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ABSTRACT

The detailed theoretical models of butk Cavitation derived in studies conducled by the Engineer.sg-Physics Company of Rockville,
Maryland, under contract of the Office of Naval Reseasch-and bujk cavitation data oblained from tasts conducted by the David Taylor Mode!
Basinare used lo develop simple calculations for predicting butk cavilation phenomena. Several reasonable mathematical approzimations
describing these phenomena are derived. The mathematical treatments have, as a foundation, Concepts derived in the theoretical sludy, how-
ever they are modified and simplified’in this studydwhese experimental results indicate that such modifications and simplifications are justified.
With these approximate mathematical models, estimations can be ede of the boundaties, depths and durations of cavitation as weli as the
motion of the water surface for a wide variety of convitions without employing a Computer.

Other findings derived from the axperimental test data are: (1) for the closer extending sven bayond the ting of first impact, the

expansion causes the waler below the closure {o sise and thus causes ¢ to occur at a much earlier hiae, since thy ixyeccoss
not have to fall 1o Its original position; (2) when the draft of a floati shcmlsmucm!s&cmwmdhmm«,:
bodily motions of that structure are essentially the same 33 the water layer, and thesd motions are relstively independent of the cross
sectional shape of the structure; and /3) negative reflections from the bottom strong enough to produce afe quiie possibie even with
telatively large pressure amplitudes, and afe capable of considerably moditying e region of cavitation. |

ADMINISTRATIVE INFORMATION

_ The wosk described in this report was spnscred nder DASA Web No. 14.055. Thw detatied theoratical madels of bulk cavilation
detived in studies conducted by the Enginesring-Physics Compsny, Rockville, Maryland, for the office of Navel Resssrch undss Contracts
NONR-3389(00) and NONR-3703(00) e bulk cavitation data cbtained from tests conducied LM Taylof Moda! Basin under Subproject
S-FO13 04 (3, Task 1755, are used %o develop simple calculations for predicting bulk ravitation phencmens.

INTRODUCTION

When the shock wave produced by an underwater explosion impinges upon a
boundary, such as the top surface, having a lower specific acoustic impedance than
the characteristic impedance of the water, tensile reflections aré generated which
can lead to rupture of the water throughout a very large volume. This process of
rupture is referred to as bulk cavitation of the water. The response of surface ships
to underwater explosions of large charges is greatiy influenced by the bulk cavitation
occurring under the water surface. A complete understanding of the shock motions
experienced by a surface shipunder such attacks requires aknowledgs of the phenomena
involved in the bulk cavitation. ’ B

To advance the knowledge concerning these phenomena, the Underwater Explo-
sions Research Division of the David Taylor Model Basin conducted a series of explo-
sions tests in the Chesapeake Bay during June, 1962. Concurrent with the planning for
this test series a theoretical study of the bulk cavitation phenomena was also conducted.}?
Prior to these two swudies, one primarily experimental and the other theoretical,
little emphasis had been placed on the understanding of these particular phenomena,

This report describes the experimental investigation and presents an analysis
of the data obtained from the tests based on the theoretical model which was evolved
from the theoretical study. The theoretical study provides a comprehersive deacription
of the formation and collapse of the cavitated rcgions. The mathematical treatments
comprised in the analysis of this report have, as a foundation, the concepts presented
in the theoretical study but contain modifications and simplifications where the ex-
perimental results indicate that such modifications and simplifications are justified.
With these approximate mathematical models, estimations for other explosive weights
and test geometries canbe made of the boundaries, depths, anddurations of cavitationas
well as of the motion of the water surface without resorting to the use of a computer,
A procedure not requiring a computer is particularly desirable for field work where
such calculations and estimations must be made at the test site,

. neferences are listed; on page 24.
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THE EXPERIMENTAL PROCEDURE

R o 2 ot B - U SO

TEST CONFIGURATION

P

The bulk cavitation series comprised eigh‘ explosion tests. The princips!
ckarge detonated during eack of these teats was 10,000 1b of HBX-1 in a cylindrical
container having & beight to diameter raiio of one. Four of these charges were deto-
antsd ot & dopth of 50 ft, three at a2 depth of 100 feet. One, because of a premature
fatlure of its supporting float, was fired whiie on the bottom; the data from this test
ware not <considered in the analyua and therefore no further reference is made to it.

These chugn were fired against an anchored test array attached to the star-
board bow of the UEB~-1, a floating tast facility of the David Taylor Model Basin,
This array, shown schematically in Figure 1, was composed primarily of eight in-
strumented stations at 100-ft intervals on the water surface in a direct linebetween
the charge and the UEB-1." The burst depths and horizontal ranges of the principal
charge from its nearest instrumented station (Station 1) are given for each test in
Table 1. These were the primary paramaters varied through the test series.
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Figure 1 - Schematic of Test Array




TABLE !
Test Geometries
UERD Shot | Test | Burat Depth | Horizontal Standoff
No, No. (Bg) to Station 1 (R)
(ft) (ft)
5440 b1 50 400
! 5446 2 50 1200
5449 3 100 400
5451 4 50 600
5452 5 100 1260
5455 ) 50 200
: 5457 7 100 200
Work platforms which also supported the instrumentation cables were located
at each of the instrumented stations. These platforr.s viere constructed so as to
provide no contact with the water surface except on the two sides parallel to the
1 test array. Thus the water surface motions near the center of the platforms were
not significantly influenced by the platforms themselves. The interiors of these
* platforms were therefore suitable for mooring instrumented targets.

Two types of targets were used within the platforms. One type consisted of
ballasted wooden models of ship sections; the other type was a very light wooden
float naving a draft of .nly 2 or 3 inches. One of the light wooden floats within a
work platform is shown in Figure 2; it is being hoisted for placement in the water.

Figure 2 - Light Wooden Float Within Work Platfcrm
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One of the ship medels was of an EC-2 type null in way of the engine room. 7This
model, of course, h2d an essentially rectangular cross section as can be seen in
Figure 3. The other model corresponded to a section very far forward on a CGN
hull, and had a very definite V~ghaped cross section. Both models were about 6 ft
long and the wcoden float was abcut 6 ft square. Thus all targets had very nearly
the same surface area, although they differed greatly in cross section, All targets
were held in place within the platforms during the tests only with very light elastic
cords so that they might move frecly and independently of the platforms.

IS

Figure 3 - The EC-2 Model

The entire array in position, as seen from the UEB=~1, is shown in Figure 4,
The plumes resulting from two of the tests are shown in Figures 5 and 6.







Figure 6 - Plume of 100-Ft Burst

INSTRUMENTATION

In this test series emphasis was placed on the measurement of underwater
pressure, At each of the test gtations, supported by the work platform, a heavily
weighted cable was extended almost to the bottom. From 2 to 10 pressure gauges
(PE) were distributed along each of these 8 cables to provide a total of 48 pressure

measurements for each test.




The pressure measuremerits were designed to perform a dual purpose. In
addition to providing pressure versus time histories at each location which resulted
from the principal charge, thej 2lso indicated the pulses resulting from firing smali
signal charges during each test. A signzl charge capable of being detonated at a
precise delay interval after the detcnation of the principal charge was located near
the end of the cable from each even-numbered station. These signal charges, which
had weights ranging from 10 b to 2 oz,were aelected to produce at the gauges of
interest peak pressures about 10 percent of that produced by the principal charge.
Each signal charge was used only with the pressure gauges at the adjacent
lower-numbered station and was timed to provide a pressure pulse ai that station
at the time cavitation was presumed to be most severe. The concept behind the use
of the signal charges was that since the propagation velocity should be different in
the cavitated region, the arrival time of the signal at each of the pressure gauges,
if indeed the signal penet: .ted that far, should indicate the presence or absence of
cavitation in that region.

The locations of each of the pressure gauges and signal charges are given in
Table 2. The weights of the signal charges and the time delays between the deto-
nation of the principal charge and that of each of the signal charges are given in
Table 3,

TABLE 2
Pressure Gauge and Signal Charse Locations
Test 1
Dzpth®| Station 1| Station 2] Station 2| Station 4 [Station 5| Station 6| Station 7[ Station 8
2 FE-1 PE-11 PE=21 PE-31
4 PE-2 FE-12 PE-22 FE-32
5 PE-9 PE-,] PE-19 PE-43 PE-29 FE-39
8! pE3 PE-13 PE-23 PE-33
10 PE-45 PE-47
15 PE-/ PE-14 PE<2L PE-34
30 PE-5 PE-15 PE-25 PE-35
40 FE-10 PE-{2 PE-20 PE-30 PE-L0
45 PE-L4
50 PE-L6 PE-,B
60 PE-6 PE-16 PE-26 PE-36
90 FE-7 PE-17 PE-27 PE-37
120 PE-8 Signal PE-18 PE-28 PE-38
Charge #1
130 Signal Signal Signal
Charge #2 Charge #3 Charge #4
Tests 2 - 7
Depth'| Station 1 | Station 2 | Station 31 Station 4 |Station 5| Station 6| Station 7| Station 8
4 FE=2 PE-12 PE-22 PE-32
15 PE-, PE-14 PE-24 PE-34
30 PE-5 PE-15 PE-25 PE-35
45 PE-10 PE-41 PE-20 PE-43 PE-30 PE-45 FE-,0 PE-47
60 PE-6 PE-16 PE-26 PE-36
75 PE-9 PE-19 FE-29 FE-19
S0 FE-7 PE-/2 PE-17 PE=44 PE-27 PE-LE PE-37 PE-48
105 PE-1 PE-11 PE-21 PE-31
120 FE-8 PE-1E PE-28 PE-28
130 PE-3 Signal PE-13 Signal PE-23 Signal PE-33 Signal
Cherge #1 Cherge #2 Charge #2 Charge #4

