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ABSTRACT

\

This report discusses the gravity wave systems generated by explosions abowe

on or under the water surfece. A compariron is made betwoen the theoretical results,

obtained entirely from firet principles, and those experimental results which are

available.

The agreoment is roasonably good. The wave systems from large explosions

are found to be unimpressivo.

APPROVED FOR PUBLI C .RELEASE

UNCLASSIFIED



APPROVED FOR PUBLI C RELEASE

UNCLASSIFIED

=fa

GRAVITY WAVES IN VATHR CAUSED BY FXPLOSIONS

INTRODUCTION

when en explosion occurs sbove or on the surface of water, the surface over’
a certain arsa received a downward impulse, denoted by the function I(r), where »r is
the horizontsl distance from the centser. %xperiments on blact indicate that I(r) is
z8ro if r exceeds the radius of the flame, i.e., 30 charge radii. At lesssr radii,

I increases with decreasing r, but the ¢xact depsndence is unknown and fortunately
is not material to our discussion. All that matters is the surface integral of 1I,
i.0., the total impulse given to the surface, and this can bs sstimated.

%hen an explosion occurs underwater, & cavity is formed. If theo explosion is
deop, the bubble pulasates rapidly and rises, until finally it breaks surface and es-
capesd. If the explosion is at approximately a depth equal to the bubble radius, the
surface film collapsss at about the instant of maximum radlus, and the water surface
hes the shape of a volcano. Such a configuration is the moat likely one to produce the
groatost waves. This coantention is confirmed by experiment (see note aumbor
ADE/192/G.C., ARB, by the Road Research Laboratory; & copy of this note is in the
writer's possession).

Accepting the statoment made in the above paragraph, the optimum depth of
detonation for various charge weights W 1o of explosive may be computed in the follow-

ing way. Imagine a spherical kole of radius h to be created in a sea of infinite

oxtent, in such a way that the fOp ol the sphere is just level with the surface of the

seu. The work done in displacing water against hydrostatic plus atmospheric pressure is

w = LiPpgh3(h+ 2)/3 (1)

AFFROUVED F



where 2

of water.

Equate this work to LOj of E,

The reason why LiOZ has been chosen is that the energy of an underwater ex-
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is the head of water producing atmospheric pressure, snd o

is the density

the chemical energy of the explosion.

W= 0L0E

plosion is known to be partitiomed roughly as follows

(a)
(b)

{c)

30%
Loz

wasted irreversibly in heating the water

in the pulesating motion of the bubble

307 rediated az a nonereturning pressure pulse.

(2)

Tihe energy released by e charge is about 1000 cal/gm. The calculated opti-

mun wave system {rom a charge W lb is obtained when it is detonated at depth D £t gives

in the table bslow.

TABLE 1
W 116 | 14 1.0 1.0 6l 300 1000 | Looo | Lx10©
D 1.56 2.5 L.20 5.96 4.1 22.5 31.0 L6.5 285
0.8D 1.25 1.96 3.3%6 L.77 11.3 17.9 25.1 37.2 228

The experimontal results on 2-o0z and 2-1b charges, obtained by the Road Re-
search Laboratory and described in the note mentioned above, show that the optimum
depths are about 0.8 of those calculated above, and that the wave height is quite
sensitive to.depth. Experiment also shows that the radius of the bubble, when it
breaks, for a nsar-surfece explosion is also about 0.8D. Hence the optimum depths in

practice should bs those corresponding with 0.8D of Table I.
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THE SCALING LAWS

The fundamental solution for cylindrically exparding infinitesimal waves in

water of uniform depth d is

sin ¢t cosh k{z+d)

f=e—5 o a Jolkr)

i

()
£

where @ is the velocity potential, § is the surface elevation, d is the depth,

cos gt Jo(kr)

apd 2 is measured upwards from the free surface. Furthermore
o® =gk tauh kd 2)
Ceneralizing these resulis, we have that, corresponding with an iritial sur-

face elsvation

.= £(r), g,= 0

o
#= gr’ Binoct co:gsz(:id) Jo(kr) kdkjg £a) Jy(ka) ada
o o
e : D
&= g cos gt Jy(kr) kdkj f£a) Jo(ke) ade - (3)
o o

Similerly, corresponding with an initizl surface impulse

ﬁo"" 0, ?9’0 = F{r)

_af® cosh k{z:d)
= ;J cos ot cosh kd

Jo(kr) kdkj Pla) Jo(ke) ed«
o )

od ©
&= a—}—-jl ¢ sin ot Jo(kr) kdkj F(a) J (ka) ada (L)
€PJo o

CASE I. Initlal Surfece Displacenent

Here, we compare two explosjipng, afi.chexrges Wy end Wpo. Writing
o » e 2 ° '] T

n3 :’-:y:'e[éiﬂoso .:E 'Eo o‘:. (5)
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wo golve the equation for the ratio of the linear scale of crater dimensions

5
ho(botz) 3
BA(h+Z) © " (6)

and write
hg/hl =m (7)
Tha scaling lews ere
“2/“1 = dpofd; = Ky /Ky = rpfry = cr?/a'g = tg/’cf = m
£o(22) = mfy(2;) | (8)
£o(mxy v t) = m§(xyt)
If a smell model experiment is compared with & large explosion, h) is negli-
gible compared with Z; but Z is negligible compared with hs. Then
m & 2374z /ny )1/ (9)
The results to bes expecled from large explosions therefore scale up with
those from small explosions in the ratio of the fourth root of the charge ratio, the

corresponding distances and depths being in the same ratio.

