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di8cusses the gravity wave Bystma generated by explosions above

cmrftme. A comparison is made betwmn the theoretical results,

obtained entirely from first prinoiplea, and %hoso oxporimental

available. ‘rhoagreement is reasonably good. The wave systems

are found to be unimpre8si%’e.
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GRAVITY WAVES IN ‘MTZR CAUSED BY EXPLO~IONS

an explotaion oocum above or on the mari’ace of

received

distanoe

zwo if r exceeds tho

water, the

a downward impulse, denoted by the function X(r)

surface ovor”

, where r im

from the center. ?(xperimentson blaat indicate that I(r) is

radius of tho f%mo, i.e., 30 charge radii. At leetserradii,

I increases with decreasing r, but the pxact dependence ia unknown and fortunately

ia not naterial to our diwx.aasion. All that matters is the surface integral of 1,

1.63.,the total impulEe Given to the Burfaco, and this can be estimated.

When an explosion occurs underwater, a cavity is formed. If the explosion io

deep, the mbble pulaatos rapidly and rises, until finally it breakn surface and ea-

capee. If the explosion is at approximately a depth equal to the bubblo radius, tho
.

surface film collapses at about the

hwJ the ~hape of a volcano. Such a

gr~atost waves. This contention is

instant of msximum radius~ and the water surfaco

configuration ia the most likaly one to produce the

confirmed by experiment (ace note aumbor

ADK/192/Gec., AR13,by the Road Research Laboratory; e copy of this note 5.CIin the

writerts possession).

Accepting the statement made in the above paragraph,

detonation for various charge wei~hta

ing way. Imagine Q spherical kole of

extent, in ouch a way that the top ol’

R lb of explosive may be

radius h to be created

the sphere is just level

the optimum depth of

computed in the follow-

in a sea of infinite

with the surface of the

ee~. The work done in displacing water against hydrostatic plus atmospheric pressure ~

vi =l+@pgh3(h+Z)#3 (1)
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whmw Z

of ‘cia%er.

iM the head of water

Equate this work to

producing atmospheric pressure, and p is the density

40)i or E, the chomioal energy of the axplosion. WNM

w = 0.40 E (2)

The reason why &Ofihas been chosen is that the euergy of an undmwat~r ex-

plosion iB known to be partitioned roughly as follows

wasted irreversibly Zn heating the water

in the pulsating motion of the bubble

radiated aa a non-zwrturningpressure pulse.

energy released by e.charge is about 1000 cal/gm. The oalculmted optiL=

mum wave system from a charge W lb is obtained when it is detonated at depth D St giva]

in the table bslow.

D

O.fm

1/16

1.56

1.25

TABLE I-

lb 1.0 L.o I 64 300 1000 L&!?-Lkk:

2.45 ~om 5.96 14.1 22*J4 31 .l+ 46.5 285

1 *96 3.36 b.?? 11.3 17.9 25.1 37.2 228

The experimental results on 2-OZ and 2-lb charges,

rnearchLaboratory and described in the note mentioned above,

depth~ are about 0.8 of those calculated above, and that the

obtained by the Road R@-

ahow that the optimum

wave height ia quite

sensitive totdepth. Exp@ri~iOnta180 shows that the radius of the bubble, when it

breaks, for a near-surface explosion is also about 0.8D. Hence the optimum depths in

practice should be tho~e corresponding with 0.8D of Table 1.
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!i?HESCALING LAWS—

The fun~enta~ Solution for cylindrically expanding hfinitoeimal WIVOS in

waler of uniform depth d is

and z is nwwuwzredupwards from tho free surface. Furthermore

~2 *gk tanh kd

(%nora].izingthese remdts, we have that. corresponding

face elevation

I I
C@

‘sinut cosh k(z+d)
$’~ ~ Jo{kr) kdk “f(a)Jo(ka) dda

cosh kd
o 0

a

(f r

o
: cos 6t Jo(kr) kdk f(a) Jo(ka) ada

(2)

with an initial sur-

Jo

Similarly, corresponding

I
~=:mc”’~t

o

, P

Jo

with an initisl auri’acaimpulse

!
m

C08h k(z+d)
Jo(kr) kdk F(s) Jo(ka) add

cosh kd o

pia

(3)
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wo solve thQ equation for the ratio of the linear scale of crater dimensions

●

{6)

(8)

with a large enplosion, hl is negli-

(9)

expected from large explosions therefore scale up with

in the ratio of the fourth root of the oharge ratio, the

depths being in the same ratio.

expected i’row two small scale experiments may be approxi-

The results to be

thoee from small exploeiens

corresponding distances and

‘The results to be

mated by a~mming that hl and h2 are both negligible compared with Z. Then

m=n

and the wa~e heights, distances and depths scale according to the linear dimensions of

the charge8.