%Feel below water surface.
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TABLE 3
Signal Charge Data

$igoal Charge Wb, 1 2 3 | 4

UKD Shot | Test | Weight| Delay®|Weight | Delay¥| Weight | De Weight|Delay*
ko, Bo. | (ib) | (msec)| (1b) | (msec)] (1b) | (mses)] (1b) | (msec)
5440 1 10 | &7.78] 1.0 | 89.38]0,125 |151.4|0.125 [186.7
5446 2 0.125|223.5 | 0.125(264.8 |0.125 |2305.4| 0,125 |344.5
5449 3 10,0 | 66,12 1.0 |106.4 |i.0 15.111.0 }186,1
5451 4 1,0 {105.8 | 1.0 1l44.5 |1.0 185,91 0,125 |225.6
545 5 0.125}226.4 | 0.125]265.8 | 0,125 |305.5[ 0.125 |344.8
5455 6 10,0 | 30.41)10.0 64.4211.0 103.1|1.0 {142.0
5457 7 10,0 | 30.3110.0 64.79]|1.0 103.4 [ 1.0 [142.7

*Time delay botween detonation of prircipal chaige and signal cha:ge.

LT en 72 i e In addition to the pressure instrumen-
AL L . tation at each station, each of the models and
floats contained instrumentation designed to
measure its motions. Eachofthese targets
contained a velocity meter (VM) and a seis-~-
mic displacement gauge (SD) for measuring
the abgolute bodily velocity and digplacement
histories respectively., Also, durirgz some
tests, in an effort to determine layer motions
below the suriace, a reinforced flat plate was
suspended at certain stations about 12 ft be-
low the surface from a pipe elastically sup-
ported from the float above. This subsurface
unit, shown in Figure 7, had the same area as
the wooden float and was fairly light in weight.
This unithad a relative displacementgauge
{MD) to measure the relative displacement
between the surface float and the subsur-
face unit and also a velocity meter for
measuring the absolute vertical velocity
of the subsurface unit,

A completely instrumented float is
shown in position for testing in Figure 8.
All surface motion gauge locations are
given in Table 4.

All the transducers were electro-
mechanical in nature and produaced elec-
trical signals as outputs. These signals
were transmitted by means of electrical
cables back to the recording centers lo-
cated aboard the UEB-1. All gauges with
the exception of 16 pressure gauges were
recorded on magnetic tape; these were re-
corded on 35mm film by drum cameras
Figure 7 - Subsurface Unit photographing cathode ray oscilloscopes,

ek




DATA OBTAINED

The measurement effort was successful; satisfactory records were obtained
for nearly allof the instrumentsused iheach test. The interes: of the atudy of this report
is fairly specific. However, the experimentaldata represent avery comprehensive
decumentation of the pressure field and surface phenomena for the geometries studied
and since they have not been published elsewhere, the majority of them are presented

in the appendix of this report,.

Figure 8 - An Instrumented Float in the Test Array

TABLE 4

Surface Motion Gauge Locations

Gauge Designation | Station| Location
VM-1 2 Float 2
YM=2 3 Float 2
™-3 4 Float 3
M-/, 6 Float 4
VM-5 7 Flcat 5
VM-6 1 EC-2 Modal
™-7 5 CGN Model
WM-16 1 EC-2 Model
W™-17 5 CGN Model
8D-1 2 Float 1
8D-2 3 Fleat 2
8D-3 4 Float 3
8D-4 6 Float 4
8D-5 7 Float 5
8D-6 N EC-2 Model
8D-7 5 CGN Model
MD-1 2 Float 1
MD-2 3 Floet 2
MD-3 4 Float 3
MD-4 6 Float 4
MD-5 7 Float &
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DATA ANALYSIS

For the purpose of-analysis, the data from all shots of the aame burst depth
but varying rangep were trecated as if they had come from a single explosion with a
longer array and more gauges. Agreement evidenced among the various test data
obtained at comparable locatiions validates this approach.

BOUNDARIES OF THE CAVITATED REGION

Examination of the prossure histories for both the 50-ft and 100-ft bursts
shows that in all cases the bottom reflections were negative, This unexpected be~
havior was due to the particuiar bottom consistency which probably was somewhat
gaseous as a result of the decomposition of organic matter trapped in the mud.
Thus cutoff resulted from the bottom as well as from the top surface. This fact
presents an additicnal complication to the analysis in that this bottom reflection
can also cause cavitacion. With two possible sources for cavitation, the effects of
each must be isclated and attributed to the proper source wherever possible.
Therefore, before attempting any further interpretation of the pressure histories,
the theoreticial extent of cavitation for the charge size and test geometries used in
the actual teaty is discussed, considering a negative refl:ction from the bottom as
well as the surface. Linear shock-wave prnpagation theory and surface cutoff time
derived from the plane-wave approximation are used in the mathermatical analysis.

Theoretically Derived Cavitation Boundaries

Figure 9 shows a hypothetical pressure history at the borderline depth (x)
between cavitated water and uncavitated water. At this depth surface cutoff

T \ Py = Psax Shock-Wave Pressare
Absoiute —f ¢ = Decay Curstant of Shock Ware
[
° = Time betaren Shock-%ave Arriva
e g and Surfuc) Cutof!
l R ¢ = Shock-Yave Propagation Velocity
p = Density of ¥ater
3 jo- ¥ - l Py = Atwospheric Pressuzs
( ’ Time ———p g = Acceleration due tu Gravily
Hydrostatic pius Atmospheric Pressurs

Figure 9 - Hypothetical Pressure History
must drop the pressure to essentially zero (vapor pressure) if the water is consid-

ered to be unable to support tension. This nathernztically stated for reflection
from the top surface is:

B - B exp(- 1/0) = pgx + P, .
For a plane wave making an angle p with the surface ac in Figure 10,

2xcosf
T=
c

10
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Therefore
B, P
— |1 -exp( -k} = x4+ —
P8 [ B X/‘] Pg
where
ct
kz —
2cosf

The values for F, and 6 were obtained from a nomogram for HBX-1, ¥ and
Po/(pg) and k were calculated at various standoffs for each of the two bursts. The
equations were then solved for {x} at each standoff. The boundaries thus derived
are shown in Figures 11 and 12 for the 50-ft and 190-ft bursts respectively.

Water
Surface

Figure 10 - Nomenclature of
Surface Reflections

L Charge image for Top Reflection
| Surface Distonce From Chorge-ft
5 0 490 890 {200 IG?O 2000
? 4 $ )

Boundary of Cavitation
S Rmfﬁ‘:yg from Surface

..- 50_’ Charge Alone

s

€1004--. .. Laviratec ________

o Reglon .. » BOURdary of Cavitatica
Resuiting from Botiom

Bottom Nt

? Charge Image for Botiom Reflection

Figure 11 - Theoretical Bulk Cavitation Boundaries, 50-Ft Burst
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Charge

Bo ttom

O Charge Image for Bottom Reflection
Figure 12 - Theoretical Bulk Cavitation Boundaries, 100-Ft Burst

The theoretical cavitationboundary which would result from the negative bottom
reflection alone is obtained if (x) is measured from the bottom, which is 150-ft
deep, and P is considered to be the angle the plane wave makes with the bottom. If
d,, 18 the water depth, the equation previously derived now becomes

P,

%[l-exp(-xm]=——+dw-

provided we assume full amplitude reflection from the bottom. The boundaries
derived from this equation using the same procedures as before are aiso plotted
in Figures 11 and 12.

Figures 11 and 12, therefore, are graphs of theoretical cavitationboundaries
from surface cutoff and from bottom cutoff for each of the two experimental burst

depths.

The dotted lines in the two figures are drawn halfway between the two
image charges for each burst depth and represent lines of demarcation of influence.

Above these linea, cutoff occurs first from the surface; below the lines, cutoff
occurs first from the bottom. Along the lines, the reflected waves from the
surface and bottom arrive simultaneously.

Consider first the behavior of a column of water in the region between the
charge andthe intersectionof the two boundarycurves. Asthe refiected wave from
the surface moves down the water culumn, the water is cavitated and the water
particles are kicked off in the upward diieccion in the region above the demarca-

tion lines.

Conversely, the water below the line is being kicked downward hy the

negative reflection from the bottom. When the reflected wave frente arrive simul-
taneously at the demarcation line, each can D.opagate no further since each has
reached water already 1n Caviiativn, winez :ne weiis portizles on either aide of
the dotted line are moving away from those on the other side, cavitation along the
line should be quite pronounced. Thus in the region between the charge and the
intersection of the two curves, little interaction would be expected between the
cavitation resulting from the surface reflection and that from the bottom reflection,

In this region then, cavitation effects on or near the top surface would not be
significantly influenced by the fact that the bottom reflections are negative.

12

eI




Consider row the behavior of a water column at ranges beyond the intersection
of the two curves. As the surface reflection moves down the water column and the
bottom reflection moves up the water column no cavitation results because of their
respective cutoffs until the siinv'taneous arrival of both reflections at the demarca-
tion line. Since at this timne the water on neither side of the line is cavitated, the
two reflected wave fronts propagate through each other causing two cutoffs, one
from the surface and one from the bottom, The two cutofft einforce each other
and thus extend considerably the area in which cavit-tion can exist.

