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This report discusses the principal phenomena which are expected to be of

importance in the underwater explosion of a nuclear bombo The pulsations of the

‘,mdsruaterbub’olecreated by such an explosion should be qualitatively similar to

those of’ a high explosion. For sn efficiency corresponding to 209000 tons of TNTD*

tb-eduration of the shack wave is about 35 rsillismondso The peak pressure in the

shock wave ia plotted aEainst the range for soverul efficiencies The radius of

~ekhal damage due to the impact of’the..

to .beat least 1/2 mileO and it scalss

explosion of this order of’mqgnitudo~

(iepthof’the explosion is significant:

shook wave against capital ships is estimated

as the cube root of the charge weight for

In inflicting damage by the shockwave,, the
4

for ~ lethal radius of’3000 feet. depths of

1603 tc 2000 feet are required. The motion or ‘thebubble aridof the v:aterafter the

radiation of the shock wave are discussed in some detailo The maximum radius of the

“ hollow at the end of’its first expansion is approximately ~0 feet for a detonation

. depth of

from the

oompared

2000 feet. and the first period 01’pulsation is about 2 seconds. Damage

afterflow and the seoond pressure pulse is e.xpsotedto be unimportant

with dmnage from the shock wave~ 13ecauseof’its large Si.frog

the hollow under gravity will strongly predominate over the repulsion

This vertical motion of’the bubble will be associated with pronounced
-—L

inetability~

the rise of

of the surface.

turbulence and
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Introduction

‘lhophenomena associated with an underwater O.XP1Od-on have been

When a olmrga of’o~dinery high explosive is fired under water. the explosive

is immediately converted to gas under very high prcsaure (of the order of’a

million pounds per square inch). About a third of the explosive energy is

rsdiated into the water as a shock ws.veoor presoure pulm with a very stoop

fronto IAeanwhile9the gamous combutitionproduots form an expanding bubble.

whioh grows until the pressure inside it fa~ls far below the hydrostatic

. ?)”Experiments on the Pressure Wave thrown out by Submarine ExplosionsOn
by H. W..liilliarfiBritish Admiralty Researoh Experiment 1~2/190 19i9~

2)s’Thepressure-Time Curve for Underwater EXplOSiOrISO”by W. G. Penneyv
Ministry of Home Security. Civil Defense Research Committee~ England$
ROCO 142s Novemtmr 19400

Z)”Theory of tfVJPulsations of *SI Gas Bubble Produced by an Underwater
Eq?losion~” by ConYors Herrings NDRClReport C@sr20=010a Columbia
I.hiversityoDivision of Nation&l Defenso Research. New Loadon9
Connecticut. 0ctobor4 1941.

4)”3eport on Underwater I%@osions. w bylt. EL lKennard.David Taylor Model
Basin Report 1480.October 19h10

!5)’’T~e?re~sur~ ~~~~eproduced W~nunde~~~er ~qlosi% P bYJ. G.
Kirkwood and Ho A. Bethe9 NDRC ReFort Div~ B. Serial l?o~2520 (1942)0
Subsecpaentreports by Kirkwood et al: NDRC Serial Numbers 281 and 32(I
(1942), OSRD ?io~2022 (1943)0 aafiRCDiV. 2 Interim Rqort UE-~ (1944)6

6)’’VerticulMotion of Q S~hcrioal Bubblo and the Pressure Surrounding its’f
by G. 1. T&ylorO British Report S.};.19e 19420 Also me British Undex
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preesurs outside.* Finally the excess pre~s;re outside the gm globe causes

it to contract. If the charge is immersed deeply enough. the sequenoe of

expansion

series of

motion of

and contraction is repeated several times. Thus there occurs a

pulsations each accolapaniedby a pressure pulse and by a mass

the surroundingwater. The impact of these pressure pulses is

mainly responsible for the damage inflicted upon ships by underwater mines.

This report attempts to summarize the principal phenoxuenawhich

are expected to be of importance in the underwater explosion of a nuclear

bomb.

