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CALCULATIONS OF UAVES FORJIED FR(M SURFACE CAVITIES
Charles L. Mader* .

ABSTRACT

The wave motion resulting fran cavities In the ocean surface was
Investigatedusing both the long wave, shallow water model and the in-
canpressible llavier-Stokesequations. The fluid flow resulting from
the calculated collapse of the cavities is significantlydifferent for
the tvm models. The experimentally observed flow resulting from explo-
sively formed cavities is in better agrement with the flow calculated
using the incanpressibleNavier-Stokesmodel. The resulting wave mo-
tions decay rapidly to deep water waves. Large cavities located under
the surface of the ocean will be more likely to result in Tsunami waves
than cavities on the surface. This is contrary to what has been sug-
gested by the upper critical depth phmxnenon.-

1. INTRODUCTION

The mwliction of water waves generaM by large-yield ex~?osions
has been based on extrapolationof &nptrical cirrel~tibns of srnal1-
yleld experimental data, usually assuming the waves were shallow water
waves. Recause the accuracy of such predictions is questionable, the
need exists for a detailed description of the mechanism by which waves
are generated by explosions. In particular the “uppercritlcal depth”
phenomenon needs to be understood. The upper critical depth phenanenon
is an experimentally observed wave height maximum that occurs when an
explosive charge Is approximately two-thirds sutnnerged. The observed
height at the upper critical depth is twice that observed for complete-
ly sulxnergedexplosive charges. If the waves formed are shallow water
waves capable of forming Tsunamis, then the upper critical depth phe-
nomenon is important to evaluating the probability of a Tsunami event
frun other than tectonic events.

Theoretical evaluat~un of the early Interactionof the detonation
products of an explosive charge with the water and air Interfaces and
the resulting wave profile near the detonation has been performed by
Maderl using the multicomponent reactive compressible hydrodynamic code
2DE.2 The pressure and velocity contours for the early interaction of
the explosive with the water and air are shown in Fig. 1. The initial
formation of the lip or splash wave on the water cavity is also nwneri-
cally described and it has been suggested that the concentration of mo-
mentum near the water surface in the splash wave is a cmtributing

‘Theoretical Division, Los Alamos Scientific Laboratory, University of
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factor in the upper critical depth phenomenon, resulting in a bubble
cavity radius about the same as if the explosive bubble was completely
confined by water. The high velocity present in the splash wave is a
result of the initial water shock being quickly rarefied and permitting
a second shock to be delivered from the explosive products, Subsequent
shocks and rarefactions occur while the detonation products have high
pressure. Each reverberation increases the particle velccity of the
splash wave by an increment that decreases as the pressure of the driv-
ing detonation products decreases. The p?.rticlevelocity of the re-
mainder of the water cannot be increased by reverberationsduring the
early high pressure motion because a free interface is not present.
The consequence of this complicated interaction is that the maximum
bubble radius achieved by a uartially submerged explosive charge is
slightly larger than one would expect to observe if the explosive sphere
and its bubble was confined by water at one bar.

The bubble is observed to increase to a maximum radius of about 0.5
meter in 0.2 second and then take about 0.3 second to collapse as de-
scribed in Refs. 1 and 3 for a 1.27-cm radius 9404 explosive sphere ini-
tiated at the center and immersed to a depth of 1,59 cm.

In this paperwe shall describe an investigationof the flow after
the cavity reaches its maximum dimensions. We assume that the flow is
essentially incompressibleat the times of interest and that the sur-
rounding fluid is approximately at rest at maximum bubble radius.

The waves observed by Craig3 from the collapse of the bubble re-
sulted in a train of waves moving at about 1.25 meters/second with a
one-meter wavelength. IIassmarkers located one meter below the water
surface and markers located half a meter below the surface and one meter
from the explosive did not showany appreciable movement compared with
those located nearer the surface or explosive charge. This result sug-
gests that the fluid flow will not be well described by the usual shal-
low water-long wave model.

We have calculated the fluid dynamics of a cavity initially 0.5
meter in radius with and without a lip, using a shallow water long wave
model and a model based upon the incompressible Navier-Stokesequations.

11. SHALLOW WATER, LONG WAVE MODEL

The long wave theory applies when the depth relative to the wave-
length is small, and when the vertical component of the motion does not
influence the pressure distribution, which is assumed to be hydrostatic,
It is appropriate for Tsunami wave fonlation, propagation and early
shoaling behavior as described in Ref. 4. The SIJ!PJIcode described in
Ref. 4 was modified to solve the long wave equations using an improved
numerical difference technique.