Experimentally Derived Cavitation Boundaries

The pressure histories obtained for each cf the two bursts depths are given in
Appendix A. Although these histories indicate that the pressure at surface cutoff
sometimes gces slightly below absolute zero, the accuracy of the measurement does
not allow the conclusion to be drawn that the water may withstand tension. A judg-
ment of the existence or nonexistence of cavitation at border depths is made by con-
sidering the flatness of the pressure history immediately after cutoff as well as the
zero absolute pressure condition; flatness is an indication that no disturbance is
being transmitted to the gauge and therefore that cavitation does exist. The cavita-
tion boundaries determined in this manner are presented for each of the burst depths
in Figures 13 and 14. The experimental data are shown as vertical lines on these
plots to indicate the uncertainty within which the boundary could be determined from
the pressure records.

In the theoretical study, cavitaticn from the bottom und top are treated sepa-
rately; thus the superposition of both cavitation sources are not taken into considera-
tion. Consequently, predictions are valid only in the regions where interaction does
not occur. Since the interaction is observed at 800 ft for the bursts at the 50-ftdepth
and 1000 ft for the bursis at the 100-ft depth, the predictions based on the models
apply up to these ranges. Beyond these ranges, bottom eflects become influential
ard introdu:e noticeable deviations.

At ranges beyond 800 ft for bursts at the 50-ft depth and 1000 ft for bursts at
the 100-ft depth, the two cutoffs preclicted ia the preceding section are evident on
the pressure records. Reinforcement of the two cutoffs opens the boundary curves
and extends the range of cavitation considerably beyond the last range at which data
are available, At closer ranges than these only the one cutoff from the surface or
bottom can be found, and the border denth sepalating surface and bottom cavitation
occurs at about the predicted depth., Furii.~.™ re, in most cases the pressures
from the signal charges propagate through tze cavitated water and are seen on the
pressure histories except at about 100 ft deep -tnd 5C ft de2p fo~ the 50-1t and 100-1t
bursts depths respectively.

Figures 13 and 14 indicate that if reinforceiment of the two ~utoffs did not begin
to take effect, the upper and lower boundaries would apparently meet at abcut 900 ft
froam the 50-ft bursts and 1100 ft from the 100-ft bursts. These ranges are consider-
ably less than predicted.

The discrepancy between the theoretically predicted cavitation boundaries and
those obtained from the pressure histories can be attributed to several cffects, each
of which tends to indicate smaller extents than would be predicted. First, the depths
experimentally determined are those at which cavitation almost certainly exists,

since it would be very difficult to determine that an area is just within a cavitated

13




region, By the time cavitation can be recognized as such on a pressure record, it
probably would be well witkin the region actually cavitated. Also the theoretical
predictions are based on the premise that the sea water can supportno tension. Avny
tensile atrength the water possesses would tend to reduce the extent of the cavitated
region to less than that predicted. Cther factors ignored inthe theoretical treat-
ment are the poseibilities of incomplete reflection from the surfaces and the attenu-
ation of the reflected wave due to the greater distance traveled, each of which
would also tend to reduce the actual extent of cavitation.

The experimental data, therefore, support the conclusion that in the case of
the bursts 50 ft deep, cavitation phenomena occurring at depths iess than 100 ft
and at ranges le¢ss than 800 ft are adequately described by considering reflections
only from the top surface. Similarly, in the case of the bursts 100 ft deep, phe-
nomena occurring at depths lecs than 50 ft and at ranges less than 1000 ft are
adequately described by considering reflections only from the top surface. Outside
these regions, bottom reflections are quite influential and can cause appreciable
deviations.

Surfoce Distance From Charge-~ft
© 400 o?o IZPO iOlOO 2000

0 ) Surfoce

50-¢ Chorge ! r

Csvitated Ruglon

Depth-ft

1004 1 1 1

— ;
- W | i b Bottom

Figure 13 - Bulk Cavitation Boundaries Determined from Experimental Data,
50-Ft Burst
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Figure 14 - Bulk Cavitation Boundaries Determined from Experimental Data,
100-Ft Burst
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CLOSURE OF THE CAVITATION

The records of the velocity meters and displacement gauges on the wooden
floats give suriace velocity and surface displacement histories for various ranges
for both burst dépths. A comparison of the velocity and displacement records from
the CGN and EC2 models with each other and with those from the floats show that
the bodily surface effects from cavitation are essentially alike for all; therefore,
the analysis treats model data on an equal basis with float data.

In the theoretical study,! it was shown that a solid water laver is kicked off above
the cavitated region. The resultant motion of this water layer is characterized by
a high initial deceleration, which drops off rapidly and approaches a constant value
as the watar layer increases in thickness from below. Evantually, the velocity of
this uncavitated water layer is decreased to zero by the force of atmospheric prea-
sure and gravity: the water layer falls until the time of the closure,* which then
imparts a positive change in velocity to the water.

Thie theoretical model is confirmed by the measurements. Inspection of the
surface velocity histories at various ranges from the charge reveals that except for
the initial portion of the histories immediately after shock-wave arrival, a fairly
constar.t negative acceleration exists to the time of cavitation closure on practically
all the records.

The thickness of the water layer at the time of cavitation closure {(depth of
closure) may be calculaied from the negative acceleration of the water layer at the
time of closure, Consider a column of uncavitated water having density (p}, sec-
tionalarea(Sj, and depih {d) with cavitation existing beneath. The force on the water
column due to atmospheric pressure (P,) and gravity (g) is

F, S + pSdg.

This force must equal the mass of the water multiplied by its downward
acceleration, a; therefore

P, S + pSdg = pSda

or

d=_E.__-.
pla - g)

The acceleraticn of the water layer siay be obtained from the negative slope of the
velocity history at the time just prior to closure.

The falling water layer must first hit in a ring at some specific distance from
the charge and this closure must then propagate inward and outward from there.
The nearest instrumented point to this initial closure would show cavitation closure

*Closure, s used in this report, refess to the finsi impact in a given colimn of an uncavitated watelayer upon the water below it, which by
that time has also become uncavitated.
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disturbance in the shortest time. The time at which cavitation closure occurs at
locations to either side of this point of first closurs would increase with the distance
from the point of first cloaure.

eyt o M i

e

The rapidity witk which the water surface approaches a constant deceleration
suggests that the majority of the growth of the water layar thickness is completed
shortly after shock-wave arrival. Therefore a good approximation of the layer
motion is obtained if the water layer is considered to move with its final thickness
for the entire time between shock-wave arrival and closure. These conclusions,
reached from an examination of the surface velocity histories, allow relatively
simple mathematical relationships to be derived which yield approximate theoreti-
i cal surfacs velocity and displacement histories and approximate theorstical cavita-
| tion closure depths and times, all of which may be compared with those experimentally
measured, -

o gt

T M AN

Figure 15 illustrates the approach for obtaining the water column cavitation
approximation. To obtain approximate relationships of cavitation from the surface,
all water particles in the column are considered to receive an initial velocity at the
time of shock-wave arrival at the surface of the column, The magnitude of this
velocity is determined by the change in pressure at cutoff at the given particle's
depth. Atmospheric pressure is conaidered to instantly form an uncavitated water
layer of depth d, so that the uncavitatad water layer is kicked off -with an initial
momentum equal to the sum of the momenta of the individual particles within it.
The entire uncavitated water layer then moves as a single body with a constant
negative acceleration resulting from atmospheric pressure and gravity, The indi-

i vidual cavitated particles beneath the uncavitated water layer fall with the accelera-
tion of gravity to their original position and thus end their cavitated state. The
deeper water particles have smaller initial velocities than the shallower particles
and fall back sooner. Consequently, an uncavitated region builds up from the
bettom of the water column. Finally, the uncavitated water built up from the bottom
is struck by the falling surface uncavitated water layer anc closure occurs.

isplocement History
Shoch-Wave
dzLayor
w!m Arrivel Tll’.\‘/ Depth Time —————»
Surface

Time ond Dspth of
Cavitation Closure

e )@ pth

Time of Flight ot o Water Particle

Figure 15 - Simplified Theoretical Water Particle Displacement Histories
as a Function of Depth A
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For the mathematical analysis let:

v = Initial surface water layer kickoff valscity

U(x)

Individual cavitated water particle velocity at depth x due to the
shock-wave pressure at the time of surface cutoff.

P = Density of water, and !

d = Thickness of surface water layer or depth of cavitation closure.

Then by equating surface water layer momentam with the sum of the individual
momenta of the particles contained therein we obtain

d d
Apv = £ p Ulx)dx or v = % {: Ulx;dx. (1)
Also let:
F, = Pressure of the atmosphere
t = Time after shock-wave arrival at the suriace of the water
column
g = Acceleration due to gravity
V(t) = Velocity of water layer any time after kickoff, and
T. = Time between shock-wave arrival and cavitation closure.

Then the velocity history of the water layer can be described as follows

SIS A
Vit)= v - <g+Pd>t.

