator@) foundthat as a

0.25~n (vfiere ~ is the maximumbubble

aplitudes firstincrease,then reacha

betweenthesetv;osetsof results.

experimentsdid not includecicpths

chargeis submergedfrou abowb

rMius) to 0.9 ~~ the

mxinum, and finallydecrease~

Ilctuallythereis no contradiction

The rangeof depthsin the British

verycloseto the .wrface,nor--and

this is most important--didthey try any bursts& the surface. This

%eference A, Fig- 10

. -.’
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explains~&Y th@y conckied that 2/3 ~ is the opt-” depthfor

waveproduction.

Cdining the resultsof theseexperimentsitithour oftij

and with thosoof tineilealProject,one arrives.atthe following

conclusions:If$ in a givensituation,the principalah of an

explosionin vlater

the placeat which

As the submergence

is to produce gravitywavesof msxicuunamplitude,

the charge shouldbe firedis at the surface.*——

Of the chargeis increasedto about

0.1 ~, the amplitudesdecreaserapidly. At greaterdepths$the

~pMtudas increaseS1OJV1:,reachinga secon~ ~ at aboti

2/3 Rm. This mxiaum isB howver$ distinctly lomr than that at

the surface.

Estimatesoi’Nuclear+embEffects.--Thepredictionsin

Sections10 and 11 shouldbe regardedas order-o~-mabtitudeestimates

only. To be Sure$theseestimateswere not obtainedby indiscriminate
●

extrapolation;we did not applythe small-chargescalinglawsto a

comparisonof largeburstswith smallones. Neverthelessthe

scalinglewswhichwe did use to computenuclear-bombeffects,are

basedcm an hypothesiswhichlacksexperimmtalconfirmationin the

domainof large-scaleexplosions.This hypdhesis of a meclwniem

“or slightlybelowit● Projectsealconcludes) that~ for
optimumwaveproduction,the centerof gravityof the chargeshould
be submergedto a depthof ().~sV~3 ft. (whereW is in pounds). For ‘
a half-poundcharge,this is a depthof 0.5 inch- For a 20,(X&ton
bomb,this correspondsto a depthof 17 ft. The wave heightswill.be
much the samefor any locationof the chargebetweeqt~s ,deg~~.~d..
the surface.
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of wave productionby surfaceexplosionsis consistentwith the

resultsof eraall-scaleexperiments.M cannot,however,be considered

mtablisheduntil.it has been testedfor surfaceburstsof the order

of 100 tons or more.

EfficiencyofEnergyConversion.--Accordingto Project

seal?~theefficiencyof conversionofexplosiveintowave energy

increasessteadilyfr’omsmallchargesup to thoseof severalthcusand

pounds,whereit levelsoff. This conclusionis basedon the supposition

that a @ scalinglaw subsiststhroughoutthis rangeof chargeweights.

The actualam@.itudeswere observedto increasefesterthan predicted

by

an

the R4 law, and this unexpectedrateof increasewas attributedto

enlumcedconversionefficiencyfor largercharges.

However9an alternativeexplanationof the discrepancyis

possible: that the fourth-rootlalwis not applicableover the entire

rangeof chargesin question. If, insteadof this law, a cube-root

lawis adoptedfo??smal.lcharges,and a hwconforitigto Eq. (9.2)

is used for chargesof intermediateweightsmost of the disproportionate

increasein amplitudeis accountedfor, and most of tilesupposed

increai3ein conversionefficiencydisappears.

* ‘“
Reference4; see especiallyFiQ@re8.

.

.
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It shouldbe added,in this connection,that in their

earlierpapers #/3 ~W for charges, Seal tentative= reported a 1

up to 200 lbs . Lzter,4~7)on theretical grounds,they adopted

&a 1’ law,but assertedthat so far as theirexperimentaldata

went, tl’thec~e.root ~~{...iea c~o~r fit than the fo~~root

~~J17)

