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ABSTRACY

This report discusses the principal phenomena which are expected to be of
importance in the underwater explosion of a nuclear bomb, The pulsationa of the
undervater bubdle created by such an explosion should be qualitatively similar to
those of a high explosion, For an efficiency corresponding to 20,000 tons of TNT,*
the duration of the shock wave is about 35 milliseconds. The peak pressure in the
shock wave is plotted against the range for severanl efficiencies, The radius of
lethal damage due to the impact of the shock wave ageinst capital ships is estimated
to be at least 1/2 mile, and it scales as the cube root of the charge weight for
explosions of this order of magnituds, In inflicting demuage by the shock wave, the
depth of the eoxplosion is significant:; for a lethal radius of 3000 feet, depths of
1600 tc 2000 feet are requirecd, The motion of the bubble and of the water after the
radiztion of the shock wave are discussed in some detail, The meximum radius of the
hollow at the end of its first.expansion is epproximately 340 feet for a detonation
depth of 2000 feet, and the first period of pulsation is about 2 seconds, Damage
from the af{erflow and the second pressure pulse is expected to be ﬁnimportant
compared with demage from the shock wave, Because of its large sisze, the rise of
the hollow under gravity will strongly predominate over the repulsion of the surface.

This vertical motion of the bubble will be associated with promounced turbulence and

" instability.
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UNDER#ATYR FBXPLOSION OF A NUCLFAR BCMB

Introduection

The phenomena asgociated with an underwater explosion have been

1=6
extensively studied, snd their main features are fairly well understood, )

When a charge of ordinery high exnlosive is fired under water, the explosive
is immediately converted to gams under vcry high pressure (of the order of a
million pounds peor sguare inch)., About a third of the explosive energy is

radiated into the water as a shock weve, or pressuro pulse with a very stoep
front, Meanwhile, the gassous combustion products form an ezpanding bubble,

which grows uatil the pressure inside it falls far below the hydrostatic

1)"Experiments on the Pressure Wave thrown out by Submarine Explosions,”
by Ho Wo- Hilliar, British Admirally Research Riperiment 142/19, 1919.

2)"The pressure=Time Curve for Underwater Explosions," by W. G. Penney,
Ministry of Home Security, Civil Defense Ressarch Committee, England,
RoCo 1lL2, Novembor 19&00 ,

3)"Theory of tho Pulsations of the Gas Bubble Produced by an Underwater
Explosion." by Conyers Herring, NDRC Report Ch=sr20-0L0, Columbia
Universidvy, Division of National Defense Research, New London,
Connecticut, October, 19hl,

L)"Report on Underwater Explosions," by E. H. Kennard, David Taylor Model
Basin Report 480, Qctober 19hLl,

5)"The Pressure lave Produced by an Underwater T'xplosiom, IV by Jo Go
Kirkwood and Ho A. Bethe, NDRC Report Div. B, Serial No. 252, (1942).
Subsequent reports by Kirkwood et al: NDRC Serial Numbers 2081 end 326
(1942), OSRD No. 2022 (1943), and NDRC Div, 2 Interim Report UB=2L (I9LL).

6)"Vertical Motion of a Spherical Bubble arnd the Pressurs Surrounding it,"
by G. Io Taylor, Brltlsh Report Soho 19, 1942, Also see British Undex
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pressure outside.* Finally the excess pressure outside the gas globe causes

it to contract. If the charge is immersed deeply enough, the seguence of
expansion and contraction is repeated several times, Thus there occurs a
series of pulsations, each accoupanied by a pressure pulse and by a mass
motion of the surrounding water, 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 phenomena which
are expected to be of importance in the underwater explosion of a nuclear

bomb,

Behavior of the Underwater Bubble from & Nuslcar~Bomb Explosioﬁ

There is good reason to expect that the character of the pulsations
of the ﬁnderwater bubble from a nuclear bomb will differ only in degree--and
not, fundamentally, in kind=<from those of a TNT explosion., To be sure, the
expanding gas in a nuclear explosion consists almost entirely of water wvapor,
whereas for an ordinary explosion it is compesad of the combustion productis.
However, to a first approximation, the hydrodynamical theory** of the bubble's
behavior is nearly independent (£ the presence of pas inside the hollew, This

is true for a small bubbleg7)

*This overshoot is caused by the inertia of the surrounding water,
**E.gc, that of Conyers Herring, Reference 3,