If such effects as bubble expansion are ignored, at cavitation closure

[ ad

= T, and V(T) = - v;

therefore

N\
e
-G:;-G'l"i; TC . (Z)
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Combining Equations (1) and {2), we obtzain the following:
2 rd LY
L] TsVdx = = . {3)
= [ ulnax Ga Pd)Tc

If we lat V;(t) = Velocity after shock-wave arrival of the cavitaied water particles
at » depth d directly under the uncavitated surface water layer, the velocity history
of thiz cppermnost cavitated water particle is V,(t) = U{d) - gt, and at cavitation
closure t = T, and V‘(Tc) = =U{d).

Therefore
- U{d) = G{4d) - 8T,

or

2u(d) = gT. (4)

Equstions (3) and (4} solved simuitaneously yield the depth and time of closure,

For a plane wave of velocity ¢, peak | ~<sure F, and exponential time con-
stant 6 znaking an angle f with the surface, t hange in pressure at cutoff at a
depth x frem the surface is approximately P, e¢xp ((-2x cos 8)/{c8)] when hydro-
static plus atmospheric presaure is small compared to the shock-wave pressure
just pricxr to cutcff. The cavitated particle kickoff velocity at a depth x from the
surface then bacomes

2R cosp (wacoap)
= - :

Using this particle kickoff velocity, and solving Equations (3) and {4) simultaneously,
we obtain

d P I ‘B
= —4 -a . =
exp (d/k) L++ S R i e (5)
where
cO
o = 6
. 2cos (&)

Figure 16 provides a quick solution to these equations.
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After T., the time of flight of the water tayer, and v, the initial kickoff veloc-
ity of the uncavitated surface water layer, have been calculated, comparisons may
be made between the theoretical velocity historier of the water layer and the actual
histories experimentally measured. In addition, h(t), the vertical displacement of
the water layer unytime after kickoff, can be calculated from the expression

_ = 1( pa) 2
h(t) = vt-? l+pgd gte .

These calculations, of course, can also be compared with the experimentally
measured displacement histories.
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Plots of all the vertical velocity and displacement histories measured on the
surface at the various ranges for both burst depths are given in Appendix A. The
theoretical velocity and displacement histories calculated using the approach just
describad are also indicated by means of dashecl lines on each corresponding mea-
surernent for ll ranges up to 1000 feet. The calculated initial surface particle kick-
off velocity U(o) = (2P, cosBMpc) is also indicated (by a small dot at the primary
shock wave) on those same velocity records. It is evident that the predicted uncavi-
tated surface water laye» histories are in good agreement with the measured velocity
historiecs.

The theoretical curves plotted on the measured surface displacement histories
give reasonable estimations of surface displacement prior to closure but tend to be
small since they do not take into account the high initial velocity of the surface.

Graphs of closure depths versus range illustrating both the theoretical and the
experimental data are presentcd in Figures !7 and 18. For each of the burst depths,
the experimental closure depths determined from the pressure histories and from
the slopes of the velocity histories are clustered together without much scatter out
to the range at which interaction of bottom and surface cutoffs are first observed.
Since the theoretical closure depth curve is derived for cavitation from the top sur-
face cutoff only, it only apfp ies when it gives closure depths above the line of simul-
taneous reflected wave arr. als and at ranges shorter than the ne : st range at
which reflected wave interaction is seen. Dashed lines therefore ... used in the
graphs for the theoretical curves beyond these regions.

Since the bottom reflection for this particular test series causes a component
of particle velocity toward the bottom, the surface velocity decreases at ranges
where interaction occurs after the bottom reflection reaches the surface. The
resulting surface velocity histories at those ranges, therefore, have a steeper
negative acceleration which is not indicative of closure depth.
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Figure 17 - Closure Depths versus Range, 50-Ft Burst
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Figure 18 - Closure Depths versus Range, 100-Ft Burst

The times at which the closure pulse reached the surface at cach of the stations
are plotted versus range for each burst depth in Figures 1® and 20. The range at
which the minimum time occurs is the range at which closure is first initiated. For
the bursts at 50-ft deptn, the experimental data indicate that the iritial impaci
occurred at a range of about 300 feet. Similarly, the first impact for the burst
at 100-ft depth occurred at a range of about 40U 1eet. A study of the slope of the
closure pulse arrival time curve for each of the burst depths shov:z crat after the
initial closure, closure propagates outward away from the charge with a supersonic
velocity becoming asymptotic to the speed of sound in water at large standoffs.
After the initial closure, closure propagates inward toward the charge supersonically
at first but then becomes subsonic at standoff{s close to the charge. Also plotted in
Figures 19 and 20 are the theoretical closure times derived from the mathematical
analysis assuming that closure occurs when the surface water layer returns to its
original position. These theoretical closure time curves of course, do not apply
beyond the ranges of application of the theoretical closure depth curves. The dis-
crepancy between the calculated closure time. and closure pulse arrival at the sur-
face at short ranges from the charge is largely due to bubble expansion effects.
Examination of the displacement records indicates that at close standoffa the water
layer does not fall back to its original position prior to closure as assumed in the
rnathematical analysis. The bubble expanding and pushing the water up under the
water layer causes the impact to occur sooner than it would if the water layer had
fallen back all the way to its original position. This upward motion of the water
below the surface layer has a relatively large effect on the closure time and on the
range at which closure is initiated.
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SUMMARY AND COMMENTS

The experimenta! study has provided very extensive and comprehensive data
for the two test geometries investigated. Likewise, these data have provided much
guidance toward the determination of the relative importance of the many parameters
which influence the cavitation phenome..a. As a result, several reasonable mathe-
matical approximations which describe these phenomena, and which are readily
calculated without the aid of a computer, have been derived fror. the more detailed
and comprehensive theoretical studies. Consequently, generally adequate predictions
for other geometries and charge sizes can now be readily made for the following:

1. Boundaries of the cavitated region,
2. Depth at which cavitation closure occurs,
3. Time at which cavitation closure occurs,

4. Velocity hiatory of the surface until cavitation
closure occurs, and

5. Displacement history of the surface until cavitation
closure occurs.

Although these calculations have been compared in detail only with the experi-
mental data herein, spot checks of other data indicate that these relationships are
valid for a surprisingly wide range of charge sizes and geome.ries. The limits of
validity, however, have yet to be established for both charge size and geometry.

For the closer regions extending even beyond the ring of firs: impact, the
displacement measurements indicate quite clearly that the bubble expansion causes
the water below the closure depth to rise and thus causes closure to occur at a much
earlier time, since the layer does not have to fall to its original position. The
closure pulse pressure can, of course, also be considerably affected by this motion
due to bubble expansion.

The experiments indicated that when the draft of a floating structure is small
compared to the thickness of the water layer, the bodily motions of that struccure
are essentially the same as the water layer, and these motions are relatively
independent of the structure's cross sectional shape.

This test series also demonstrated that negative reflections from the bottom

strong enough to produce cutoff are quite pcasible even with relatively large pres-
sure amplitudes, and are capable of considerably modifying the region of cavitation.
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APPENDIX A

EXPERIMENTAL TEST DATA

While the interest of the study presented as the text of this report is fairly
specific, the data of the experimental test series represent a very comprehensive
documentation of the pressure field and surface phenomena for the geometries
studied. Since these data could be useful for further study and they have not been
published elsewhere, the majority of the records obtained are given in this appendix,
even including those with obvious errors {such as a shift or drift in the base line).

Pressure, velocity and displacement histories are presented for the bursts at
50-ft and 100-ft depths according to range from the burst. In the pressure and
velocity records, the primary shock wave is labeled and the signal charge shock
waves are labeled where their occurrences are certain. The theoretical velocity and
displacement histories calculated are shown as dashed lines un each corresponding
measurement for all ranges up to and including the 1000-ft range. The calculated
initial surface particle kickoff velocity is also indicated (by a small dot at the pri-
mary shock wave) on velocity records in the 200 to 1000-ft range. The base line of
the pressure record represents the depth of the gauge, although the history is nlotted
with pressure as the ordinate., Some of the pressure records are magnified to show
details that are small in comparison with the primary shock wave, and in these
cases the full amplitude of the shock wave is not shown.

The time scales of all the records are shown with respect to detonation of the
primary charge. The time scales of the pressure records in some of the figures,
however, are not exactly the same. In each of these, the time scale at the top
applies to the top record and ticks are applied at 10-millisecond intervals above
each of the other records in that figure. The records are approximately aligred and
hence the ticks in a column correspond to the same time with respect to detonation
of the primary charge. The records in figures which show no iime ticks have
identical time scales.