Addendum—-

Dr. K. Rmhs has oalledthe writerQs attentionto the

followingdiffersnoebetweenthe surfaoeexplosionof a nuolearbomb

and that of a correspondingohargeof TNT. In the latter,the distanoe

from the souraeat whioh the pressurebeoomes aooustiois not very

largerelativeto the dimensionsof the Ii.E.Therefore,the energy

whioh was able to get into the water--by virtue of the reltive

densities of H.E.and water--oanstaythere longen@gh to produoea

largeoatity. In the nuole8r.bomb explosion. on the other hand. a

considerable amount of energy may esoape fromthe waterto the air

before I%ooustio pressure is

and therefore the height of

reaohed. Thiswouldreduuethe oavitysise,

the waves.
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APPENDIX

n~omalo~l~*suits

of the resultsobtainedin theseexperimentsappear

at ftistsight. Thesecan, however,be explained

the behaviorof the gas globe producedby an under-

water explosion,togetherwith certaingeneralizations;.boutthe

productionof wavesby explosiona~ We shallfirstlist the apparently

anomalousresults,using,for convenience,the followingnotation

(Q. Table9):

wavesgenerated

betweensurface

will denotethe

s-, B-, and &waves will

b,yfiringchargesat the

referto surfacegravity

surface,bottom,and midway

and bottom,respectively.The subscripts1 and 2

totaldepthof water in feet. ThusS2- waveswill
,,

refer to wavesproducedby firinga chargeat the surfaceof water

2 ft. deep. A ratiosuchas ‘2/B2wi11 denote

correspondingwave amplitudesfroma chargeat

waterand froma chargefired at the bottom in

the

the

the

averageratioof the

surfaceof 2 ft. of

same depthof water.

(Paragraphs 2

1.

in Figure8.

to 5 beloware basedon Table9.)

Perhapsthe most surprisingset of curvesis the one

There it is seen that 2 oz. of H.E. generatesB2- waves

l.argerthan thosefrom& oz.,and approximatelyas largeas thosefrom

8 oz. ?doreovcr,even the 1 oz. of explosiveyieldsB2- waves which

are not nuch smallert}lanthosefrom4 or 8 oz.
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TAIXJ 9

AverageRatiosof Amlitudes for VariousConditionsof ChargeImmersion*

Weightof
Charge(oz.)
——

1

2

8

1

2

4

8

‘2/B2

2,’7 kO.5 t 1.5 “t0.2
3.3 $1,0 102 t 092

1.6 iu.3 2.& i.O.5

1.1 *0.1 1 3.7 t 0.6

‘2/J31

1.1* 002 I 201$0.2
l.O ~ ().1

1 209&004
I

1.8 -AO.3 102 ioo2

2*1A 0.3 0.5 *eel

‘2/B2

0.5 i 001

007 .t 0.1

1.0 10.2
203&003

\, *S, B, end U refer to amplihxies of waves froi~ charges fiIedat the
surface,,bottom,and ddway betweensurfaceand bottom,respectively.
Subscripts1 and 2 denotethe totaldepthof water in feet.

t.

Tldeandeviationsfrom the ratiosare giventhroughout.
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2. The ratio S~4 (~.

8-oz.chargesthan for 1- or 2-02.

is true of the ratioS1/ ~ It is
B1

& or 6 oz.

●:““;”;;”“:”;: ”$+=.
● ::: ●

● ● s0 , ::●:0 :.0..

Table9) is greaterfor 4- or

charges. Axactlythe converse

greaterfor 1 or 2 oz. than for

3. A cufiPari50nof ~- and B2-wavesshumsthat for I and

2 oz. the former,are smallerthan the latter;for 4 oz. the two are

equalin height;whereasfor 8 oz., the %-waves are more than’twice

as high as the B2-waves.

4. S2-andS ~-wavesare aboutequalin .uagnitudefcr 1 or

2 oz., but the formerare

or 8 020

5* For charges

B2-waveswhichare two or

abouttwiceas high as

firedat the bottom,1

threetiimesas high as

the latterfor 1+

or 2 05. yield

the B1-wavese For

~ oz. the two typesof wavesare nearlyalike,whereas8 oz. produces

B2-waveswhich are actuallysmaller than the Ill-waves,

At firstsiJflt, taanyof theseresultsseem ~radoxical.

9 In an effortto explainthem, vie shall(a) reviewso,mewell-established

factsaboutunderwatm explosions;(b) stateseveralgeneralizations

(citingsupportingevid~nce) aboutthe generationof WV=S by

explosions;~Iid(c) listti~econtrollingfactorsand secondary

factors~thichgovernUN productionof wavesundereach set of

conditionstriedin our experiments.