7)Fxperimental evidence for this has been found by Go I. Taylor and R, M. Davies,
who 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.%o
explosion, (Cf. British Report S.W. 29, Undex 13),
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and it should be especially true for a large one.* Henmce it may be
expected that the usual sequence of oscillations will occur., If the
nuclear bomb is set off at a depth of 2000 feet, there should be

approximately two pulsations before the bubble disinteggateso

The qualitative differences betwesn the behavior of the bubbie from
a nuclear bomb and that from an ordinary explosion will arise not from the
relative paucity of combustion gases in the gadget explosion, but from its
huge scale. Because of its largs size, the rise of ths bubble under the
influence of gravity will strongly predominate over the repulsive effect of
the surface. As will be explained below, this rise leads to turbulence and
to distortion of the gas globe which may be serious enough greatly to in-
hibit the second expansiona.

Furthermore, the distribution of the orginal explosibn energy over
various kinetic and potential fo¥ms may differ considerably in the case of a
nuclear bomb from that in an srdinary high explosion because of the great

difference in the original temperatures,

For a large bubole the sffect of the gas should be even less important than
for a smell one, As pointed out by Kennard in TMB Report R<182, "the inward
motior of the water during eaoh compression phase is arrested chiefly not by
the gas but as a comnsequence of' the conversion of radial kinetic energy of the
water into kinetic energy of translational motion." This conversion of energy

lnto migration of the bubble is especially pronounced for a large=scale explo=
sion, as discussed below.
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Partition of Eunergy

In an ordinary high explosion, eccording to W.G. Penneypa) about
30 per cent of the energy is carricd away by the shock wave, LO per cent goes
into the pulsating motion of the bubble, and the remaining 30 per cent is lost
through the irreversible heating of the water, Direct observations of the
bubble’s first maximum radius and period confirm this view, for they show that
40 to 50 per cent of the emsrgy goes into the motion of the gas globeoiog)
' One cannot be sure that the same partition ococurs for a muclear
explosion., Since the temperatures involved in the latter are much higher
than those in the former, it is reasonable to expect a higher dissipation.
In air, we know boﬁh theoretically and experimentally that the shock energy
for g_gadget explosion is about 2/3 of what it would be for an equivalent
high explosionolo) The corresponding theoretical considerations for water are
apt to be rather difficult, The exporimsntal decision will have to come with
undervater ausiear-bomb tests. At this time it seems reasonable to expect a
distribution of energy for the nuclear bomb explosion which is somewhat, but
not essentially less favorable than that of a high explosion. We shall there-

fore assume that 4O per cent ot the energy goes into pulsations.

8)
W. G. Penney, LA Report 215, February, 1945,

9)"Heasurements of the Growth and Oscillation of the Bubble Formed by an
Underwater Fxplosion," Undex 35 (19L3).

10
)LAMS Report 300, September, 1645. , , e
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This permits us to scale up the ususl high-explosion bubble formulas, as
used by C. Herring, G, I, Taylor, and ¥, H. Kennard, to the nuclear-bomb
explosion,

It should be noted that the energy of the bubble pulsation is
contained in three main categories among which continrous interconversions
take place, These ars:

(a) The kinetiec energy of the flow of water around the bubble,

(b) The potential energy associated with the existence of an

underwater cavity in a region where hydrostatic preasure
exists,

(c) The internal energy of the gas in the bubble,
Betwsen two successive pulses part of this energy is lost through
acoustic radiation, Howsver, these loases, with the exception of the first

one (which is of' the order of 30 per cent) are small, and we need not be

concerned with them here,

The Shock WKave

At the moment of detonation e pressure pulse with an exceedingly

stesp front is radiated into the water. This so=called shock wave has at

flrst e veloclty conazderably in excess of sonic, but a. distances of about

30 or more charge diameters, it acquires a neerly acoustic velocity.
The time of rise of the initial pressure pulss from an explosion

of 1 1bo TNT under water is of the order of 1 or 2 microseconds. The decay

of the shock wave is approximately exponential, so that it can be described

by

P=Pe e % E‘ff?LASSiF!Eﬂ

where p is the pressure at the time * , and fori 18 the peak pressure,

* o e o * o
e o oo o %o o . .
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The duration is defined a:f:*l.;hq t3ae $ $eoq@ited for the pressure to fall
to 1/e of its peak value. 1 varies somewhat with the distance from the
charge, but its variation is rather slow. According to the asymptotic theory

41
of Kirkwood and Bethevs) for large distances r it increases as (/{n ?)éo Over

the range which interests us, an r°1

power law is reasonably adequate. This
means that in this region (pressures from a fraction of a ton per square inch
to about ten tons per square inch) in which the distance changes by a factor
of about 10, the duwration changes only by about 25 per cent., For one pound
TNT, " is approximately 0.105 millisecond, Since these times scale as the
cube root of the charge weight, we should expect for a 20,000-ton bemb

oexplosion under water a duration of approximately %6 milliseconds.