27




L T T T T T T T T T T T T I L

o T 3076 4076 60.76 Time-i
Srimary Shock Wave
B2 it |t
T . (Primary Shock Wave
lo‘mﬂ ‘ l t | | |
P4 sl | R | ‘
20¢ Primary Shock Wave
251 Tp.s \ , ' |
BES 30
351 -I— Primary Shock Wave
40"700,* | 1 I
PEIQ 45| - —
501 Primary Shock Wave
55{'@71::1 \ ! | .
BES godL L
g 65t *I' Primary Shock Wave
g 70"’00,‘ ! ] I
BES sl L. J
Primary Shock Wave
80+ '
PET oo A»
anory Shock Wave N
951
ioo4 T
(6790l \-\\ P\L '
BEL o5 11— o
Primary Shock Waove
io+ -l'
”5me l\ | | |
EES 20 1 o

Primary
!gsrcT”?hoc‘( - | W '
PE3 ol L _J e




Illlll!!!||lllllll|'lllllllll‘lllllllll]ll!llllllililllllll tireind
neac 80.7¢ 100.78 i20.76 Time-msec
| | | | |
v .
I | [ | |
.
| | [ ! | |

| [ | | ]
M A A S e st -
l | I I | I
I ] | I I
WMWMM“
I | | [ ]
H ] | ! i
P AName, —
| i [ [ |
va-‘—- AN g s
i
)

(LA




e

NN NN FE RN RN KN NN R IR UL I I
14076 1€0.76 180.76 Tene-imsec 20076

= A e

| | i | | | |
WW%“ P s
| | | | | | |
W“/Ww“ s PP i i
1 | I | | | I
- — -..An - L 222 P




Illllli|lllll|||t'llllllll!|I|!l@'i!i'lli$illil}:3illlllliiillllll

220.76 24076 Time-msec 260.76
s Uty —Wl\a—..w
| | i § | |
e AN T N g, P . e P "MW
i | | | | i
U vy N . O AN M’W"h‘w
I ! f i |

¥ { ! i I |
P ~ - s s A AP INNANON o Joh e
{ | | | i 1
e —— ~ e —— M
I | | t 1 |

| | | | i | |

e . pa— - - -—-"‘Wf:

!

§

i

| | | i I | i

]

|

|

R S A g S g, S g g ot Pl i T Ay _-"L—A-;_-_,_'wai

i

I | | | t I :
g - A M R — a2 L_._'_'._* o

Fied




Illlllflll’illilllllllll|lllll!'llllllllll'llilllIi'llllll:lll

28C7¢€¢ RO NG 320.7
et Nt s e T
i 1 t | | | 1
P e e s A = Tl e o S i P s s )
§ 1 | 1 ! 1
- ; PP A - ~
! t 1 | | [
' 1 1 | 1 |
[ . PP ¥ J At P mnsn,
| ) | | | )

i ! i | i i |
e ~ ~ ; A e pr . v vy _—y .
[} i [} i | L} i
A A A P U - =
i [} ' t [} [}
A PPN e ot it el PP A Sty .,

ire Al - Pressure Histories - 200-Ft Range from Burst at 50-Ft Depth (Station 1, Test 6)

28 E




i .
f anmafy Shock Wave

01539
PE2 3 \
Primary Shock Wave
4 '04. T
3.36
l'l PE-4 |5..__L.J ;
\ 201 Primory Shock Wave
4R 254 T
526
of PE-S 304 &
35-.
404
7955 9955
‘5..lnill !lllllill'llillllllllllllll|l|llll
so4 Primary Shock Wave
55--%?
PE-6 § 60+ —1 PR
‘? : i
£ 651
3
701
?5.-

Primary Shock Wave

80+
as"fil\
P71 g0l |

951

1357

1o+ Prim 'y Shock Wave

w4+ - :
498 |
PE'B !m' 3 L M.

1284

130+

SHHH

= &

s




119.55 139.55 159.55

T T R T

Time — msecC

Figure A2 - Pressure Histories - 400-Ft Range from Burst at 50-F't Depth (Station 1, Test !-)

29 B




N »@%

OPJp.;trlnunn
't 50.76

o

2071

251

351 4

ol

80+

Ny

65+
7@} T

751 N

80t

3igne) Che

S

1035 pet ‘SigncIChcl‘
BE-13 130 J A\Jﬁ

sot-t A




I

R —
—-t—

Primary Shock Wove
AR T R RN R RN NN
60.765 180.76 Time-msec 100.76

i 0.7¢ 120.76
Signol Charge Primory Shock Wave
Signal Charge

— \—
Primary Shock Wave

Signal Charge l

M = N
Primary Shock Wave

ignal Choarge Signal Charge

== WAL M e
Frimary Shock Wave

al Chorge Signal Charge
Primary Shock Wave

Charge Signal Charge

T — 4 1 S M\‘
Primary Shock Wove

arge Signal Charge

Primory Shock Wave

1arge J\ Signal Chorge
L P

Primary Shock Wave

rge Signal Charge

4 ¢

‘or g

Primary Shock Wave

3e Signal Chorge




|||l|||||||||||'|||Ii||II||II||II||III|II|I|||||ll|||||||||||II|I
7

A 140.76 Time-mgeg 160.7¢ 180.76
L o _~
- A P N
o Arran

P e ‘-/\\.\, e
P At . WSS N
K - PN
a0 0 SR -t Heiaion MRAnd = e et T P
L . LA QRIS e[ =
Fig




| IIIIIII|||I|iIIIIII(IIIIIlII||IIIIIiII|‘|lIIIIIIIAIIIIIIIII]
200.76 Time-msec 220.76 240786
Y
I P
. v

1re A3 - Pressure Histories - 400-Ft Range from Burst at 50-Ft Depth (Station 3, Test 6)

30 D




PO

PE-IS

PE-I17

Primary Shock Wave

T
o1 24?98' Signai Charge
51D .
T Primary Shock Wave
10+ 522 psi .
Signal Charge | Signal Charge
15
Primary Shock Wave
20+
25+ -
259 psi Signul Charge
30 I
Signal Charge
asd
404
99.55 19.55 139.55
‘5..|Illllll|llllllllnllllll ‘Illllll'll||lllIl'll'lllllll
Primary Shock Wave Time-msec
504 ]'
55T s24psi Signol Charge
s 60 | )
5 Signal
£ 654 Charge
[-3
3
T04
754
sc4 Primary Shock Wave
Signal
8s 2641’”', Charge
90 ! A \ J
Signal Charge
951
100+
105+
Ho+ Primary Shock Wave
" Signal
1S4+ 5i4 psi Charge

Signal Charge




159.55 179.55 199 °"
10 [ Lon v o o 0o |v.-lan-|n!||---|AA||||llll-nci)nlcccllllllll
_Jhﬁ\_\’-\__“k e e e A A A e

if N NS
X

Figure A4 - Pressure Histories - 600-Ft Range from Burst at 50-Ft Depth (Station 3, Test 1)

31

3




: ] O I I I B A A O
10883 18.63
| %

P A

LB S _FPrii
'.a ﬁ; 10 EBOTD'* KL
B pea sl | _
| . Prir
| B 20
e : 25 .&JP" \v
BES 30 |
Prir
35¢ T |
‘OHTDO‘NI
PEO 45 | =
Prim
50+ T 1\
554 , ;
PE-6 g0 mlﬂ.l _\
‘é -\ Prlir
t 1] |
| E 701700psi ]
PED 7501
80y Prir
35'552}.; }
BE-T g0
951 Pr
T \
100 ['509;!1 P
i BEl |08 l
} 1o+ Pr
“5"4u:r“ J[\\
B8 20 I
125 '49'5ﬂl [\
PEd 30
| 4




IlllulilllllllllllllllIIIIIIII!IEIIIIIIIIIII|Ii||ll||l|||||l|||l
3883 Time-msec 158.83 IT8.83

mary Shock Wave Signal Charge
e\ —//"WM_———-——--—-—-A-—*

nary Shock Wave

| | i
Signal Charge ' '
A

e

nary Shock Wave

| i
] I ] |

Eignol Charge J

P S

nary Shock Wave
I I

Signal Charge

e

vary Shock Wave

I
N
| [ [
LY
Yo ! !
nary Shock Wave

Signal Charge
h _/_./"\.h_\,\i

v
B

[ [ [
Signal Charge yf'l
| S —

o e

i

nary Shock Wave

| | | | |
\ Signal Charge e N !
R TN VN o O e,

[N

imary Shock Wove

! | | I i |

‘W’w
|- | NI
imary Shock Wave
\- | | ! . | | |
Ny

Primary Shock Wave
|

L,———-'W | ok
W \-’W*




b3

L

I||I|i|I|||||||I|Ill!'.!|Ill‘l|||||l||l!|lll

|l|||||||||l%|||i|illl|
9683 Time-msec 2:8.83 238.83
e e T NN s i P Nt
| | t 1 | t 1
i t | t | t i
-.--..‘-_._-,,___._——--———'—'_"h‘—'“‘L ——r— e e e ———r ettt i e et e
t t 1 i | 1 |
__f = e e
! | t | 1 |
_.______/’M e i P - NN s
| t 1 | i ! |
.__.J‘—'d-—“m‘ e — e 45— . m————
H | | | | |
L rh——at e e N e g S 1 ST e e e et e —— L at
| | | | | | 1
- et gt A . o — e S N, gy
1 | 1 | i | |
PO P s e, =
I i [ | | |
et h g v A et o et VI NPT N

Figu

- —————




II!!||||I|':i‘-llllli!l";i!lllllll:||.|!li|vlll'!llI||E|I||l||

25883 Tire- Tt . 278¢€3 29883
! | I i |
i | f l | |
| | | | | !
i ] | I I |

| | | | [ |
= Vg - U
| | | ! |
et = .
-y ¥ — A o
| i | | ! |
b -~ o PSS I Mvsasel o e

re A5 - Pressure Histories - 60(-Ft Range from Burst at 50-Ft Depth (Station 1, Test 1)

32

.