The long wave equations solved by the SWAN code are:
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11velocity in X direction i index
velocity in Y direction j index
gravitational acceleration
time (n Index)
wave heiqht above mean watef level
bottom motion
Coriolis force Darameter
coefficient of beChezy for bottom stress *. .

F(x), F(y) ● forcing functions of wind stress and barometric
pressure in X and Y direction

D= depth .

To obtain stable numerical solutions, the finite difference equa-
tions must not have negative diffusion. The following difference
equations are stable but require that the time step be kept near the
ma~imum or the numerical results will become smeared. C. W. Hirt5 sug-
gested this approach when the difference equations described in Ref. 4
were found to be unstable in certain directions of the flow.

The wave height H and depth D are taken as cell centered and the
velocities are centered at cell boundaries. The difference equations
et each time step are in order:

I
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The calculat Ions ~rc perfomed with 69 eel 1s
130 cells In the Y dlractlon. The cells were

.

%+l,j-1)

)+“Lj “

In the X dlrectlon and
.06 meters square and the

tfma step Wa$ 0.001 Secmds. The gravity constant was -9.8 msti-i. - -
Althugh the problau dcscribcd in this refmrt wassymmtrlcal and re-
quired only ono dlrcctlon, the calculations described were performed
with the M dimensional SWUJ code.

The Cmputed wave profiles using the shallow water equations in
the SWcode for Me collapse of a O.S-meter radius hole are shown In
fig. 2 and for the colla;m of a 0.5-nctcr radius hole with a 0.25-
-tcr htgh and O.SO-nWcr wide trlangu~lv 11P (whtch approximates tht
experimentally observed bubble profile) ~re SMWII In Figs. 2 and 4.
Flgur~ 4 also shous the velocity In the Y dlrectlon. The initial wlter
depth was three meters.

1 I 1. MCOWRCSSIBIE ?IAVICR-STOKES lMKL

Tho tlsrker and Cel 1 (MC) method of Ilarlow and Uelch’ Is a nua@rl-
cal technlquc for calculation of viscous, incompressible flow with a
free surface.

5



The method uses a f inlte-difference technique for sol vlng the t fm-
dependent I{avtcr-$tokes equations. .

These equations for t.m-dimensional flows are

uhereo is the rat~o of pressure to constant density, g acc gy are the
!Xand Y components of body acceleration, andv is the k nematic viscas-

Itycoefflclent. The MAC method Is based on an Eulerian network of
rectangularcells, with velocities centered at cell boundaries and the
pressure cell-centered. Just as the differential equat~ons ofmtion
are statements O: the conservation of mass and momentum, the NhC
flnlte-differenceequations express these conservation principles for
each cell, or combination of cells, in the computing mesh.

After the introduction of MAC, much attention was given to devis-
Ingmore accurate treatnwntc of the free surface boundary conditions.
Chan and Street’ developed a technique for more accurate del ineatfon of
the free surface. Thfs perndtted the free surface pressure to be spec-
ified at the surface Itself, r?ther than at the center of the surface
cel 1. Nichols and Iilrtawdif’ed the Chan and Street procedure, devis-
lnga technique for defining the fluid surface by a set of surface
awker particles that mve with local fluld veloclty. These particles
allow surface-cellpressures in ;lACto bc arcuratcly specified by means
of linear Interpolationor extrapolation between the known values of
pressure in the nearest full cell and the desired fluid surface.

A Si~,ffled MC (SMC) has been described by Harlow and Amsden.9
The S?UICtechnique has been modified to Include the Ilicholsand Hirt
free surface treatment. The computing proqram used for the calcula-
tions is called ZUNI and is described by Amsden.]o The calculati~r”~
tn?raperformed with 100 CC1lS in the X dlrcction and 60 cells i. . Y
dfrectlon. The cells were 0.05 meters square and the time step iiwe-
nmt was 0.0003 >ccontis. The convergence criterion is the maximum per-
Mtted change In pressure from hydrostatic pressure in any cell between
Iteration steps divided by the sumof the changes at txioitcratlon steps
and was 0.01. Three or more surfac~ particles were used in each cell.
The gravity constant was -9,flm sec 2. The viscosity coefficient was
0.01 gmsec-l m-~. Preliminary calculations showed that the results
were independent of whether the water depth was 3.0 or 1.5 meters;
thercsore in the calculations presented in this paper the cavity was in
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water initially 1.5 meters deep. The wave amplitude at late times and
the details of the bubble collapse after first collapse and jetting
were sensitive to the amount of viscosity used in the calculation so
the value choscn was the smallest that would also permit numerically
stable results. The computed wave profiles using the ZUNI code to
SOIVC the incompressible l!avier-Stokesequations-for the collapse of a
0.5-meter radius hole with a 0.25-meter high and 0.5-inter wide trian-
gular lip are shown in Fig. 5.

