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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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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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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
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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.
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