o X | f"

p

|||l||l|i| PR
80.7€

o]
pE22 sb"t" .
i
-
pE24 oLl [N
20¢
1 T Sign
25[“9" . A
BE2S 3ol | e
35¢
I Signal (
401350ps '
BE-20 l AL Sic¢
45 S
504
T Signal Ch
ss*rsssm . .
BER¢ ¢o il A ian
.
<65t |
$70L T
g 70"550”‘ Signal Cl?qrg
=it I k"—\s—'gﬂ
80+
T Signal Charge
SSJFWNI o Signal
iae SOJ_J_L_\_J\\QQ’_
95 ¢
1001, I Signal Charge
i Signal
m.lqosq
10 ¢
||51.5'5T Signal C'horge
Signal C
BE2A |20
Izsi.m;rw Signal Charge
' Signal Cha
- Y *Kr 29




g

II||I|I'IIIII||IIilH||||I!III|II|HlIIIIII[IIIIIlIII]IIIIIII:I|II
Time-meec

100.76 2076 14076 NC.76
Signal Charge Primary Shock Wave .
9 p'.n\‘ l\‘:‘:ngnol Charge A
| Primary  Shock Wave
. ' i [‘, ' ' ' ' '
ignal Charge Signal Charge
\-—-—-h.._./ﬁh‘"‘-'\rw—-j\m M ».~—//\\
Pri
ol Ch'afge | nlmary Shock wave |
gnal Charge \'\_ Signal Charge ‘”/"J\,\
N e A ") M.
Primary Shock Wave
charge
I | I ] I I I
jndi Charge : .
i §|gnal Charge . __,/w\-v
Primary Shock Wave
arge r\,\

' ' i Y ! ' I '
al Charge ) \ Signal Charge __...-«/m it

Primary Shock Wave
! ] ] ] I | I

Charge Signal Charge M

Primary Shock Wave
[} \ i [} [} ] '

Charge A\ Sigral Charge MU&W
=~ \'/\ I ’

\ Primary Shock Wave

Cha}ge ' I ' ' 4._.._.....,../""““/\'\3;
Primary Shock Wave
| ' )
herge | Signal Charge ™
Primary Shock Wave
rgle ' J‘ugnal Chc;rge ' I '
] . e . R B VLT

&




" ’HM%.

!IIIIII|I!IIIIIIl|IIIIIIII:|IIII|III||!II||IIII||III’.I'|I}IIII|II
180.76 Time-maec 20C.76 220.76

T

P
| _ }

1 1 1 ! ' !
Lo el Y el L P o Vo b P - N
) ! ' ' 1 !
R o s NI el e —

Figure




Il||i||IIIII|IIIIIIIII|IIIII.‘!II|IIII!iIII|lIlllillllllllllllI

24076 Tima-meec 260.76 280.76
———_ N JE——
e — ‘w
| | { | | |
—-—\\_,—-———-“'—\_
. s \—\
| | | | | |
e e e e S e
] i 1 i 1 L}
b P e - e
1 [] T ] 1 1
— T R, P,
] ] (] [] ] ]
e e e e et B 0 Tt = M ————

A6 - Pressure Histories - 600-Fi Eange from Burst a: 50-Ft Depth (Station 5, Test 6)

33

i




e ——

PE-27

PE-28

O1 255psi Sigaal Charge
s ] | SR
T 24lpsi Signa! Charge
15 l— —L S e e
204
25<P
257 psi Signal Charge
30 = 1 A N
35¢
404
109.55 12955
454,....I-| ‘ oo b ' e b
50+

T
551 266 psi

Signal Charge
_ -

85+

N

T .. Signal Charge
2681pss

90
95+
1001
1054
1104
154

120

N

T

PRI harge
256 psi Signal Charg

1254

psi
| }\__FA_

1304

| T e




Primary Shock Wave

e
: chofd
Signal Charge 5’\9“°\ _,./\ r

Primary Shock Waove
(9
cne

Signal Charge L\' S.\qgo\ "M—‘-

Primary Shock Wave

SignOI Chﬂl’g(’ SI‘Q“O‘ j/\’\/\_’_
| —

14955 169.55 189,55

lll|||llllI\!tlllllllI|||ll||lllul|lllll!lll!l.llll!lllllll

Time-msec Primary Shock Wave Timi=ee

crot9® r\
Signol Charge S\Q\\o\ //f\,v/
=F= . o~

Primary Shock Wave

Signal Charge _J\ N«-‘—M‘-""’J\"‘\—‘J

Primary Shock Wave

Signal Charge i ‘




i { - ‘nﬂw)\/ﬁ\n\)d\u\/hw~n-__dﬂ\_p_/~——'*—
: 5
I
‘t . MM

209.55 229.55 24955 269.55

Time-msec

oo by s e o o b s e i

Figure A7 - Pressure Histories - 800-Ft Range from Burst at 50-Ft Depth (Station 5. Test 1)

34

C




l]illllllln“
%83
0-"4"

3 ]
PE-2 50‘[
%522 psi !
27 S
201
25Yw”l |
PEB 30._.]_
35‘ -|-
40"5009“ l
BELD ggi—
50-»
55 %24pni g
PEE g0 l A
3,- 65/
ol ]
Q
& T0so0pm Sigr
P pep 1l N
801
8% SSIpsi .
Signc
EE-[7. 90 | N
951
ool ] |
SOIN Signa
PEll 105 4—: A,
1o+
"3 'SIJi 0
l” Signal
EE® 120 -
128 zI | i
lp' Signal
BE-IS 30




IIlIIl..lllltllill|IIIII:|II|||I|| L I B B LN T T T O O B O B A

3883 Timé-moec 156.83 ITe83

Signol Charge Primary Shock Wave  Signal Charge
| Primary Shock Wave
[ [ ! [ [
. | _
S¢9ﬂ0| Charge N ?_ugnnl Charge J‘/\

Primary Shock Wave

. | | | i | i A
Signal Charge k Signal Charge 2
e . i o l—_‘/a.—v

% Primary Shock Wave o

Signal Ch'orqe ' ' Signal Chorlge /‘\/\//
= — A

Primary Shock Wave

|
Signol Charge j\—/\_ﬁﬂf\
A

Plrimary §hec5f Wave

igna! Chorc';e

| | ' '
val Charge i A
Signal Charge =
——— /\——-—/
Primary Shock Wave
] | i 1 | |
il Charge Signal Charge
o~
Primary Shock Wave
| Charge | J\ | | '
arge
] . L Mv""—‘\/\
v
Primary Shock Wave
I I | [ |
Charge [ Signal Charge

_.,-Wﬁ M

Primary Shock Wave
| | 1 | )
Charge : Signal Charge .w\




Prprerrrr b p ity r et e bty

NN N RN RN RN

19883 Time-msec 21883 23883 25863
.A .. ~JLA.__/"\W
| | | | | |
J‘\ o A e it B i PN
| | | [ | |
\\ — _/\.F-W
\\\\I | | i |
Nz
| | | ! | |
\\-- et AMMW
| | | | i |
\'\/-Mf MWRW
| | | 1 | |

I | \
me_
| | |

W"*W,‘r-'
| ' )
W




i d

g

T | ey L T ¥ o

Tim8=insec 27883 29683 3883
e P s =t
| | | i | |
—————
| | | | | |
B it S —— — . —
| | | | | |
| | | | | |
W - —
| | | | | |
A e ———— et
| | | | | |
| | | | | l

35




I [ I I A | | ]
12076
OboOpsi
. 5 00psi RSagr-oI C
4 =
okl
w i
- | \C-gnol ct
e
20- T x \\o'\ql
25¢. &
389 ps! c:,\ql %\Q {
PE35 3oft— °
0 !
—
(o
351 '[ =\(4“° e
40440008i Q\Q‘&. o
£0 el L U:f_c’:
45
504 ‘|’
55--405“' |
PEJ6 g0 M
[ ]
©
T 651 - | o‘qg
£ 5
870 . ° '
o 400 pei c’_\q(\ ‘:_’\g(\
PE-39 7] | e
80 ‘\ox‘f'o«"*e
(O
851 & o o
3e2psi O O g‘&o
PE3T 901
95¢ o* (o
5 o‘\o‘ ‘\o‘Q
1004, .1 S
hotps 8 01 &
) \O ‘Qo
PEM ox Ll 2 X
105 AN~
(4
1104 ,oo‘g O(Qz
. T O\Q od“ \u
. 397psi c.',\é\ g“é\ ! -\Q°°
pE38 2
120 A
o(qe
E { |25"3899‘i 5‘\Q“°\ C“l .
PEB (30 | LSngnc
Signal Charge

I+




N N I

Time-meec

141"

AR R R R RN NS N R RN

140.76 160.76 180.76 200.76
ha:ge Primary Shock Wave
A Signal Charge
e— e = SNy AT W NIV NP
Primary Shock Wave
| I i i | | i
1arge [\ Signal Charge
e e ———— e = m
. e
)
¢ (Qz
) ‘\0 q
3 Primary Shock Wave

[ i I I I
/\ Signal Charge M
—.—.‘M-——'—’\——-’—'—-—— e e e _.g_ ~—

¢ o Primary Shock W
9&"\0‘0, | ; y I«uve | ' |
v
o Jp\
Signal Charge :
Primary Shock Wave
! J | | I | 1
Signal Chorge M
== J\_
o® Primary Shock Wave
0‘\0‘, | | [ [ [ i
\
5
= Lo Cheree W/JM
[
.oca‘qe Primary Shock Wave
)
| | i | | | |
Jild Charge m
e
‘\o& Primary Shock Wavs
)
| | | I I I I
ASignol Charge o e
\qz .
0 Primary Shock Wave
)
| ! | | i I
Signal Charge N

Prim;y Shock Wave

I !
Signal Charge




IS

| PEUN et b et it ity
22075 Time-miec 24076 28078




|'|||||‘Il'llllllllll'llllllI'I'lllllllll""ll||!||||||||l||!
‘- 280.76 300.7¢ Time-msec 32016
Nt I e N, -
L
| | | | I |
L ~ A—M
| | | | | | |
; | I | | | |

| i ) [ | !

ire A9 - Pressure Histories - 800-Ft Range from Burst at 50-Ft Depth (Station 7, Test 6)

36 D

oy




PE-32

. "
PE-34 ,5_'6&'.'__2..\,_ g

PE-35 139 1 A

4
45_.||all%505llllll:

. C !
\
\qn°®
27§pi ) |

PE-37 o9

A Lo 2
115+
PE-38 0.