CASE 11. Initial Surf’aoeT.%dse
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Here L2 and L1 are the hei@rbs of detonation, d2 and dl the depths of water.

~!hofaot that the wave heights at corresponding distances are only in the

sixth root of the ratio of the charge weights implies that only modest waves are to be

expected from large aarface explosions.

THE GROUP NATURE OF THE WAVE SYSTEMS

The wave ayetems gencnw.tedby

char8cteriatic6.

similarly, one of

dooreases in size

an exploai,onexhibit the familiar group

At any inrrksnt, one of the crests is greater than any of’the others;

the troughs. If ths motion of thio orest or trough is followed, it

and soon i~ dominated by its inside neighbor. The waves gradually

pass through the group, and ultimately die out.

The main floaturesof the system, i.e..the creak velocities, the group velo-

city, which wave is Greatest at any instant, etc, can be calculated directly in term

of the size of the crater in an underwater explosion, and in terms of the flame radius

for explosions above or on the surface.

According to the Cauchy-Poisson theory of surface waves (see Lambls Hydro-

dynamics, p. 430), the surfaoe elevation at63, t, due to unit volume placed on the

surface at 0, 0= is asymptotically

Sidkrly,

pulse downward at O,
*

.

l-@2(C=~%?? cos(gt2/l@)

the fiurfaceelevation at 3, %, due to the application

o 3.s
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Numerical calculations frcnnthe accurate formulae show that

f’ormulaoare accurate within 1~ for all values of G= gt2/&Z3greatx3r

these asymptotic

than 0, and of

oourse the accuracy inoreafseewith Q.

Aesuming that the radius of the crater is h, the surface elevation at

radius R at Mm t in deep water is

tho integration being over

at r is f(r).

Similarly, for a

the circle of radius r= h, while tho initial cratar depth

eurface impulse, the eurface elevation at R$ t is

&(R~t)s J~(~)~i(==t)ds [14)

Substituting (11) $n [13), and [12) in [u) we deduce the following char-

acteristics of the wave systems.

U.NDERiilAl’KREXPLOSIONS AT !IPTIMUMDEFTE

The expanding wave system from the crater is led by a trough, the bottom of

which moves according “bo

@2/R = 5 or R = 6A t2 (qj)

. (Actually,’the wave system will be led by a crest~ corresponding to the lip

of the crater; for convenience, we call this wave the ‘lSWO1l”.)

Tho nth crest

80 that th8 WIlooiky of

moves aocordlng to

R = gt2flI.(2rd)

the ~th oregt i8

R s gt/2(2n-1)

● ☛ ● me . . .

Hence the vbl.ocityof a??ycrewk or trough in @&p.~xzfcm

(17)
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The nth crest is greateet of all crests when

The velocity of the crest at this instant is

w = #!2gh/m (19)

The group velocity, i.e., the velocity of the region where the waves are

greatest, is just half this quantity, namely

~ =-C (20)

The ratio of the greateat height of the mth cre8t, to the greate8t height

of the nth cre8t is

~/q = (~-1)/(a-1) (21)

The motion of’the pth trough is given by

,

.

R= gt2/8~

and the trough is at its greatest size at

R = hph

Oace a trough or crest has pa88ed

(22)

(23)

its maximum, it will decay lika it(R)R-2,

where k(R) is unity at the maximum, and increaaea rapidly

SURFACE EXPLOSIONS

‘line wave sydmm 3.EJled by a orest, the velocity

v = gt/v{&~)

The nth crest is the greateat of all crestm at

R = @2/2t?(bn03) = (h-3)a

t = (b”3) m

to a limiting value about 3~

of the ~th crest being

(24) /

(25)

(26)

where a is We radius of the circle over which the impulse is doliveredo
●0 ●9* ●O* ● ●em

‘Thevelocity of the nhh
:**

crest at this instan&& .: ! .! S .*
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The ratio of the greatest elevation in the mth crest to the greatest eleva-

tion in the nth crest is

The

The

group velooi%y is

v=m~

pth trough is greate~t when

once a crest

where 4(R) is UAity at

dxx2k 3/2.

R = (4p-l)El

t = (Lp-1) /2i

or trough has passed its

(28)

(29)

(30)

(31)

maximum it decays like ~{R) R05/2,

the maximum but

COMPARISON WITH

rapidly inoreases to

-EXPERIMENT

a limiting value f3qualto

The experimental evidence here refers to 2-02 and

The theoretical and experimental wave hei~htn are given for

2-lb charges of P.A.G.

comparison in the table

below. Two significant facta may be seen in the photographs of the experiments.