Peak Pressures

The estimates given below of peak pressure as a function of distance
from the explosion eare based upon an extrapolation of empirical data for TNT
obtained at the Underwater Explosives Research Laboratory, Woods Hole, Massoll)
Thess data yield the following power law, which is plotted in Figure 1;

’”" i o
P = 21,100 {, 1.17
m

RN ‘IIIIIIIIIIIIIIIIL
where Pm is the peak pressure in pounds per sq., in,, W is the weight eof explosive
in pounds, and R is the distance in feet,

For our purposes this may be expressod as Pm .- A R.1°17

vhere A is a function of the equivalent weight of TNT,

T3y _
- NDRC Division 2 Imterim Report YE=-23 {CONFIDENTIAL), July 15, 194k,
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For 10,000 tonms, s, § 3° e i A =1.1485 x 107

20,000 tons, =1.946 x 107

30,000 tons, As 2,279 x 107

It will be secn in the next section that for charges smalier
than 100 tons, the peak pressure alone does not determine the damage, For

charges greater than 1C0 tons we expect it to be the only significant quantity.

Lethal Range of a Nuclear Bomb

The criteria which should be used in determining the lethal range of
a ship from an underwater explesion depend upon a number of variables, of which
the most relevant will be considered here,

e consider first the effects of the shock wave. An ilmportant 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 period, the blast
acts eassentially as a static pressure, and therefore the peak pressure alone is
relevant; otherwise the duration of the pulse, and indeed the detailed structure
of the pressure-time curve must also be considered. A more detailed analysis
of the mechanical phenomena associated with impact damage showa that the integrals
} P dt = E = energy, or p 4t = I = momentum, are the main determining quan-=

tities, according to whetner cavitation does or does not occur., If cavitation

does occcur, most of the kinetic ensrgy in the pressure pulse is trapped in a

layer of water close to the hulil,

0,0. o o o o o ' Fr'tg
HE AR I R T cvs il
.
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In this event, and assuming that the duration of the pressure pulse is
sufficiently short, the energy in the shock wave is a good criterion of
the damage to be eoxpected, Moreover, in scaling up the demage in this
case, an approximately correct scaling factor is the square rcoot of the
original explosion emergy (or, what amounts to the same thing, the square
root of the charge weight), since the dishing of a target diaphragm is
prorortional to this factor. This is what we should expect theoretically,
but British data on damage to capital ships sugggst that the factor W
fits the facts betterola)

When cavitation does not occur, the momentum may be used as a
eriterion of damage, again assuming that the pressure pulse does not last
too leng. This leads to a W law for the following reasonz Similarity
considerations show that distances and durations scale at equal pressure

“ o Thus at Wy'»fold digtances r, the momentum scales as

13)

levels as W

W' Hence

o Now the momentum appears to be preporticnal te rﬁlo
equal momenta occur at distances which scale with W

For pressure pulses of long duration the peak pressure alone
matlers, as explained above, This means that the scaling is governed by a
" . law,

It may be asked, Wihat is the lethal range of a gadget fram a
capital ship? The duration of such an underwater explosion should be about
35 milliseconds. The periods of the main ccmpoments of capital ships
(eogoo Bottom panels, stiffened main bulkheads, etc,) which are exposed directly
or indirectly to this blast are of the order of 10 to 15 milliseconds. Hence
the duration of 35 milliseconds is 5 to 7 times as long as the half periods

which matter. For a 100-tom charge the duration is 6 milliseconds; hence the

R ;
e o [ ] [ ] [ ] L4 :.. [‘,'~ \9;5 g.en;E,Cn -
12) Ve eee sce sse see oe )
Table I, U.S. Naval Attache, London, Letter #1=195 Dated 22 December 1942.
13) ) oo (4 o o o - A

R-W, Goranson, Undema::e"r:éxplob s‘j.én.:\.&;io&t No. 19Lh=1 (NHavShips=37hL),
Pebruary, 19LL, Figure 2,

I\
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peak pressure criterion is’ﬁ}obably valid all the way from 100 tons to the gadget
size of about 20,000 tons. In ether words, in this range distances may be

soaled according to the %5 1aw.

