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PREFACE

Preparation of this handbook was begun in 1965 with ONR sponsorship

| -« [contract NONR 2216(<20)] under the direction of Dr. William Van Dorn

o of Scripps Institution of Oceanography, University of California. The

= N work was completed at the offices of Tetra Tech, Incorporated in

- ‘ Pasadena under the joint authorship of Dr. Van Dorn and Drs. B. LeMéhaute
| and Li-San Hwang because of the extensive experience and contributions of

the Tetra Tech staff in the field of explosion-generated waves.
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FOREWORD

= The problem of water waves generated by underwater explosions became -
of conceptual importance with the inception of atomic testing in a water

environment. Initial interest in waves was primarily to appraise them as

an adjunctive hazard to such testing. However, as large thermonuclear

devices were developed, questions arose as to the tactical and/or strategic.
implications of the wave systems that were produced. Thus, even during

current testing moratoria investigation of these problems has continued.

The first problem systematically attacked was that of coastal damage due

to large explosion-generated waves, since, by analogy with the well-known

phenomena of tsunami waves generated by earthquakes, it was initially .
hypothesized that the explosion of large atomic weapons at sea could result :

in considerable coastal damage by wave run-up and/or flocdirg.

Later, as theoretical and experimental studies revealed the relatively in-

efficient wave making potential of large explesions, and that in many cases ' a

most wave energy is dissipated by breaking on the continental shelf before

- reaching shore, concern over run-up per se was replaced by the realization , S

that other more serious wave problems exist. Accordingiy, recent em- : .
pPhasis has been directed towards assessing the nature of the breaking wave |
regime offshore and its implications on the vulnerability of ships and under-

sea structures to breaking waves in relativzly deep water (100 feet). These

studies, in turn, have indicated more refined secondary probiems. These

include harbor oscillations induced by cumulative wave action offshore, and

anomalous wave-induced clogging or erosion of harbor entrance channels by

sediment transport.

Most of these problems are amenable to analysis, and present techniques

have been developed for gross wave predictions over fairly complicated

topography that are in good agreement with experimental and field test
results. But increasing prediction accuracy requires, unavoidably, in-

creasing environmental detail and consequent complexity of treatment.

PR

It is to be emphasized that there is8 no cut-and-dried shortcut to accurate

\ .
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prediction, and each case of importance must be considered as a separate
problem.

This report seeks to present to the non-disciplinary educated scientist a
procedure for wave predictions based upon the state-of-the-art in the field
of explosion-generated waves. Rather than attempting to assemble all the
advanced hydrodynamic theories related to the explosion-generated waves,
which have been carried out during the past decade, careful selection has
been made with the aim of presenting the minimum amount of information
necessary to justify the conclusions reached without sacrificing logic.
Second-order effects, even though sometimes thoroughly investigated
elsewhere, have been neglected in this presentation when they do not

significantly alter these conclusions.

A specific background in hydrodynamics and water waves would indeed
be necessary for more exhaustive analysis than that presented here, and
the reader who wishes to study the subject in depth is directed to the

abundantly referenced material.
It is to be hoped that the accumulation in cne report of widely scattered
information will permit the reader a basic understanding of the state-of-

the-art, and also permit efficient orientation of further research on un-

answered questions which are of interest to the Department of Defense.

xiv
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CHAPTER I - INTRODUCTION
GENERAL CHARACTERISTICS OF EXPLOSION-
GENERATED WAVES :
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‘ I-1 GENERATION HYDRODYNAMICS

Anyone who has witnessed a pebble being tossed into a large shallow
pond is familiar with the type of wave system set up following its impact

with the free surface. Rings of waves spread out over the surface, each

propagating radially ov‘ward until the margins of the pond are reached,
after which the indiviaual crests are either reflected in a rather complicated
manner or are absorbed by breaking and/or viscous dissipation on the
sloping shore. Except for secondary details and an enormous difference

in scale, this phenomenon is a perfect analog to the wave system produced
by a large explosion in the sea. Indeed, the present best estimates of the

waves and wave effects to be expected from very large nuclear explosions

are obtained from observational data on the waves produced by explosions

on a much smaller scale, together with a generalized hydrodynamic model

to which the appropriate scaling factors can be applied.

l Basically, the wave system is produced by the attempts of the free sur-
face to restore itself to its original level under gravitational forces,

following the deformations and velocities imparted to it by the explosion.