Behavior of the Underwater Bubble frosta Nualcar+?cmbExplosion’

There is good reason to expect that the character of the pulsations

of the undcrwat~r bubble from a Wclear bomb will differ only in degree--and

not. fundsmentallyo in kind--from those of a TNT mplosion~ To be sure. the

expanding gas in a nuclear explosion consists almost entirely of water VRpOr$

whereas for an ordinary explosion it is compou~d of the combustion products.

However, to a first approximation, the hydrodynaxsiaaltheory
**

of the bubble$s

behavior is nearly independent cd?the presence of gas inside the hollow. This

is true for a small bubbles
7)

*Thi~ overshoo& is caused by the inertia of the surrounding watero

**E.g.e that of Conyers HerringO Reference 30

~)Kxperimental evidence for this has been found by Go Ic Taylor and R. MO Davies,
vho showed that a hollow created by the discharge of a high voltage spark
under water produces pulsations like those of the gas globe from an H.!l.
explosion. (C&Q.British Report S.W. 290 Undex 15).
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be especially true for a large one.* Hence it may be

the usual sequence of oscillationswill occur.

nuclear bomb is set off at a depth of 2000 feet~ there should

approximatelytwo pulsations before the bubble disinteg~ate8~

The qualitative ciiff’erencesbetween the behavior of

a nuclear bomb and that from an mwiinary explosion will arise

relative paucity of combustion gases in We gadget explosion

If the

be

the bubb~e from

not from the

but from its

huge scale. Because of its large sizes the rise of

influence of gravity will strongly predominate over

the surface. As will be explained belowO this rise

to distortion of the gas globe which may be serious

hibit the second expansion.

the bubble under the

the repulsive effect of

leads to turbulence and

enough greatly to in==

Furthermore the distribution of the orginal explosion energy over

various kinetic and potentisl forms may differ considerably in the case of a

nuclear bomb from that in an ordinary high explosion beoause of the great

difference in the original temperatures.

*
For a large bubole the effect of the gas should be even less important than
for a small one. As pointed out by Kenuard in TMB Report R-1820 “the inward
motion of the water during eaoh compression phase is arrested ohiefly not by
the gas but as a consequence oi’the conversion of radial kinetic energy of the
water into kinetic energy of translationalmotion=” This conversion of energy
into migration oi’the bubble is especially pronounced for a large-scale explo=
siono as discussed below.
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Partition of Energy

In an ordinary high explosion. according to W~G~ Penney.
8)

about

30per oent of the energy is oarricd away by the shook waveo 40 per cent goes

into the pulsating motion oi’the bubble. and the remaining 30 pcr cent is lost

throu~ the irreversible heating of the water. DirGGt observations of the

bubble”s

4oto So

explosion

than those

In air, we

first maximum radius and period confirm ‘thisview. for they show that

3.9)per cent of the energy goes into the motion of the gas globe,

(he oannot be sure that the same partition ocmrs for a nuclear

Sixce the temperatures involved in the latter are much higher

in the former, it ia reasonable to expect a higher diaaipation~

know both theoretically and experimentally that the shook energy

for a-gadget explosion is about 213 of what it would be for an equivalent

high explosion.10) The corresponding theoretical considerations for Uat8r are

apt to be rather difficult The experimental decision will haw to come with

underlvatwravelear-bomb tests.

distribution of enc?rgyfor the

not essentially less favorable

At this time it seems reasonable to expeot a

nuclear bomb explosion whioh is somewhat$ but

than that of a high explosion. We shall there.

fore assume that 40 per oent of the energy goes into pulsations.

8)
W. G. PenneyD LA Report Z?15~Februaryn 19k5.

9)
“ldeasurementsof the Growth and Oscillation of the Bubble Formed by an
Underwater F+losionOW Undex 35 (1943)0 .