The question remains, How shall we estimate the lethal range of 100
tons, since most actual oxperience comes from charges weighing betwsen a few
hundred pounds and 1 ton, and none from more than about 3 tons. This question
is best considered together with another, closely related one, i.e.; hhat
constitues lethal damage?

For the oonventional charge size of mines and torpedoes, from a few
hundred pounds to a ton, the nature of lethal damage is rather complicated. In
particular, for a well-contructed naval vessel with adequate compartmentation and
efficient damage control, mere piercing of the ship?s outer walls, or even of all
its skins, will only exceptionally constitute lethal damage, It will; as a rule,
lead to the flooding of only one or two compartments. Indeed, mod.rn capital
ships will normally be sunk only by a considerable number of mine or torpede
explosions., Thus, a local leak which produces flooding of the adjacent com-
partments is not lethal damage for charges of this size.

%.e note, however, that the distances at which charges between a few
hundred pounds and a few tons can cause this type of damage, "serious flooding,"
are reasonably well known. Curves for W =50C to 5000 pounds have been givencla)

They apply to incidents in which the depth of the explosicn was sufficient to
direct the blast at the shipt's bottom, and not only at its more deeply protected

sides,

APPROVED* FOR PURL

C*RELEASE

;

Cae



APPROVED FOR PUBLI C RELEASE

o o .
oo oo ! v

Those observations ares sdsquetsly reoresented by the formuls

R =92 w”ha
whero R is exprossed in foet and W in tems (& W < 5/2) -

As pointed out above, this "sorious filooding" inflicted over distances
of the order of a hundred feazt is not lethal, A larger charge will inflict it
over considerably lerger distances. If these are of the order of a capital
ship’s length or more, i.e. of the order of 800 ft. eor more then the signi=
ficance of this damege changesp the entire ship?s length may be opemed up,
aend all or most compartments {looded simultaneously. This is presumably
lethal,

Let us therefore estimate what the distance of serious {looding is

for a nuclear bomb of 20,000 tons. We know that the scaling law up to 2.5 tons

-

2
is w” o and above 100 toms it is W°95° Vie have no information as to what lew

is valid between 2,5 and 100 tons, but it is very plausible that it will be
betwaen these two powers. Now the interwal from 2.5 to 100 tons corresponds
to a factor LO. Therefore, the wol¢2 law seales up by 4.7, whereas the W°‘55
law scales up by 3.4 Taking the mid=wmalus of thess two fmctors, L., we maige
an error of at most 17 per cent., Corvasidering all other vxxcertaintieéa such an
error/;:‘fn:xcessiveo Congequontly, the distance of serious flooding may be
taken, for W=2.5 tong, ag R=9R (205)0‘42 = 135 ¢, For W:=10 tons, we muls=
tiply thie by L4, getting R=5U0C feet, For a bomb of W =20,000 toms, we mul-

20,000 \4 %
tiply this by =:(200) = 5.85 getting R 23160 feet, somewhat over
t/2 miles,

T ol el S e ...
.o: oo: o:o oo: o:o oo. ': ’ *’2:’ 'Egﬁ“‘h‘“’
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Thus the radius of mrious leaskage is large snough to qualify this type of
duwnage as lsthal cccording to our discussion ahove,

To summarize, the lethal demage radius due to the ghook wave of &
20,00=%on nuclear bomb agerinst capital ships is at least 1/2 mile, and it
scalesg in this region as WIS o We made it clear that this prediction depends
on a number of hypetheses., Shert of a full-scnle nuclear~bomb teat against
ships, a partial scale test at the lower ond of the Wy} rengo, i.e. a test

with a high explosive charge of 100 toms or wore would seem most desirable.