While the wave system, once formed, can be considered to conserve
energy during its subsequent deveiopment, the generation process appears
to be extremely non-conservative, in that only a small fraction of the total B
H available thermal energy of the explosion emerges in the form of organized ‘z
wave motion. This fraction appears to increase slowly with the absolute |
energy of the explosion. It is sensibly negligible for explosions relatively

high above or far beneath the surface, and reaches a maximum of a few

percent for those in the immediate vicinity of the surface.

As much as 50% of the thermal energy available in a submerged (nuclear)
explosion is lost as irreversible heating or shock in the water during the
firgt bubble expansion. All of the remainder, (excepting that small fraction

appearing as wave motion) appears as disorganized turbulent motion, and

later is dissipated as heat. These phenomena are readily observablefor anex-

- plosion at shallow depth by the successive appearances of the massive spray




dome, column, plume, and base surge as precursers to the issuance

of waves from the central region. For very deep explosions the turbulence
is generated within the violent toroidal circulation associated with suc-
cessive bubble pulsations, and there may be very little surface mani-

festation.

For explosions above the surface, the percentage of energy effective in
water wave generation is << 1% and decreases with burst height. Attempts
to explain wave generation from air bursts theoretically have been largely

unsuccesgsful.

Fortunately, however, certain observable features of both chemical and
nuclear explosions have been found to be scaleable in terms of power
functions of the explosive energy release. It has also been found possible
to express a linear theory for wave generation in terms of similar functions.
This theory, when normalized to a given set of experimental data, adequately
predicts the wave characteristics observed from other experiments on
much larger scales, provided that geometric similitude is maintained.
Enough experimental data for surface and subsurface chemical explosions
(1/2 - 14,500 lbs, TNT equivalent)now exists to normalize the theoryto a
wide range of initial conditions. The extensiontonuclear tests where wave
measurements were conducted is, however, limitedtotwodeeply submerged
explosions inthe kiloton range (Wigwamand Hardtack Wahoo), several megaton
range surface shots within an atoll (Opefation Redwing), and a number of
high-altitude megaton-range shots over the open sea (Operation Dominic).
Although the accuracy of the wave measurements for the deep tests was
very poor, the best estimate of the maximum wave heights was well within
the confidence iimits for scaled chemical explosions, under similar geo-
metries. This suggests that the wavemaking efficiencies of submerged
nuclear and chemical explosions do not differ significantly. Although there
is no comparable chemical data for the surface (atoll) and high-altitude
tests, the effective surface loading (pressure-time history) is known to be

very different in the two cases. Therefore, one suspects that the scaled-
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up results from chemical explosions in the atmosphere would not be a
reliable guide to nuclear effects in the same geometry. However, the
largest previous air-bursts have produced surface displacements only

of the order of inches directly below the shot point and a maximum of a
foot or so at any shore location. Since it is known that air-impulse effects
scale very well, no wave effects of critical civil or military importance
are to be expected from air bursts as large as 100 megatons. For this
reason, waves from air-bursts will not be considered further in this

context.

The appropriate scaling for nuclear surface explosions is at the same

time the most critical and the most uncertain. This is because of an
anomalous high pezk in the curves of reduced maximum wave height

versus charge depth for chemical explosions at the surface - a phenomenon

which currently has no sound physical explanation - together with the

mixed boundary condition that chemical scaling apparently works in water

but not in air. There appears to be no reliable guide to selecting the

best scaling coefficient, since predictions for cratering by nuclear devices
in solid materials suffer from precisely the same lack of experimental
information. Therefore, pending further experiments, it will be assumed
that surface nuclear explosions will produce effects identical with those
from chemical explosions scaled in the conventional ratio of 1 kilo-calorie/

gram TNT equivalent.

Despite the fact that extensive efforts have not provided a quantitative
picture of surface and subsurface explosion hydrodynamics, enough in-
formation exists to put together a fairly consistent qualitative picture.
Some discussion of the mechanism is appropriate here for completeness,
even though no direct physical connection with the generation model,

described later, can be defended.

To begin with, we neglect any consideration of hydroacoustic shock

effects in wave formation, except to note that energy going into shock