10)
IAh$SReport 300. September$ 19450 , ● ..-,.:.,=,.~-j$-~”
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This permits us to scale up the usual high=ex’’losionbubble formiilae~as

used by C. Herring. G. Io Taylor. and ;..,H~KennardO to the nuclear-bomb

explo8ion.

It should be noted that the energy of the bubble pulsation is

contained in three main categories among which continuous intxroonversi.oxas

take place. These ares

(a) Thelcinetic energy of the flow o.fwater around the bubblo~

(b) The potential energy associated with the existence of an
underwater cavity in a region where hydrostatic pressure
exit3ts.

(c) The internal energyof the gas in the bubble.

Between two successive pulses part of this energy is lost through

acoustic radiation. However. these 10SSOSO with the exception of the first

one (which is oi’the order of ~ per cent) are small. and we need not be

conoerned with them here.

The Shock Wave

At the moment of detonation a

steep front is radiated into the water.

pressure pulse

This so-ailed

with an exceedingly

shock wave has at
—. —— ..— — .—. .—

first a velocitv considerably in excess of sonic. but a’. distances of about. -.. .-
. . . . . . . . .. . . -

t -. - ----

>0 or more charge diameters, it acquires a neeriy acoustic velocityc “

The time of rise of the initial pressure

of 1 Ibo ThT

of the shock

by

under water is of the order of 1 or 2

wave is approximately exponential~ so

pulse from an explosion

microseconds.

that it can be

The decay

described

IKMiwml
where p is the pressure at the time t ~ and ~,~~is the peak pressure.
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The duration is defined aul%&”t&”y ~~q~;.>adfor the pressure to fall
/

● O**** ●

to l/e of its peak value. ‘ 1,’

charge> but its variation is

of Xirkwood and BetheO5)
for

*
varies somewhat with the distanoe from the.

rather slow. According to the asymptotic theory
&

large distances r it increases as (Z’n P) . -r

the range which interests us= an r01 power law is reasonably adequate. This

means that in this region {pressures from a fraotion of a ton per square inch

to about ten tons per square inch) in which the distance change8 by a factor

of about 108 the duration changes only by about 25 per cent. For one pound

TNT. “--&isapproximately 00105 niillisecond~ Since these times scale as the

cube root of the charge Weight. we should expect for a 200000-ton bomb

explosion under

Peak Pressures

water a duration of approximately ~milliseoonds~

The estimates given below of peak pressure as a funotion of distance

frouithe explosion are based upon an extrapolation of smpirioal data for TNT

11)obtained at the Underwater Explosives Research Laboratory~ Woods Hole. h!ass~

These data yield the following power laws which is plotted in

Pm:

)

1.1?
2I*1OO (“ ~~

(-R--
L

where Pm is the peak pressure in pounds per sq~ in~fiW is the

in poundsa and R is the distance in fee%

Figure 1S

weight ef explosive

For our purposes this may be express@ as Pm ~ A R-’”17

where A is a function of the equivalent weight of TNT.

‘w’.1
ND~C Division 2 IratorimReport UE-23 (CONFIDENTIAL)oJuly 150 19440
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●

20.000 tons*

300000 toxls~

It Wi~i be SOOXl in the

than 100 tons. the peak pressure

charges greater than ICO tons we

Lethal Range ofa lluoloarBomb

Aslo$tki x 107

A~.20279 x 10
7

next section that for ohargea smaller

alone does not determine the damage. For

expect it to be the only significant quantity.

The criteria which should be used in determining the lethal range of

a ship from an underwater explesion depend

the most relevant will he considered here.

he consider first the effects of

upon a number of

the shook wave.

variables~ of which

An important factor

is the relative duration of the initial pressure pulse and the natural vibration

period [or rather$ half-period) of the panels in the hull of the ship. especially

the bottom. If the pressure pulse lasts longer than the natural periode the blast

acts essentially as a dxxtia pressures and therefore the peak pressure alone is

relevant~ otherwise the duration of the pulse. and indeed the detailed struoture

of the pressure-time curve must also be considered. A more detailed analysia

of the mechanical phenomena associated with impact damage shows that the integrals

:’p2d*=L
= ●nergy, or p dt *Is momentum~ are the main determining quan-

#

titieso according to whemer cavitation does or does not oocur~ If cavitation

does Oocuro most of the kinetic energy in the pressure pulse is trapped in a

layer of water close to the hull.