Depth of the explosion,

In inflicting damage by the shock wave, another factor is of
importance; the depth of the oxplosion., Indeed, unless the explosion takes
place essentially under the ship, %ho shock will have hit the sea surface
bsfore striking the target. Now thu sea surface reflects the shock, but sincs
it is a free surface {and not a rigid well) it reflects it negatively as a
rarefaction, Thus thes shock arrives at the target immediately followed by this
rarefaction. Throughout the aresa whick it cccupies, the rarefaction removes tho
high pressures which follow the shock front. Heace it is impertant that it should
not get nearer to the shock than the distance within which are found the ever-
pressures needed to inflict damage. We have seen that blast pressurss lasting
sbout one=half of the significant elastic periods. are the easential contributors,
i.8., that the first 5 to 7.5 milliseconds matter, Since thelblast velocity is.
essentially acoustic, and since sound velocity sm water is 5000 feet per sscond;
This maans that 25 to 37.5 feet of the blast zone nust be kept intact. The

depth at which this js req%irig %s t?e ﬁegth of the ship's bottom, i.e. about
e & oo o ee o o .
30 foeet, .o: oo: o:o oc: o:. oo.
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Thus the geomstry of the phenomenorn shows that the angle between the blast
and its reflectiom must be ab least 60 5 ses Figure 2, Hanco‘/g = 60° and

= %;(180°'~/3) :.600 o Now the depth of the esxplosion must be at least
sind_ times the distancs at whieh the damage is to De effective, f.6. at least
1/2 that distance,

Thus for the lethal radius of 3160 feet mentioned above, an explosion
depth of at least 1600 feet is required. I weaker ships are turgets at lmrgef
distances, still greater depth are desirable.

It seems, therefore, that depths of 1600 to 2000 £%4, will be the

significant ones,

MOTION OF THE BUBBLL AND OF THE WATFR AFTER THE SHOCK

Afterfiow

Erperimental pressure-time curves show that when the pressure in the
shock wave has fallen to 2 few per cent of its maximum value, its subsequent
decay is not even spproximately exponontial, but considerably slowsr than this,
This lower pressurs, which lasts many times as long as the shock wave, is
ngscciated with the go=called "afterflow," or radis)l motion of the waters -now
behaving as an incompressibles fluide=around the gas globe, A theoretical
sxpression for this pressure has been derived by Go I T&yler06> Although its
magnitude is only a few per cent of the peak pressure in the initial pulse, its

duration is so long that its impulse cannot, a priori, bs neglected im consid=

orations of damage. }? w}ll be shoyn below. however, that the afterflow from
4 ° o o

* o
se

a nuclear=bomb exploa':’..ep.fi.sfép??,{g, 4y §oe soatribute significantly to ths damage,
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First Expansion of the Bubble

The radiation of the shock wnve is followed by an expansion of the
gas globe, which imparts » 1.gh radial wzlocity to the surrounding waters
Becauss of the inertia of the water, this expansion.continues until the pressure

inside the globe is far below the hydrostatic pressure at the level of detcnationo

At the end of its first expanzion the eadius of tho bubble from an underwater

)

sxplosion of THT is given Dby
' 160 " 2
Ry .- —
" P

vhere Rm is the maximum radius in feet
W is the charge weight in tons
) ) /glus
P 1is the total pressure (atmospheric/bydrostatic) in equivalent feet
of' nater,
For an explosion of 20,000 tons, the depth st which the globe would just
bresk surface at its maximum size is 530 feet, The maximum radii for other

initirl depths of & gadget ot this size are;

Depth (£t.) Radius (ft,)
1000 L30
1500 - 380
2000 3L0
n ;m? e
lij’ lj1 if?”il) :;!llllll!!!lllll =
:u_’ ) * O oo oo

Thiz was first shqxn by°g Regusgpc c3.3innelen der Physik, uth Sero, 72, 265

(192%), It has besnednsiiids 3o f2tsnt Gritish experiments described in §.5.
Report Noo 1215, Jindex 35 (loh})
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Theae figures should be incressed by 1L per cent for 30,000 toms,

sesee ;v
.
13
.

apd decreased 21 per cont for 10,000 tonse

Feriod of Pulgation

when the expansion of the bubbic has been arrgsted, tho surrounding
hydrostatic pressure causes a contraction to set in, The latisr continues until
the radius is reduced %o approximately one=half of its maximum value. The perioc
T of this first pulsation cycle (from the moment of detonation umtil that of

4
. . . 5)
peak recompression) is given theoretically by

/2 =506
T = 1.135 € / p5/ 51/5

vhere Q is the deusity of the water
p is the total hydrostatic pressure at the level of dotonation
K is tho energy which goes into the bubble pulsations, estimeted at O.l

of the tolal cuergy released by the siplosion.