B TEDI AN 55 A

Tlmaain e s e ¢

signal charae _i::immy Shock Wave S't‘)‘“‘\jh\oﬂ
= g® Primary Shock Wave .
\ o 5“"“0\ . S\q!\n\ c
= o [ T e A N I
S i i
Primary Shock Wave
G\\eﬂ' cnordt cnov9®
' g s
{ o K .M

I‘E.‘."""'ﬁs?...."“‘..’l""B‘SP?"..“'.‘.'.".2.0'%5'5‘.....'.""..".2.:

Time-mysc Time-msec

Primary Shock Wave

3 th' : (3
! - o\ C“G‘q . cho‘qe
& . Primery Shock Wave
F wat "\ c"\o‘ R
1 calV
i o\9
% ] = N P l ’L W
% 2
1
i
! Primary Shock Wave
é Qe \c“a(q
E c\9 °
3 H iy - e j L .'m
|
| Pt z
4
| J
L ¥
i !
i - TEE L e R b o =
i 68 ".",?!— i £ ‘\;%‘gﬁ“& ‘
i H : R TR A i
i 3 ¢ SRR R el




o M e

26955 2

;l'l'lll"lll'l‘lll'lllllllll'llll‘llll LI I I I )

Time-meec

i | M w——"‘/\___

Fig:nAlO-hesmHismies-th&mﬁm&muSO-hM(Stulu 7, Teat 1)

37 @/




e T S NS A B per o

Siynal Chor
|

| i
'|||||||||;||| 1
= 1

| B . B30 4sf—L —
1§ i sof

) | 85

i' 1 pei 5\0‘




— . A PR e -

. e
ot e ko smabis i M A

f
!
|||||||I||||||!l|||||||||||||||||||||sg|||l||||||||||||'||||s|||||'i
a3 Time-msac 983 21883  (yqrge P
je Signatl Charge anory Shock Wave signa! '
I U Ry “l Mo AN~
- 0‘\0“‘ c‘\"'q' Primary Shogk Wave c,\\"q' ?
atV P\ | | | ¢
3T g™ 'y ot M i
. : l
(O e ; X ’
! X oed g\\o‘q Primary Shock Wave Q\\"‘q
PO O | o0 [
D) \ g\Q
‘\o“‘:&“‘ Prlmory Shock Wave |
| S8 et
NI I i | o\ I I }
o O »
'k———-v — J o ,’__—J\/\_\‘-
. Primary Shock Wave s
L)
X c‘\o 0‘\0‘0
0 i i _ | Q“°\ ; | g
e\ Pt §
R e - L— —/L . \f ’
0\\°‘qe '
o ] i
I
O“o‘q e
o‘\o(‘) ;
» | i
- |
oo
N | |
il s ‘
-‘\O‘Q
" i i
. i | | Primary Shock Wove | i

e Ul k- e
6




vy

LT 2t 4

B N AN =

!
i
l||6|IlllI|||||!ll||||||||||l||||l||!l||||||||||||||||l|||||||.|||‘
236.83 ‘ 25863 Time-msec 27883 29883
| | | | | l |

— D IRt i




||||||||.|I||||||||||||||||;|||||;|||||||||||||||||I||l|||||||
318.83 Time-msec 338.83 356.83

t p— B e Al e o oot o e e, oy
1 | | | | |
J W‘r Siahbant S P VW, Sy ———
I I | 1 1 1 | |
4 m S it PR

» All- Pressure Histories - 1000-Ft Raago frem Burst at 50 Ft Depth (Station 5, Test 4)

38

D

oy e




o - i —————

i
]
t
l ot . Primary Shoc
$i
l PE-2 5.. lp lvk 1
. Br
iod rimary Shoc
| ; l
| PE-4 |  100ps N,
i' - »
| ‘ 20+
g 1 Primary Shoc
i 25+ -
n ‘ .
: g PE-5 30 lOOpu L
F)
| % 354
[ & 404
i ¥ 22690 24690
’ t';:‘ 45..l||||c|||:||||||n..|c||c|c|.
! 5‘ Primary Shock Wave
X w--

T
252 psi
PE-6 1

3ign

Depth-feet
o
o

804 Primary She

264 psi
PE-7 90 ]

954 Primary Sh

I
255 psi
. PE-} 105

nod Primory St

.
ST  248psi

PE-8 120
125+ T Primary
249 psi
& 130 L




k Weve

Signal Charge
'k Wave

W

Signal Charge

'k Wave

e T —ee

Signol Charge

26690 286380 306.90
lIlIllllllll!|illlll|il|||lllllll|||l|1lll|l|l'|lllllI:""""‘I""'
Time-msu¢ Time ~msec
al Chkarge
yck Wave
.“Q‘Qe

__)f—""” W T e

ock Wave

vock Wave

W T———— e’

Shock Wave

TN N i ~ S




L gl . b - g ane L Heoabanh o ol L L B acFaddee’o o L a o

WMWN

32650 34690 36690 386|9 0

v ilnlllll»lllnn..lln'elnlil.||||l||||!ll-nilllllll.lllllllll

Time-msec

W P et m
T e TN E e e e e o T

Figure Al2 - Pressure Histories - 1200-Ft Range from Burst at 50-Ft Depth (Station 1, Test 2)

39 C)




—

T ! vl
0 196.83 Sigr
( Char
N .
5¢
101 , Si¢
i 267psi Char
ExM 4 M
20+ T
es 'i'slpsi
BE3S 3ol 1 o
Sigi
350 ]»
40%250psi !
PE40 45 I A
Signt
50<>
+ T l
29 270psi S
PE36 g0l . .
. Signal
< 654 ,
£ oL ]
g 70¢ . Slg
emasl | N
Signal
80¢
85--,1 - .
256ps Sign
PENY ool ukﬁ
Signal
95+ 9
{ T
109 [257psi !
PEM (o5 | NS
Signal
1104 ~l»
4 Signal
BE38 20 (- P
125t T
261'”‘ Sig‘nol
BE3} 130 A




EEEN RN NN

al 218.83 Time-maec 23863 25683
g€ Primary Shock Wave 7
\M"' L e S S A s Y WN\"-

Signal Chorge

Signal Charge

| | | . | |
lgn:' Si9“°| Chorge Primary Shock Waove o
O U ) N WA

Signal Chorge

oA~ A W et R ot

Signgl Charge

t Primary Shock Wave | |

)\Slgnal Charge /"\"\\A

SN Gl N PO

nal Chorge Primary Shock Wave
Signal
Charge I Signol | !
" B SN
T’ ...._A—
1l Charge Primary Shock Wave
| ! | [ I
ignal Chorge i Signal
Chorge /
' Chorge Primary Shock Wove | |
I ] I I
nal Charge Signal
— W—W\/\'W
N ~——
Charge
Primary Shock Wave
l
ol Cl'u:!rqeI I annol
ST \ Chﬂl’ge , W
charge Primary Shock Wave
f\
o [ | I
\ o T WY
-harge Primary Shock Wave
Charge | 1 signat! | '
S | O o
"
PJ\
I AT Shock Wave ! I
Charge jM

Signal Charge

e e o A e st o s e




il||IIIIII|I|:|I||IIII|II|IIIiII|I|III|||I.iI|I|II|I[IIIllI!I"Ill

278.83 Time-msec 298.83 318.83 338.83
s mnereerirnee \W.’-Wﬁ- St
| | | | ! | | !

E

JWM \ I‘W.-JA\/\_,MW";

i
| | | I | | |

M——-’WJA\\JJJ‘\M ..»--.»—-.\,/UM"J

] | ] | | | |
| | | | | 1 |
M
Figure
i
L

R B AR T e

B R L




I
{
|
PR UL T R e
356883 376.83 398.83
i P - e B et ™
f I I I !
MW 'M
| 1 | |
W e M“
| i
| | | |
amm— p——— N, PO o =
E ! i i i
| | | | | |
NMW
| | | | v |
!
| ! ! ! | |
— e MR U N gl
| | | | | |
—— —— > o s P
, A13 - Pressure Histories - 1200-Ft Range from Burst at 50-Ft Depth (Station 7, Test 4)
40
D |
%———7




1
- o- ~N o~ o~ o~ o
8- . i
& £ { 3 & ” 0 2 0 L § 0 0\ ¥ ) 1 ¢ \J 0 0’ Y % L 4 L M
" O 5 0 ® O w O w © ® O v O © © ®w o W © gl
® O ® m o w m ¢ ¢ ®©® © © o ~ ~ D W 3 m e = = m o m A
199} - yidaQ m“.

&




_._._.._..‘
oy "
Py

e g

Signal Charge

.