The results to be expected {rom two smell scale experiments may be approxio
mated by assuming that h) and ho are both negligible compared with Z. Then
m=n

and the wave heights, distances and depths scale according to the linear dimensions of

the charges.

CASE II, Initiel Surface Impulse

Viriting, as before,

n~5 s Wa/lwl,

the scaling laws are u ..
[}
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L2 = nLl

= = - = 272 _ 242 _
dofty = rofry = dpofdy = kyfkp T 0/on = toft7 = n

Fo(@o) = nFj (@)
balnxy VA ) = Va by (x;8) (10)
Here Lp and 1 are the heights of detonation, do and d; the depths of water.
The fact that the wave heights at corresponding distances are ohly in the

sixth root of the ratio of the charge weights impliee that only modest waves are to te

oxpected from large surface explosions,

THE GROUP NATURE OF THE WAVE SYSTEMS

The wave systems generamted by an explosion exhibit the familiar group
characteristics. At any instant, one of the crests is greater than any of the others;
similarly, one of the troughs. If the motion of this crest or trough is followed, it
deoreases in size and soon is dominated by its iwside neighbor. The waves gradually
pass through the group, and ultimately die out. |

The mein fsaturss of the system, i.e, the crest velocities, the group velo-
city, which wave is greatest at any instaﬁt, otc, can be calculated directly in terms
of the size of the crater in an underwater explosion, and in terms of the fleme redius
for explosions above or on the surface. -

According to the Cauchy-Foisson theory of surface waves (see Lemb's Hydro-
dynamics, p. 430), the surface elevation at &, t, due to unit volums placed on the
surface at 0, 0, is asymptotically

-2

- gv . 2
£, = FRpad cos{gt</Ld) (11)

Similarly, the surface elevation at &, %, dus to the application of unit im-

pulso downward at 0, O is :'E "E 'E' E 'E’ :’.
L5 HHE T T B TR
gU o 2 e 00 oweo G000 o000 S00 oo
= ~ sin{gt</L%) {(12)
e Ll
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Numerical calculations from the accurate formulaec show that these asymptotic

formulav ars accurate within 10% for all values of 8= gtzﬁm greater than 8, and of

course the accuracy increases with @.
the surface elevation at

Agsuming that the radius of the crater is h,

in deep wmter is

€(R.t) = fr(r) £.(@,t) as

the integration being over the circle of radius r = h, while the initial crater depth

R ot time t
(33)

at r is f(r).
Similarly, for a surface impulse, the surface elevation at R, t is

E(R,t) = [1(r) £5(5,5) a5 (1)
Substituting (11) &n (13), and (12) in (1) we deduce the following char-

acteristica of the wave systems.

UNDERWATER EXPLOSIONS AT JPTINUM DEFTH
The expanding wave system from the crater is led by a trough, the bottom of

which moves according to

gt2/R= 5 or R = 6. t2 (15)

(Actually, the wave system will be led by a crest, corresponding to the lip
of tha crater; for comvenience, we call this wave the "swoll®, )

The nth crest moves according to

R = gt?/i(2n-1) (26
o™ crest is

R = gt/2(2n-1)

s ,/g§7n‘(2n=1)

Hence the velocity of any crest or trough in fgsp, iafer gncyedgés indefi=

so that the velooity of the
(17)

got larger. . o

pitely with time, and the waves
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The n'® crest is greatest of all cresta when
R= 2(20-1) L (18)
The velocity of the crest at this instent is
(29)

v = J2gh/e
The group velocity, i.e., the velocity of the region where the waves are
greatest, is just half this quentity, namely

» V = /gh/2
The ratio of the greatest height of the mth crest, to the greatest height

& (20)

of the nh crest is ,

Hp/H, = (2n-1)/(2n-1) (21)
The motion of the pth trough is givem by
R = gt%/Bap (22)
and the troagh is at its greatest size at
(23)

R = Lph

Cace & trough or crest has passed its maximum, it will decay like k(R)

-2

where k(R) is unity at the maximum, and increases rapidly to a limiting value about 3/2

SURFACE EXPLOSIONS
The wave system is led by e crest, the velocity of the nth crest being
v = gt/w(Ln-3) (2h)
The n®h crest is the greatest of all crests at
R = gt2/20(ln-3) = (kn-3)a (25)
(26)

t = (Ln=3) /2%a/g

where @& is the radius of ‘the circle over which the impulse is delivered.

The velocity of the nth crest at this instani:. 'éa .

v = J2ga/T

(27)

—
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The ratio of the greatest elevation in the P crest to the greatest eleva-
%ion in the n®? crest is
By/8, = (ln=3)/(km-3) (28)
The group velocity is

V= Jea/20 (29)

The pth trough is greatest when
R = (lp-1)a (30)
t = (bp-1) /2 efg (1)
Once a crest or trough has passed its maximum it decays like £(R) R°5/2.
where £(R) is unity at the maximum but rapidly increases to a limiting value equal to

about 3/2.