.

?’~.-..‘>”.-””--:-.--:, .-
“’--%

.

I
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P this event, and assuming tkat the duration of the presmre pulse is

sufficiently short9 the energy in the shock wave is a good criterion of

the damage to be expected. Moreover, in scaling up the dmage in this

aase~ an approximately correet aoaling factor is the square rook of the

orl~inal explosion energy (or~ what amounts to the same things the square.

root of the oharge weight). since the dishing of’a target diaphragm is

pP#p@rtiOXEik,tOthis factor. This is what we should

but British data on damage to capital ships suggest

expeot ~heoreticallya

that the factorW
J&

fits the facts better.u)

When cavitation does not occurO the momentum may be used as a

criterion of damag60 again assuming that the pressure pulse does not last

too long. This leads to a W+p law for the following reasons Similarity

considerations

levels asW4h

t/>
w . Now the

show that distances and durations scale at equal pressure

o Thu8 atW% .~folddistances ra the momentum scales as

-1 35) ~ence
momentum appears to be proportirnml to r O

equal momenta occur at distances which scale with 19V;

For pressure pulses of long duration the peak preesure alone

matters* as explained above. This means that th~ scaling is governed by a

It maybe askedO What is the

capital ship? The duration of such an

lethal range of a gadget frcm a

underwater explosion should be about

35 milliseconds. The

(e.g.. hottom panelso

or Indirectly to this

periods of’the main ccmporaentsof oapital ships

stiffened main bulkheadis~,etc.)which are exposed directly

blast are of the order of 10 to 1~ milliseconds. Hence

the duration of 35

which matter. For

milliseconds is 5 to 7 times a~ long as the half periods

a 100-ton charge the duration is 6 mill.isecondsghence the

TableI 1~ U.S. Naval @tacheO London, Letter j#L=195Dated 22 December 1942,,. .
13) ● me ● ● ii

R.W. Goranson. Undem&r:&lks~”n.%$e~t No. 1$34+-1(l?avShips=37b)D .....—

February~ I*. Figure 2.

.
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peak pressure criterion is”p:ro;ablyvalid all the way from

S$M of about 20.000 tons. In ether wordsg in this range

..

100 tons to the gadget “

distances may be

saaled according to the W’& hwo

8 The question remains, Huw shall we estimate the lethal range of loo

tons, shoe most aotual experience comes from charges weighing between a few

hundrrd pounds and 1 tone and none from more than about 3 tons-. This question

is best considered together with anotherd olosely related one.>i.eo~ hhat

constituteslethal damage?

For the conventional charge size of mines and torpedoamD from a few

hundred pounds to a tonO the nature of lethal damage is rather complicated. In

particulars for a well-contructed naval vessel with adequate mmpartmentation and

efficient damage control. mere pieraing of the ship’s outer wallss or even of all

.

its skinss will only exceptionally constitute lethal damage. It wills as a ruleg

lead to the flooding of only one or two compartments Indeed, mod’rn oapital

ships will normally be sunk only by a considerable number of mine or torpedo

explosions.

partments is

ke

Thus. a local leak which produces flooding of the adjacent

not lethal damage for charges of this size.

note. however$ that the distances at whioh charges between

hundred pounds and a few tons can cause this type of damages “serious floodingO”

12)
are reasonably well kmown. Curves for W=~OG to 5000 pounds have been given=

They apply to incidents in whioh the depth of the explosion was sufficient to

direot the blast at the ship~s bottomO and not only at its more deeply protected

sides0 ——
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whare R ia expressed in feet and W im %WJS {~~~ Q5~2).