Primary Shock Wave

= A

e

e " AR A
Primory Shock Wove
Signal Charge 4 g\ ¢

Signal Charge

Primary Shock Wove

0 256,00

AL

T
0?9" ~ Signal Charge

Oillotlil'l!llllizliololttlOlit'tolllotﬁoloollil

Primary Shock Wave

i

Primory Shock Wave

T w09
'00p8  gignal Cherge ot 2
1 Rt e c\9
Primaory Shock Wave I
T

O0psi Signai Charge

,on.; Signal Charge
| A

.

Primory Shock Wave

\ o

Signal Charge
|

Primury Shock Wave

\ au

s —

M




st Y

. ~

B ) |¢3'osiol°|- vl |:n|3|¥i°|oa ' veoan b ' 3“]0.0”. ||||| I
Time- msec

& MR W e N

Figur




R ey

et T R PR

=

|

\
\

i e, o SPABREI LUI R Sh— e

37600 39600 41600

l|ll.]l.llil.'Illl.l'l.llIIIIIlllllllll'llll!lllll!!‘llll!!l

L]

—
I — — N

AR P

o Al4 - Pressure Histories - 1400-Ft Range from Burst at 50-Ft Depth (Station 3, Te<t 2)

41

Y,

T s . d g

e




b L o e

PE-£2

PE-24

PE-25

Depth ~teet

PE-2I

PE-28

PE-23

¢y

Signcl Charge
| o N G a)
1 Signa! Charge
1 lO?pd iignol Charge Pr
1% e -
Signal Charge
20¢
25¢ T Pri
i29 i
- rcl - vﬂgnal Ehorg:
Signal Charge
35-.
404
276.00 296.00 3i6C
‘5..!":"'!'lll'lllllllli'llllllcllilllllll)l
Time-meec
50¢1 _I, Pr
3T  1s3psi Signal Charge
6o - v v A v
Signal Charge
€5+ s #
704
754
P1
80+ {
85¢
134 pei Signal Charge
90 4 A v
95+ P
100+
m'w Signal Charge
'05 f\ . —
no¢
ns¢
= Signal Charge
128
120 L= S et
i L Signal Charge '
IZSPI e
130 v - -

e

N —
e o T R A

PR TRt T e e P L i




ki . i iy

imory Shock Wave A

mary Shock Wove

Signal Chorge
0
l.l..ll'.’!.llll.?ﬁolollllllll|lllllll#iolollllll!i!lllllll3l7lsiolo'lll
Time- msec
imory Shock Wove K
o®

rimary Shock Waove

'rimory Shock Wave

Primary Shock Wave

Primary Shock Wave




396.00 41600 436.00

R T N R N O R O B B A veoa b

Time-msec

Figure ]

K g
o




R o m}},m

-'A“ ‘Av‘ VA —ww

!

‘.

.

¥

i

..!

B e — - -

45600 47600 49600

Illllllllllll"'lllllll"l" |"'ll|ll"|"""' llll'lll"
v"’.‘\’\_\-w._ﬂ" Mamtotess ,4’-‘—-——\\—\

» AlS - Pressure Histories - 1600-Ft Range from Burst at 50-Ft Depth (Station 5, Test 2)

2

-




PE-32

PE-35

PE-37

PE-3I

PE-28

PE-33

Depth -feet

- . ’ e
° 50psi signol Cherd
. Signal Charge
04
h Signal Charge
5 S0psi . it
Signal Charge
2°<>
z54
501' , Signal Charge
|
30 E f‘ V.—:'L_ A o - ~
Signal Charge
15+
40+
316.90 33690
a5+t by ccdlbci o bon g
504
it B Signal Charge
60 50 psi [ — - .
Signal Charge
654
704
75¢
80+
854
IZOTpsi Signal Charge
90 1 I
951+
1001
|341;,,; Signal Charge
105 L v S
N0+
1154 T o "
126 psi ignal Charge
120 1 ) —
125¢ - i .
igna arge
- |30lpsi o _




o

e =

Rl

Primary Shock Wave

#A—-WWMMW A v

Primary Shock Vave
Primo,y e W

Signal Charge

356.90 37690 39690 41690

tr [ I T T N I 4 .l ] ' [ I T T T S I N | LI T S R T T S | i [ ] LI N N I I T B R ) I LI I R O R R I I | ' [ I I I I ]
Time-msec .
Time-msec

Primary Shock Wave

Signal Charge

Primary Shock Wave

Signal Charge

e _‘_—W’-" = \_A e

Primary Shock Wave

Signal Charge

Primary Shock Wave
)

Signal Charge

Primary Shock Wave

Signal Charge




43690 45690 ATELG

Time-msec

Figure A6 - Pressure Histories - 1800-Ft Range from Burst at 50-Ft Depth (Station 7, Test 2)

43 Q




13343 i 4343 83.43 Time-me
'OMOODU Erimary Shock Wave
84
Primary Shock Wave
101 TS | 1 1 |
P4 15l .
204 Primary Shock Wave
\ ] I ]
)
L
35¢ .l, Primary Shock Wave
wmw‘ I I i
PEQ 45._|_ R pro

Primary Shock Waye

:::klui | \\”\\ L__.JM"\\J\

EE-6
$ est
é .[ Primary
8 70 Shock
3 pel Wave
pER

Primary Shock

[ Ta Wave J
o | M
Bl g0 -

Primary Shock
95+ Wave

-
GTN

Pri
nol Primary

"s %‘1‘.9‘1 I i

ﬁ '20 l o(ﬂ

125 pel
B2 30 LJ

B - e L o

i s e o e s ey



N AN RN

we 83.43 [o ¥ LK1 12343 Time-msec
1 1 1 1 1 |
! 1 1 1 | |
e P —~
(]
O
[} } | | | 0\ |
c_,'\Q°
M'_‘VMW n
| ) [} t | |
c‘\gig

. i . ! ' c,'\qoo\ G ?‘
W s
' \ | : i s:f\ c,\\ot ?e
e o e Y e VPGP o~
' | I | i 5'\‘-)“°\ C\\O‘?
A A e A repapuine POt Pt bt O, o~ S
- | . ; __,I_ - w' ! .. ' E\qno\ o ?e
! ' ! ! ' 'I canol C“‘“.qe
! { Vet N oy, e “"mﬂw‘-’i‘iw

a

oo

o




ﬂg‘gb?”' T - T o e 0
m. Tm‘ P - By =3 . K
!
. - |
l||||llllll'llIlllIll'lll'llillllllliilll'lllIlli'lllli'lllllllii1
143.43 163.43 183.43 Time-msec 203.43

. ~ A[L >

' 1 | | | |

[ [ | | | |
PNt gating - s PO “.—WW

| ! | ] } |

| [ [ [ | '

e = e = ,;MMA

1 | | | ] |

[} H | [ [ |
— — — ™ M
] ) | | | | |
[} | | | | | | !
!

| | | | ' |
|

S ey




IIIIII|'IIIIIIllllllIllllll|lllllllll|lllIlllllllllllllllllllllllll'
223.43 24343 Time-msec 263.43

t
i
£
4
N
H
3
i
| | | | | | |
%M—J_ﬁ
| | | | | | |
.
Lo W Vu = Pogy e ot AN . VD VY
| I | | [ | |
e e M —— A,
Lt e W e Sad g nad N VA
[} | [ | | | |
e NI et st bt g ant i g NI A Psngprtnns plvasngng s AN N,
Figu
D '
e 3% TN
e i \




£

T SRR

’lllltllillllll|Jlll|||a||||||t|||||||||'|ilI|||||.!||H||||||

28343 30343 Time-Msec 32343
A o P L NP .
| | i 1 § |
s P ~ E L S Y -
| | | ! | [

“« T

T TT——— A

sttt i st




] Primary Shock Wave
frragorana

o 75.73 95.73 1n8.73
N |
e S“lOG‘Op-I .
T- yPrimary Shock Wave
01 |o73'poj\ ' ' ' J
e sl ]|
! 20+

T Primary Shock Wave
2511033 pei \\ I o I I
m 30' =

351 Primary Shock Wave
1 i |
40«-”1071

) T Primary Shock Wave
) 8811010 psl ,\\ ' ' [ '
wq |- L et S e,

»
;)

801 T Primary Shock Wave
8541063 psi | | i .

T Pzimaory Shock Wave
100 ¢+ ! ' ' '

10+ Primary Shock Wave

118 1996 psi i ' ' '

Primary Shock Wave
i




e R

ot

TR e

lll!ll'lllllllll'lllllllll'lllilllll|l|llll|ll|lllllllllll."llllll"llll

Time-msec 138.73 13573 I7873 Time-meec

[} | [} | [} | |
- — o
| | | | | | |
PN, T
| | | | | | |
_____—a"L—_x e
] | ] L} ! ] |
uliaams,
| | | |
|
| | | | | | }
A e
B | ! ) | | ) [
| | | [ | ) 1
r— * S— s
L} [} | L} L} | L}
i o




|||!i|lltllllll‘IIlllllllllII!:IICI'!IIllliillllllllllI'llllllllll

195.73 21873 Time-meec 23573 25573
h |

i ] ] ] ] [} ]

| | | | | | |

| | | | | |

| | | ] 1 | 1

| [} [} 1 | J 1
| 1 1 ] | | |

| ] | ] [} [} [}

Figure A8 - Pressure Histories - 400-Ft Range from Burst at 100-Ft Depth (Station 1, Test 3)
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