For & 20,000-ton nruclour bombiexpleled st a depth of 2,000 fezt, the

predicted period is 1.3 seconds, If w2 seals up the experimental results of
L .

Teylor and Davies, we get a somewhat Larger value, 2 seconds., In subsequsnt

cycles the period increases, spproaching & durztiom about twice %hat of the

A
initial perioda/)

-«
See Figure 10, Referernce 7.
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.S opd Praossure Pulse

During its recoméresslon the gas globe sends out into the weter «
second pressure pulse which differs markedly frem the first one. The maximum
pressure in this ssecond pulss is less than 10 per ceat of that in the shock
wave, Its duraticm, on the other hand, is of the order of a hundrad times
that of the shock wave, so thst the impulse essociated with it is ten or mere
tines as large as the impulse delivered by the shock wavo. It should be noted
that the rise of pressure is very gradual compared with the shairp rise at the
shock front, and the pressure decay is also much slower thaw tThat in the shock
wave, Altogether, the second pulse is moro like an acoustic wave than a shock
wavee .

Nevertheless, bscause of the large morientum associmted with it, the
second pressure pulse can, under certsiq conditions, inflict copsiderable
damage upon a target, This damage Qay b2 epchanced by the rise of the gas
globe which brings the source closer tc the target thasn it was at the time of

detonationcé) (The nature of this vertical motion will be discussed below.)

Damage from the Afterflow snd the Second Pressure Pulse

It has been pointed out that the pressures in the afterflow apd im
the second pulse are of the order of orly a few per cent as large as thabt in

the shock wave, They are of intercat mainly because of their lomg duration,

which results in 2 large impulse.
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in fact, these pressures may be comsidered to Ve static with respeset to ths hall
poriocd of a typical target structure, Where the total impulse is sn important
criterion of damsge, they may comssquently conbtribute appreciably Lo the damegeo

In the cage of s nuclear~bomb explosiom, however, the shock wnve itself,
lasting for & time of the order of 35 milliseconds, is also, in effect, a =ztatic
preesureo. As we huve scen, this is why the peak pressure is the significant
criterion of damage for explosionsof this magnitude, WMoreover, the peak pressurs
in the shock tave is so much greater tham the pressures associated with the
aftoriflow and the secondary pulse that is is likely to irflict fur greatér damaga
than the latter, Im fact, withim the lethal radius calculated elsewhere in this
report, the damage saused by the ghock wave alone should be decisive,

According to the simplest theory we mightexpect that the rise of the
gas globe under gravity would enhence the damaging power of the second pressure
pulse, which originates cloger to the target than does the shock wave. However,
in order for this effect to be approeciable, the explosion would have to occur
almost directly under the ship. I it occurs elsewheres, the bubblets rise would
result in a cancellation of the second=pulse pressures at the target by the

reflected roarefaction wave, aas expleined above in the discussion of the depth of

explosion., Even if the nuclear bomb explodes directly umder the ship, the asymmciry

and turbulencs associcted with the contractiom of a very large under-water bubble

will further reduce the demaging cffect of the sccondary pulses,

Vartical Moticn of the Bubble

As the gas globe pulsates it also undergoes vertical displacement under

the influence of gravity and of neighboring surfaces., The effect of gravity is,
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of course, to give the Wb 2o vdmtd’ewtceluration., When the globe L& near a

fres surfzce, it tends to be ropeliod sway from the surfaces nmear a rigid surface
it is atiracted toward the surface, The physical causes of these surfacc~proximity
offects have beon discussed by Herringa) and by Kennard. 5)

For ‘rery large charges the rise under gravity preCominetes over the

sffects ) . ) . Lon
surface/since the ratio of the two velocities is given Dy

5 el b
P hi

whers p is the total hydrostatic pressure at the detonation level
h is the depth of this level from tho free surface

R, is the maximum redius of the gas globa..