As pointed out above. this ‘serio~s floodingm inflioted over clistanoea

of the ordor of’a hundred foe-tis not lethal. A larger charge will inflict it

over considerably Larger distances. H’ three are of tkheordar of a capital

ship~s length or more~ i.e. of the order of’800 ft. Qr morq.then the signi-

ficance of this damago changes~ the cmtirs daipqs Iangth may be opened Upd

and all or most compartments flooded sindtaneoudy,, l’hisis presumably

1ethal~

Let us therefore estimate what the distance of serious flooding is

for a nuclear bomb of 20.000 tons. we kUOW Wlxt the scaling law up to 2.5 tens

is WCJA2 033~ and .abov@100 tons i+ is N . We have “noinformation as to what lew

is mdici between 2.5 and 100 %OnGfibut it is very pl.ausiblothat it will bo

be~wcm these two powors. NW the intervsl Irom 2.5 to 100 tOZIS corresponds

to a factor &O. T!herefore$ tho W 04-2law scales up byh~~o whereas the w 035

hw males up by 3040 Taking the m.id.-valueof these two fo.ckorso40 vJe make

an error of at most 17 per cefit. Considering all other uncertkixztiea~such an
t3c36$7iB

/error not excessive. Consequc@ly2 the distance of seriouB flooding may be

tiply this by40 getting Rs54G f’eat~ For a bcm.bO< WS200000 tonsD we ml.=

tip~y this by
(::)’f-

(200)$=5.8~ getting R=3160fe~td somewht over

l/2 milen - .—.
.—.,- -.:.-.— --------’-----,-

#
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qmlifytllis type of

to the shook wave of a

20UOO+on nuolear bomb against capital ships is at least l/2,mileB and it

scales 5.nthis region as W ‘JS~ WO made it clear that this prediction depends

on a number of hypotheses. Short of a full=scde nuolear-bomb teat against

ships. a partial male test at *ho lower

with a high mplosive chargo of 200 torna

Depth of the explosion.

In inflicting damage by the shock xavoD another factor is of

importance; the depth of the mplosion~ Iudeed. unless the explosion takem

place esmntially under the ships ‘%hoshock will have hit the sea surface

before strilcingthe ‘target. Now thu sea surfaco reflects the shock* but sinoe

it is a free surface (and not a rigid wall) it roflocts it negatively as a

rarefactiono Thus the shook arrives a% the targat immediately followed by this

rarefaction. Throughout the area which it ciccupiesothe rarefaction removes the

high pressures which follow the shock front” H’cmceit is important that it should

not get nctarer to the shcickthan the distance within which are found the ever=

pressures needed to inflict demage~ Y\ehave seen

about one-half of the significant elastic periods

i.e. that the first ~ to 7.5 milliseconds matter.

es~entially aeoustic~ and sinoe sound velocity in

this means that 25 to 37.5 feet of the blast zone

that blast preasuras lasting “

are th essential contributors~

Mnce the blask velocity is

water is 5000 feet per seoond~

must betkept Lntacfte The

dwpth at which this is reauircd is the ,d~~thof the shipts bottom> i~e~ about
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depth of at least MOO i’ectis

distances. still greater depth

It seems, thsref’ore9

significant ones.

requlred~ If weaker ships are %arge%s at larger

are desirable.

that deptk8 of 1600”to 2000 f% will be the “

.

W?!ION OF ‘ME J3UMLS AND OF THE %ATIR AFTER THE SHOCK

Afterfbw

Experimental pressure-time curves show-that when the pressure in the

shack wave has fallen to a few per cent 01’its maximum val,taeoits subsequent

decay is not even approximately exponcmti.alJ!JUtcomidorably slower than this.