ABSOLUTE BSWIMATES AND COMPARISON WITH ©XPERIMENT

UNDERWATER: Deep Water

The experimenteal evidence here refers to 2-oz and 2-1b chargss of P.A.G.
The theoretical and experimental wave heights are given for comparison in the table
bslow. Two significant facts may be seen in the photographs of the experiments.
{1) Waves af'ter the second are not regular; the symmetry of the explosion is never per-
fect and ali the producta such as gas, spray and water drops deamp the motion so much
that only the first two waves are large. (2) The waves near the explosion break, as
would be expected on theoretical grounds, since their height is greater than one sixth

of their wave length.
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TABLE II
First Crest | Second Crest Maxzimum Wave Height
Charge | Optimum Depth Theory Theory Theory Experimental
? oz g" at 2.0" at 3.7" at]l.0" at] 5" atil.6" at
PAG 1.50 3.07 9.0 1 30! 13 300
2 1b L.0¢ 24" at 8.0" at 13" et 16" at 7" atj3.2" at
PAG 8.0! als.0" 281 u5* 28+ L5t

The agresment is fair. We therefore fsel reasonably certadin that the

theory will predict the waves from gadgets with an sccuracy of' about 507% either wey,

the estimates almost certainly being on the high side.

The table beslow gives the estimated wave heights (i.a., crest to trough) for

gadgets 1000 tons and 10,00C tons.

TABLE 111
H.BE. Equiv. Optimum Depth
(tons) {feot) 1500 2000 3000! Looo!
1,000 19C Lo 261 11y 7°
10,000 340 w—e alyt L2 231

Surtace Lxplosions

Hore the experimental dete mre extremsly meager.

Extrapolating the data

from Roed Research Laboratory back to zero depth, gives the wave height at 13 £t from

a 2-0z charze of P.A.G. on the surfece as less than

L
=)

L3t us calculate the wave heights from a l-oz charge on the surface. II Ig

is the totel impulse given to the suriace, then the second crest

[ [
of all when it is at 10 f% aud the wave height in inchel %se?
oo

H= 0.011 I,

wnere Is is in pounds ngﬁﬂ,@ﬁcﬁ?ﬁf"pugu C REL

A

is the greatest crest
: .:. L]
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An approximate value of Ig may be obtained from the knowledge that the ex-

vlosion ot a charge in fres air may bLe regardsd es caused by the relesse at the origin
of a volume of gas at atmospheric pressure 20,000 times the charge volume. (This
number is made up of 1000 for the gas products and 19C00 for the irrewsrsible zhock
wave heating of the air near the chaerge.) Hence the wave from a l-oz charge on the
eurface may be roughly computed by the theory of sound waves ceused by the release at

the origin of 25 cubic feet of gas at atmospheric pressure. Then, the total impulse

over the water surfsce should be
Ig = VYpy/2c = 32 1b wt secs

where V is the volume of gas (25 £33), v is the ratio of the specific heats (1.4),

p, 18 atmespheric pressure (2100 1b/rtZ) and ¢ 1is the velocity of sound (1180 £t/sec).

Herce the hoight of the second cresi is 1/3" at 10'. This equals the experimental

figure, as {ar as ocur kmowledge gees.

The wave heights (crest to trough) from 1000-ton and 10,000-ton gadgets ex-

ploded on ths surface ars given in the table

TABLE IV
H.E. Equivalent 1000 15001 2000! 30001
(tons)
1,000 30" cew . === "
10,000 Lav 36" 25" cas
Exvlogione in Shallow Water .

The theory given earlier cannot be expected to epply to shallow water. ‘How-

aver, f'or purposes of comparison we give the theoretical,raguifi Yor Jeen water and
e o e o e © o o

compare them with some experimental results obtained by:};; .‘.mf:a,rgz Exnni.oj';!wm' obtained
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at Woods Hole (AM-793, UE-26). The volume of the crater for a charge exploded on the

bottom at l2ss than the optimum depth is assumed that ef a hemisphere whose radius is

squal to the depth.

TABLE V

Theory compared with Woods Hele data: 300-1b charge on bottom

Depth F& 250! 500!
Theory Expt Theory Expt
10 1.6 1.8 + 0.6" o.L" 0.7 + 0.2"
20 12 2.6+ 0.6" zn 1oy + 0.3
TABLE VI

Theory compared with Shapiro's data: 8-o0z charge on bottom

Depth F¢ Theory at 6! Expt at 6¢ Theory 8! Expt. 8°

1 5°5n 7;1 2.5n )4"

Scaling up Shapiro's date for a gadget of any H.E. equivalent exceeding 50
tons, on the bottom in 60 feet depth, we get 35" wave height at 3607, 20' at 480, and
about 5' at 1000*. These ars definitely overestimatos, because & wave will break when
the wave height about equals the depth of water, and this condition is fulfilled at

250 to 300-feet distance.
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