.
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The pkenonenaassociatedwithan underwaterexplosion

extensivelystudied,end theirmain feeturesare fairly

8-U) W.en a cnargeOS nighexplosiveis ~iredwell untierstood.
I

underwater,the coi,bustionproductsformariexpandingbubbleof

gaS. The expinsioncontinuesuntilthe pressureinsidethe bubble

fallsbelowthe surroundi~ hydrostaticpressure(an inertialeffect),

and then the excesspressure outside the gas globe causes it to

contract. ~ the chargeis immerseddeeplyeno~h, the sequenceof

expansion and contraction may be repeated several tiaes. Thus there

occursa seriesof pulsations,each accompaniedby a shockwave and

by a mass motionof the surroundingwater. Xeanwhilethe gas globe

tendstcjrise towardthe surfacebecauseof its buoyancy. If the

chargeis initiallylocatedfairlycloseto the surface,the expanding

bubblebreaksthrough,verMng someof its gasesand inhibitingthe

processof pulsation.

8) ‘$Experimentson the Pressure;.’avethrownout by Sub-
marineExplosions,‘1by H. ‘i.Hilliar,E?ritishAdmiraltyP@search

‘ Experiment142/19,1919.

9) Whe Pressure-TimeCurvefor Underwaterimplosions,”
by ;T.G. Penney,Xnistry of Home Security,CivilUefenseResearch
Committee,Ungland,fi.C.1.42,November1940.

10) !Wheory of the Pulsa~ionsof ~heGas BubbleProducedby
an Underwater&plosion”,by ConyersHerring,MhC G(N?IDIMTIAL
JleportC@5r20-010,ColumbiaUniversity,Divisionof National
DefenseResearch,New London,Connecticut,Wtober, 1%1.

~) Wleporton Underwaterllxplosions,i’by & H. Kennard9
DavidTaylorLodelBasinCLJiFIDliLTIALReport 480$ Ceto&r 1941.
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‘i’hemudmmradius ~ of the gas globehas been found

12) to obeyapprotimtelyby Rammer

whereC is a constantdependingupon

then-fractionof energywhich

r W is the mass of explosive,

the foUowing relation:
!

the typs of explosiveand

goes intothe pulsatingmotion,

P is the totalpressure(includingatmospheric)at the charge

depth.

If Rm is expressedin ft., W in pounds,and P in equivalentfeet

water,and if we take the heat of combustionof Co.npositionC to

1300 calm/gm.,C=14.2. At MS A2amos,atmosphericpressureis

equivalmt to 25 feet of water. If we ccmpute~ for a depth of

of

be

1 ft., then P 26 ft. of water,and ~ is givenin Table10 for

the chargeweightsused in our experiments:

Table10

*
ChargeY/eight

(oz.) (%!.)

1 1.9

2 2oh

h 3,0

8 3.8

12) C. F@sauer, Ann.D. %@.k, ~, 265 (1923)
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For a chargedepthof O ft. or 2 ft.,Rm differsby

lessthan 2 pm cent fromthesevalues.

In coiiputingRmfor a chargedepthof 1 foot,we have

ignoredthe requirementLhatthe waterbe deep. Actually,the

valuesof ~ in Table10 wouldbe correctfor chargesfiredat

a depth,say, 15 feet belowthe surface,and if the totalpressure

(includingatmospheric)at thatdepthwere equivalentto26 feet

of water. In our experiments

but not the first. Sincethe

the gasescouldnot expandto

the secondrequirement

depthof immersionwas

a sphericalglobewith

was sabisfied,

only 1 or 2 ft.~

radiusRm. It

wouldseemthat beforeattainingthis radius,Lhe gas bubklewould

reachthe surfaceantibe vented.

The behaviorof the gas globein shallowwater is, however,

by no meansas simpleas this. It has been shown13-16)that in the

13) Thesephenomenahavebeen explainedtheoreticallyby
C. Herring,G.I. Taylor,and o~hers,and have been discussedin
detailby E. H. Kemard in ReportR-182of the DavidTaylorModel
Basin,I$bligrationof UnderwaterGas Globesdue to @avity and
NeighboringSurfaces,nDecember,1943.

L$) “UnderwaterExplosionPhenomena”and Waal.1-Scale
UnderwaterExplosionsunderReducedAtmosphericPressure,”David
TaylorModelBasinmotionpictures.

15) Wnall-ScaleUnderwaterExplosionsUnderReduced
Atmosphericpressure,!!by Lt. D.C.Campbell$USNR,and C. h’.
Wyckoff.The David ;/.TaylorModelBasinCGNFIJMKTIALlkmort
530, Nuie.mber,1943. “

16) Wotions ofa PulsatingGas
Fhotogra@icStudy,”by Lt. D.C.Campbell.,
ModelBastiCCNFIDdNTIALReport5X2, May,

.