Thi8 ~owcr pre8sti~e$ vihich I.aStS many times as long as tho shook W.V09 is

ri~sociated with the so-called ‘d%erflow~” or radia~ notion of khe water==xaow

behaving as an incomprcs~iblsfluid.-around the .&s globo~ A theoretioaa

repression for this

mngnituda i6 only a

duration is so long

orations of damage.

few per cent or the penk

that its impulse carmoto
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shack wave is followed by an expansion of the

WCS-LIB s of’

inside the

f~tthe end

t3h~10SiO~ of TNT

Were I?mis me

W is the

p is the

14)is given by

Iim

hydrostatic pressure at the level of detonation.

the eadiu~ of the bubble from an underwater

maximum radius in feet

charge weight in tons .

A’
IUS

*otai pressure (atmospheric,@rostRtic) in equivalent $’e@t

d’ water.

For an explosion of 20.000 tonsO the depth at which the globe wz@d just

brink surface at its mn-ximm size is ~~0 fc3wL0 The maximum radii for other

initir.1depths of R gadget or this size are:

De)pth(ft,,)

NOO

&500

2000

Radiua (ft.)

430

380

340
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T OF this first pulsation oyol~ (from the moment of cleton~”~icmuntil that of

3)
peak recompression) i~ given ‘theoreticallyby

..—.-.. .. .

For a 20~O00=,tonrNJC20Mrb~mb;~@@f.@d at a depth OS?2$000 i?eet~the
. . _ _ .. .

prtsdictcdperiod is 1~~ ~acondfio If ‘tY9se*.lQup ‘Cl-Isexpen-i[khwltalresul”kaof

cycl~s the ~erioc?increaaos~ approaching a dure.tionabout twice %;hatof the

initial period.,3)

y!p~,8Jq$?q..;-- .——-...—,...-_-_....._+ ——
See Figure 102 !?cfmfm.ce7<,
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Smorxi E’raseum P’u13e
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Wring it~ reoonoj-ess iozlthe gas globe sesct~o~t into the we.%era

seeond pressura pulse which differs markodl?yfrcm the first one. Th@ m~,xi,mm

pr~ssure in this swond pulaa is i.eS8 them 20 per CaIt of that in the?&lhock

Wca.voe Its duraticn$,on tho other .handOis O.~ the order of a b,undredW..mes

that of’the shock wave~ so thst the impulse as~ociated with it is ton or more

times as large as the impulse delivered by the shcak WaTOO It diould J.)onoted

shock front? and %he pressure

Vnam?a Altogether the saoond

Wa’cee

decay is also much dower thmc that in the shock

pulse ir3moro lilcean acoustic vmve than h shock

globe which brings tho sourco

detonation.6) (The nature of’

lr!i

hi
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criterion of damages thsy may corAsequontlycontribute apprclciablyto the damage.

of a wuclear-bom,bCxplosicxaohowever, the ahcck wave itsel.fo

the order Gf 35 milli~econds, ia also. in effect. a str%tiu

ssera~this is why the peak pr~ssnro is the significant

criterion of dasrsgafor explosionsot’‘chi~

in the shockwave is so much greater than

aftarllow and the aocondary pulse that is

mmgnitade~ Morecvnsmothe peak pressuro

the prossure~ associated with tho

is likaly to is.flictfur grmat;r dmnago

-.

“ than the latter. in fact. within the lethal radius calculated slsewimre in this

report. the damage caused by the Rhock WRVO alone should be decisive.

Aooording to the si.mplosttheory we mi.ghtexpectthat the rise of the

gas .globounder gravity would enhemoe the damaging powor of the second pressure

pulses which originates closer to the target than does the shock wavo~ HoweverJ

in order for this effect to be apprcmiable= tho explosion would have to occur

almost directly under the ship. I; it occure elsewhere~ the bubblo~s rise would

result in Q c%.ncellstionof the secoricl.pulsepressures at the target by the

reflected rarefactionwave= aa explained above in the discussion cf the depth of

mplosiora~ Even if’the nuclemr bomb explodss directly under ‘tlLeshipO the asymmetry

and turbulence asqocicted with the contraction of a very large under-water bubblo

‘willfurther reduce the damaging effect of the scmontiry pulses.