(1) Waves after the second are not regular; the symmetry of the explosion is never per-

fect and ali the products such as gas, spray and water drops

that only the first tvo wave~ aro large. (2) The waves near

would be expected on theoretical grounds, since their height

damp the motion so much

the explosion break, as

is greater than one sixth

of their wave length.

~
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Charge

2 Oz
PAG

2 lb
PAG

TABLE II

Optimum Depth

1.50’

4.0’

First Crest
Theory

9“ at
~.o?

I

Second Crest
Theory

3.0” a%
9.0$

8.0” at
24.0’

Maximum Wave Height
Theory

455.@-

~~e agreement iS fkti~. vdatherefore feel reasonably certtin that the

theory will predict the ‘wavesfrom gadgets with an e.ccuraoyof about ~0~ either way,

the estimates almost certainly being on the high side.

‘Me table balow gives the estimated wave heights

gadgets 1000 ton6 and 10,000 tons.

TABLE 111

(i.a., crest to trough) for

H.Il.Equiv. Optimum Depth
(tons) [feet) 1500‘ 1 2000‘ I 3000‘ ! 4000’

3,000 19C 407 26I 11v 7’

10,000 ~o --- *9 ~, 23?

Surrace Explosions

Hare the

from Road Research

experimm.tal data are extremely meager.

Laboratory back to zero depth, gives the

a 2-OZ char~e 02 P.A.G. on

L9t us calculate

is the total impulse given

is at 10 f-b

Extrapolating the+data

wave height at 13 f% from

the surface as 10S8 than ~.

the wave heights from a 1-OZ charge on the surface. If 18

to the surface, then the second crest i.athe grea.teatcrest
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An approximate value of’16 my be obtained tron the knowledge that the ex-

plosion or a charge in free air may ?m regarded as cawed by the release at the origin

of a voM.uz.M3of gas at atmos@erAc pressure 209000 times the clymge volume. (This

number ie made up of 1000 for the gas products and 19CO0 for the irrewemibl.e shock

wave heating of the air near the ch.arge~) Hence the wave fkxn a 1-OZ charge on the

mxrface may be roughly computed by the theory of sound waves eaumd ‘bythe release at

tho origin of 25 oubic feet of gau at atmospheric presmre. Then, the total impulm

owr the water surface should be

18 = vYP#k= 32 Ibwt SOCS

where V is the volume of’gas (25 ftz), Y is the ratio of the specifio heats (104)$

p. is a%nosyheric pressure (2100 lb/rt2) and c is the velocity of sound (1180 ft/see).

Henoe the height of the seccma orest is 1/3”at 10?. This equals the experimental

figure, an far as our knowledge goefie

The wave heights (crest to trough) from 10CO=ton and 10,000.tm gadgets em=

ploded on ths surl’acears given in the table

TABLE IV

,E.Equivalent

1

~~) j

‘-t---t

l~oo’ 2000‘ ~ooo‘
{tons)

1,000 30” ‘.=. , ... lln

10,000 4.8” 3@ 25n .-.

—< ●

The theory given earlier cannot be expected to apply to shallow water. ‘Row-

● e ‘*- 6 ‘*- ●ei ‘.6
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at Woods Hole (AM-793, UE-26).

bottom at Iesa than the optimum

equal tO the depth.

The voh.uneof the Grater for a charge

depth ia assumed that of a hemisphere

TAKE V

Theor;ycompared with Hoods HQle data: 300-lb chargo OK-I?mtton
3

500 ‘

exploded on the

who8e radius is

7
! ! Theory ~~pt

1 Theory ! Expt
J

10 1.6n 1.8 + 0.6” oe4~ 0.7 + o.2n
ii-

20 12n 2.6+ 0.6n
i

~n Ioh + 0.3”

TABLE VI

‘l%eory compared with Shapiro’s data: 8-OZ charge on bottm
.

l----t,:
Depth Ft Theory at 65 mqJt at 6’ Theory 8’ EXP% 8’

1 505” ~ra 2.5” ~t

Scaling up Shapiro’s data for a gadget of anyH.E. equivalent exceeding 50

‘tOn8, on the bottom in 60 feet depth, we get 55v wave height at 360’$ 20~ at 480~ and

about 5? at MIOOt. These are definitely overestimate, because a wave will break when

the wave height about equals the depth of water, and this condition

250 tO jOO-feOt d.if3tance.

~a fuMillod at
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