Globe UnderKater--A
USNR~The DavidVi. T~~lor
19430
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vicinityof a rigidboundary,the gas spheretendsto movetoward

thatboundary,whereasnearthe surfaceof thewater the bubble

behavesas thoughrepelledfromthe surface. Moreover,if a charge

is firedsufficientlycloseto a rigidsurface,the resultinggas

bubbleactuallytendsto flattenitselfagainstthe surface(Q.

13). Thesephenomenahave been directlyFigure1 in reference

u)observedby meansof high-speedcinematography. For small

chargesfiredin depthsof 1 or 2 ft. of water, as in our experiments,

we may expecttheseboundaryeffectsto be very pronounced.As we

shallsee,it is in factessentialto take them into accountin

orderto explain,even qualitatively,the resultsdescribedin this

Appendix.

, It will be usefulto list several

the processof wave productionby explosions

evidencefor eachwill be citedbelow.

generalizationsabout

h shallowwater. The

(a) For a givendepthof water, tJleheightof the waves

generatedby an explosiondependsuponthe

whichis initiallycreatedin the water.

(b) A givenquantityof charge

largercavityand thereforehighergravity

diameterof the cavity

produces,in general,a

waveswhen detonatedat

the surfacethanwhen detonated-underwater.A submergedchargeset

,+

4/
.,

,
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off near the surfacebehavesmuch likea surfacechargein

generatingwave~;-thelargerthe chargei.nrelationto its depth
I

of immersion,the more nearlydo its wave effectsapproximatethose

of a surfacecharge.

(c) Ackrge detonatedat or near a rigidbottom

~cduces a gas bubblewhichtendsto flattenitselfagainstthe

bottom. This delaysthe ventingof the gases,and resultsin-.

creatinga cavityof largerdiameterthan wouldbe producedif

the chargewere firedat the same depthin deep water.

(d) Providedthat thereis sufficientchargeto produce

a cavityextendin~to the.bottom,the deeperthe water,the hiCher

will be the wavesproduced.

Each of thesestatementsis supported by experimental

evidence$as follows:

(a) There is a closecorrelationbetweenthe ~ravity

wavesproducedby explosionsad Lhoseproducedby the collapseof

cavitiescreatedby o&hsrmeans,as shownin Section5 of this

report. * .

(b) The firststatementis supportedbv Figures11 to

18. The secondstatementiaanhypothesiswhosevaliditymust be

judgedby its degree-ofsuccessin explainingcertainof the

I?cw~ouSIII results listedabove.

— —.

“*SeeespeciallyFigure22; seealso Reference2.
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(c) See references13 and 14. ,.

(d) Evidencefor the influenceof the depthof water

on the heightof waveswas obtained’by

Pro$ect(~. Figure2, Reference4).

Thesegeneralizationscan be

apparentlyanomalousresultsdescribed

the New Zealand‘lSealfl

used to explainthe

above.

listedthe factorswhichwouldbe expectedto

of cavitiesand thegenerationof waves under

In Tablo11 are

Sovernthe formation

tilevariousconditions

in our sxperiiients.The valuesof Rm in Table 10 were takeninto

accountin constructingthe presenttable. The symbolss, Sv, F~

aridh denotethe following:

nsn refersto the superior efficacyof surfaceexplosions

in producingwaves;%~1’refersto the similarefficacyof submerged

chargesnearthe surface.“—

!’Ft?representsthe flatteningof the gas bubbleagainst

a rigidsurface.

Whl$refersto the contributionof the depthof waterto

the hei@t of Lhe waves.

Re shallnow discussin turn eachof tfiecomparisonson

page1 of Appendixz

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

was rigid,consistingof &inch armorplate. The gas bubblefrom

a chargeplacedon the steelplatetendsto be flattenedagainbt.....

/
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TABLE11

FaotorswhichGovernCavityFormationand waveGenerationin

$hanow Water.

Depthof
V;ater(Ott.)