Vertical Motion of the Bubble

As the gas globe pulsates it RISO wadergoea vertiaal displacement under

the iaf~uence of gravity and of neighboring tauri’aces~The effect of gravity is.

. . .. .- _: -:, <;-: .. .. . .
3
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froa wrf~ceo it -ko.zds

it is attracted toward

3) 15)
effects have been di.scuasedby Herring and by Kmnardo

For ‘fery ~rge o~argGs the rise waler grav’iky prC3d.O~iEN.tW3 OVer the

ei?fectia
surl%cetsincethe ratio of the two veiocitios ifigiven “Qy*

where p is the

h is the

total

depth

mnximum radius of

bomb set Off at

and ~ = *O l%. sc/ tho upward

times that caused by neighboring

velocity dua t~ gravity ia of the order of 30

8UrfGLG0Bo

Let us consider the migration of the bubble duriwg its first period,

Most of the upward momentum is acquired while th bubble in I,arge,?ios~ when its

radius is scar tha zMY.iEW.w.Ss~.noq the bu.ojnwcyis “~IIGGgi-~~testo 33’rever~
. . .

‘n–e&tiZ-y-allck-tli;ri8e occurs during the contraction phase% The vertical

. momentum is then concentrated in a relatively small mass of water surrounding

the oontraoted glotiej

.
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which thcref’m’eacquir~$ d“&.~ m-ClOGiZy. Accordiw?2to Herring*u theory tki G

vdocity ie given by

be morei

greater

for the

intense upcm iks arrival a% the target~ and have a carrempandingly

ohance of contx-ibutingtiotho dwmago~ An approxinmte %h@or@tical formula

tatal riso during the first period,.based upcn the assumption that tha

the weight of’

the total pressure at

w~ter=

for a 20800&ton bomb

the levei of dwtcuntion in equivalent fcJct

fired at a dmpth of 2000 ft~o tha pradicted

riss duriag the first period is 4.20feetj at a depth of 1000 feet the rise would

be 800 i’eet~ . ... - . -, -
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is mnallD tha bubble has a horizontal radius which is cosmiderably larger than

it would be if the bubble were ophoricalfland consequently its rise is 51@wer

than prediuted by the idealized theory.

Another reason why the riaa is~loww than predicted by the simplest

theory is that the globe does

to that theoryo AS mentioned

water flowing from the top to tho

the expmmm of the kinetic energy

at the end of the first period is

s%ationmry.

bottom d’ the globe as it

of’ radial uwkio230

not RS mall as it

Hence

would

be acpeoted according

kiaotZo emergy ok the

rises is obkained at

the mi.zuimumvolume

be i? the globe were

from a 20CC00-tOA bomb

und Davies.7) Their experiments fihowthat this velocity fluctuatestihit that it

can be described approximately as fdlows~ The bubble i% prmtically stationary

during the expanding phase of the first period. During tineeecond half of tb.e

first period and the expanding phase of’the 6ccond period. the avew.ge velocity

is about 200 feet per sscond~ This rapid rise is followed by another relatively

stationary interval toward the end of -tinesecond period. The time during which

tho velocity hms the mean value of 200 i%c per sec. is a“baut2 seoonds~ heuce the
two

rise during tho first/periods is about 400 foet~
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ccas@O Distortior~sin the shape cd’the gas bubble arise principally i’romthe

rise
may give/to a comiderable turbdlence~ which i“wmlta ix a diss~.pationof energy.

There is experimental svidcnzcezespecially from motion p$!-a%urcmtalcanunder

‘7)re~.ucedatmOsPhcric pre~~urOO th~~ the g~ObC tends to become inudmcem-shmped~

All these effects should bc grmtly mcmtuatd for the gas globe

,
$M.s j.smors likely to occur duriiigthe BecoEd ocn.trs,ctio~.t.hm during the first
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ILLUSTRATING REQUIRED DEPTH OF EXPLOSION
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