IV. COHPARISOIIS

The experimental and calculated wave parameters are summarized in
Table 1. The experimental wave parameters are given for the first three
waves after four meters of travel from the center of the explosive
charge. The calculated wave parameters for the Airy wave were calcu-
lated using the WAVE code’ fora tepthof three meters and using the
experimentallyobserved wave height and wave length. Since the lroup
velocity is almost exactly half the wave velocity, the Airy wave is a
deep water wave. The deep wa?er Airy wave is a good approximation to
the experimentallyobserved wave.

The collapse of the cavity is quite different between the SI”!ANand
ZUNI calculation as shown in Figs. 3and 5. The shallo~iwater cavity
calculation collapses from the side in less than C.1 second while the
Navier-Stokescavity calculation collapses from the bottom in about 0.5
seconds. The experimentally observed bubble collapses approximately
synnetricallyfrom the bottom in about 0.3 seconds, so the l!avier-
Stokes calculation is a more realistic description of the observed flow.

As shown in Table I the Navier-Stokes calculation results in wave
parameters nxwe closely approxinwitingthose ohserved experimentally than
th~sc calculated using the shallow water theory. The waves calculated
using the incompressibleXavier-Stokes equations have complicat~d wave
patterns and the waves quickly decay into deep water waves with the
~:$~:e~otion rapidly decreasing with increasing depth below the water

● This is also in agreement with the experimental observations
Of mass markers described in the introduction.

TA8LE 1

CALCULATED AND EXPERI!lENTALHAVE PARAMETERS

Experimental* Airy l~ave ‘~~~~~~ liavier-Stokes

Uave Velocity (m/s)
—.. —

1.25:0.1 1.2489 5,42 1.50~o.50

Amplitude (cm) 1,1.8,2.5 2.’.(input) 10,1 < 4.0

Wavelength (m) 1.5,1.0, 1.0 l.O(fnput) 1.0 1.0

Period (s) 1.2,0,8,0.8 0.8007 0.?8 o.66~”:*
Group Vel~city (M/s) 0,6244

a~irst three waves observed,
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v. CONCLUSION

The experimentally observed waves fran the cavities fomed by ex-
plosions near the water surface arc better reproduced by models solving
the incompresstblc;iavier-Stokesequations than by models solving the
shallow water, long wave equfitions. The expericmtally observed waves
are deep water waves and the observed upoer critical depth phcnmetton
Is apparently a result of a partition of energy nmr the water surface
which results in high a~litude deep water waves (of high potential and
low kinetic energy) and not the shallow water waves required for
Tsunamis. As the explosive is detonated under the water surface, more
of the energy Is imparted to the water resulting in waves that have
smaller amplitude but nmre of the enerqy Is present in the water as
kinetic energy rather than potential energy. The waves formed will more
closely r~semble shallow water waves and will not disperse as rapidly
as waves fomed from surface detonation.

The upper crltlsal depth phencnnenon is apparently not important to
the fomation of Tsunami waves. Large cavities located under the sur-
faceof the ocean will becmre likely to result in shallow water Tsunami
waves than cavities on the surface. A cavity would have to be quite
large and reach very d~cp into the ocean before it could be an effective
agent for forming significant Tsunami waves.

To obtain a nme realistic solution to the problem of wave fonna-
tlon from explosions one would need to follow the hydrodynamics from
the early compressible to late incompressible stages with oneof th~
i~llcit continuous ;luid methods currently under dcvelopmnt. Of
particular interes~ .wu1o.!be to determine the source and si nificance?for wave formation of th~ water jet and root experimental y observed
before the explosive bubu.e reaches maximan radius at depths similar to
the upper critical depth.
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Fig. 1. Two-dimensionalEulerian
canpressible hydrodynamic
calculationsof a 1.27-cm
radius 9404 explosive sphere
initiated at its center and
hnersed to a depth of 1.59
cm. The pressure contour
fnterval is 20 kilobars and
the velocity contour inter-
val is 0,05 cm/usecond.
The position of mixed cells
(9404-water,9404-air,
water-afr, or 9404-water-
air) is shown with an “X”
plotting symbol.
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Fig. 2. The computed surface height vs racii~sat various tinws of the
collapse of a 50-cm radius hole in three meters of water using
the shallow water-long wave model and “theShMN code.
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Fig. 4. Picture plots i, I three dimensions of the surface profiles and
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for the calculation described in Fig. 3.
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