2

2

2

—.—

1

1

Locationof
Charge

Surface

Bottom

surface

Bottom

Yieightof
Charge(oz.;

1

:
8

Controlling
Factors

s
s
s
8

h
h

at

F’
F, h
h

s
s
s
s

Secondary
Factors

h
h

h

F
*t

F
F
~e

/
~o /,,

“/ /,,/,’/ , , , , .

a-.’’’.”.”
,., .,%$//’,.
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the bottom and spreadhorizontally.For both the 1- and 2-oz.

chargesin 2 feetof waterthis effectproducesa cavityof considerable

diameterin the wakerbeforethe gasesare vented. The 2-02.charge

appearsto be closeto the optimumsizefor “takingadvantage”of

the flatteningand spreadingeffectto producea wi@e,well-defined

hole in water2 ft. deep. On the otherhakd , the gas bubbles$rom

khek-oz. and &oz. charges,despitesomeflattening,breakthrough

the surfacebeforethey have had a
●

increasethe sizeof Lhe cavity.

2-oz.uhargesplacedat the bottom

large.

chanceto spreadand Lherebyto

This explainswhy the wavesfrom

in 2 ft. of waterare relatively

2. For the reasonjust cited,/+-oz.and 8--oz.charges

are not very effectivewhen firedat the bottomin 2 ft~ of water;

by virtueof (b),theyare more effectivewhen detonatedat the

surface. For 1- or 2-02.chargesin thisdepth,however, surface

explosions&re not markedlybetterthanbottomones,sinceflattening

of the bubblescreatedat the bottommakesthemeffectivecavityand

‘21B2is greatewave producers.Hence r for & and 8-02.chargesthan

for 1 or 2 oz.

In water1 ft. deep,on

of 1 or 2 oz. are markedlybetter

the otherhand,surface

than bottomonesby

● ☛

✚✚
● ☛
● 0
9*..

● ☛☛

●
●
● O

_:**

(a)

explosions

and because
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r . .,.>//
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the wateris too shallow--evenfor these smallcharges--toper~mit

appreciablespreadingbeforeventing. This superiority

surfaceohergesis smallerfor 4 oz. end negligiblefor

becausefor chargeso,fthis size,a submergenceof only

of the

8 oz.

1 ft. make

them little-ferent from surfacecharges. For thesereasom ‘l/Bl

is greaterfor 1 or 2 oz. than for 4 or 8 oz.

3. Mpaves are smallerthanB2-wavesfor l-and 2-02.

explosionsbecausethe flatteningeffectis more pronounced in the

bottanexplosions,wherethe chargeis actuallyin conbactwith the

rigidplate. For 4--w. chargesin 2 ft. of water,the bubble

rapidlyventedwhetherthe chargeis at a depthof 1 i%. or 2

is

ft.

A slightflatteningeffectenhancesLhe cavity-sizetithe B2

explosion;but offsettingthis, in the M2 explosionsis the prditY

of the chargeto the surface. Thus,for 4 oz.,M2= B2. An %-OZO

charge1 fb. deep in 2 ft. OX waterbehavesnearlylike a surface

charge,whereasif it is firedat the bottom,the attractionof the

bottomand greaterdistance

cavity(the8-oz.explosion

of vent~t it cannot‘take

shallowwaker). Hence,for

from the surfaceresultin a smaller

producesso large

advantage~~of the

8 oz.,M2> B2.

a bubble that,because

flatteningeffeotin
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4. When

are apparentlytoo

in 2 ft. of water.

thatproducedin 1

chargeisdo produce

Hence Sa > S2=

59

the chargesare firedat the surface,1 or 2 oz.

small to createa

Hencethe cavity

ft. of water,and

cavityextendingto the bottom

size is not much differentfrom

S2 ~ sl. However,&- or 8-020

a deeper cavityin 2 ft. of waterthan in 1 ft.

50 Compar5ngthe B2- with the B1-wavesfrom 1 or 2 OZOS

the fl(ltteningeffectconducesmore readilyto the formationof a

good-sizedcavityin 2 ft. of waterthan in 1 ft; henceB2> B1.

For 4 OZ. this effectin the

the proxim~tyto the surfacs

4-oz.chargebehavesomewhat

deeperwater

in the 1 ft.

tendsto be balancedby

depth,which makesthe

like a surfacecharge, Therefore

B2~ B.l.Finally,for 8 oz., both depthsare so shallowthatthe

flatteningeffectplaysa negligiblerole. The surface-prox~ty

effect$however,is strong for both depths, ad m=ke~y stronger

at the 1 ft. depth,than at 2 ft. TIMAS B2<B1 despiteQhe greater

depthin the formercase.
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FIG. 3. WAVES GENERATED-BY I OZ. COMP. C

DETONATE I) AT SURFACE IN I FT. OF WATER
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FIG.4. WAVES GENERATED BY 8 OZ. COMP. C

DETONATED AT SURFACE IN 2 FT. OF WATER
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