For a 20,000<~ton bomb set off at a depth of 2000 feet, _pPE R = i
) P 1

and R = 340 ft, So the upward velecity dus to gravity is of the order of 30
times that caused by neighboring surfaces.
Let us consider t'he migraticn of the bubble during its first period,
Most of the upward momentum is acquired while the bubble is large, ji.s. when its
radiug is mear tho maxvimum, sinee the buoynrecy is thei gieatest. Horever,
“hearly all of the rise ccours during the contraction -pime;.e-.«m ‘I’he‘. vrex;rtii;alﬂ .
- momentum is then concentrated in a relatively small mass of watexr surrounding

the contracted globe,

W

Reference 3), Appendix L, Lg. (36). Py 5 Ry
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vhich thersafore acquiret® #°iiga velocliy.

volocity ie given by

where R is the radius of the globe at the time t. From this onc can see That
there is & rapid accelaration when the bubble is smell,

One of the maim reasons for imterest im the vertical motien of the
gas glcbe is that for a cherge expleded directly umder a ship the bubble will
have approached the targot durimg its first period, and consequeatly the pressure
pulse radisted at tho end of that time will bave & shorter distance to travel,
bes more intense upon its arrival at the target; and have a correspordingly
greater chance of cortiibuting to the damage, An approximate theoretical formula

for the total rise during the firszt period, baced upcn the assumption that the

15)

gas globe remains spherlicaly is

AV
Ay . 53900 5

&

where Ay is the rise in feel during the fivad gorioed,
W is the weight of charge in tons,
P 1is the total pressure a2t the level of detometion in equivaleut fect
of water.
Thus, for a 20,000«tom bomb firzd at & depth of 2000 ft., the pradicted

rige durimg the first period is LI0 feety at a depth of 1000 feet the rise would

be 800 Teet.,
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Actually The*fosegoing results are overestimetes, as thoy are based on

the rssumption of srhsrisal symmetry, A smmll spherical volume would imply =
small radius, and this im tura would lead to a very rapid rise. The axzperimantal
fact is;, howsver, that the gas globe, imstend of remaining spherical, acquires

a mushroom shape &6 it ¢omtracts and riseso7) Thus, although its mimimwm volumc

is small, the bubble has a horizemtal redius which is comsiderably 1afger than
it would be if the bubblé were gpherical, and comsequently its rise is slewer
than predicted by the jidemlized theory.

Apother reason why the riase iselower then predictcd by the simplest
theory is that the globe does mnot contract as much as would be expected according
to that theory, As mentioned previously, the transletional kimetic energy of the
water flowing from the top to the bottom of the globe as it rises is obtained at
the expense of the kinetic emsrgy of radizl motion, Heunce tho mimimum volume
at the end of the first period is not zs amall as it would be if the globe were
stationary.

EBstimates of the vertical velocity of the bubble from a 20,C00=ton bomb
fired at a depth of 2000 feet can bo obtained by scalimg up the results of Tayleyr
and DavieSOT) Their experiments chow that this velecity fiuctustes, but that it
can be duscribed approximabtely as fellows, The bubble is practicslly stationary
during the expanding phase of the {irst pericd. Durimg the seconé half of the
first period and the cxpanding phase of the second period, the average velocity
is about 200 feet per second. This repid rise¢ is followed by another relatively
stationary interval toword the end of the second pericd. The time during which

the velocity has the mean value of 200 ft. per sec, is about 2 secondsg hemce the
twe )
rise durimg theo first/periods is mbout 40O faet.
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Asymmotries

The omly available theory of the behavicur of the gws globe assumcs
hat sphericel symmetry is maintained. Im practice, this is by mo means the
caze. Distortions in the shape of the gas bubble arise primcipally irom the

75 16)

awction of gravity and the offects of neighboring surfaces. AB we have

seon, the former effect stromgly prodominstes for large-scale explosionn.
Departures from spherical shepe are esp@cially likely te occu during
" the contraction of the globe, As the bubble rises, there is a flow of water
arougd it from top to bottem, which is faster The larger the globe., This fiow
nay give/éifﬁf considersble turbulence, which results im a dissipation of energy.
There is experimental svidemce, especially from motion gihtures tolken under
reduced atmospheric pressure, that the globe tends to become mushrcomsshapedo7>
311 these effocts should be greatly accontuated for the gas globe
produced by the explosion of & auclear bomb., In fact, the turbulemce and
iretabitities arisimg during ooatraction may actuélly couse the bubble to break ﬁpo

this is mors likely to occur during the second contrachion than during the first

Ori@o.

18]
THB Reports 512 and 520 (15L43%) by D» C. Cempbell zmd Co W, Wyckoff, David

Taylor Model Basim, TUSW.
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FIGURE 2. GEOMETRY OF SHOCK WAVE REFLECTION
ILLUSTRATING REQUIRED DEPTH OF EXPLOSION
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