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MODEL STUDIES C. THE BMHVIOR OF UNDE1WATER EXPU)8 ION BUBBZN
S"N CONTACT WrIH A RIGID BDoMYo

By

John F. Goertner

John R. Hendrickson

0Richard G. Lemon

• ABSTRACT: The behav4.or of the explosion bubble in contact with a rigid bottom vat

investigated on a smwll scale using high speed photogmrxhy. The experiments were

carried out in a vacuum tank with 0.2-grmm charges fired above a 2-inch thick

aluminum plate. Test conditions were varied by sUall increments so that a comple

sequence of changing bubble behavior--from bubbles vhich remained intact on the

bottom, to bubbles vhich split into two or more parts, to bubbles which separated

from the bottom" intact--vas observed. A qualitative description of the bubble
behavior along with its dimensions at maximm voluwe and--for strongly imigrating

bubbles--at minimum volume is presented in dimensionless form as a function of t!-

inverse Froude number, the amplitude of oscillation, and the distance to the wat(

surface. The qualitative behavior appears to be different from that observed wil

HE field tests on cretering bottoms. Other factors being equal, there appears tt

be a greater tendency for a bubble to stick to a Pratering bottom.

UNMDERWATER EXPLOSIONS DIVISION
EXPLOSIONS RESEARCH DEPRT
U. S. NAVAL ORDNANCE LABORATORY

WHITE OAK, SILVER SPRIW3, MARYLAND
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moDEL SwUmlI• OF ThE BWAVIOR OF UNDmATER EXPW-ION BUBBLES IN CO.ACT W=

A RIGID BOTTOM

The work described here was sponsored by the Advanced Research Projects Agency of

the Department of Defense. The investigation of bottom phenomena for this sponsor

was initiated under Task NOL-785/ARPA, titled "Source Level and Containment Mecban-

ism Studies of Undervtter Explosions," and vas continued under Task NOL-I•5OA/0,

tinled "Underwater Explosion On-Site Inspection Research." The results reported

represent a first attempt to analyze a series of bottom shots in a laboratory tank

facility, and the conclusions are considered to be preliminary. The data have

applications in the study of the daging effects of conventional weapons and in

the investigation of the possibility of the containment of the products of a clan-

destine vaclear test at sea by firing on the bottom. Mention of comercially

available products in this report does not constitute criticism or endorseme'nt by

the Laboratory.

The new experiments reported here were carried out by P. S. Sherman and R. G. Leamon.

The authors wish to acknowledge the considerable editorial assistance rendered by

Dr. E. Swift, Jr, and Dr. Cf. A. Young.

E. F. SCBREM I

Coewander

C.. ARONSONBy direction
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LI= Or F' 8)VT

A = Maximum bubble iadius (ft)m~x

(A )eq = Radiuc of hemisphere of volume equal to Tvcimum volume of bottom shot
eqbubble (r-,t)

(Amax)- = Maximum bubble radius of control shot (-t)

Amin = Minimum bubble radius for a non-migrating bubble (ft)

c - Subscript indicating control shot

d Charge depth (ft)

D = Diameter of bottow shot bubble at maximum volume (ft)mar

D = Diameter of strongly migrating bottom shot bubble at instant of Jet
min impact (ft)

g = Acceleration of gravity (ft/sec2 )
H - Height of bottom shot bubble at maximum bubble volume (ft)

=mix

J = Bubble radius coefficient in test tank (ft4/3/lbl/3)
J = Bubble radius coefficient in infinite water (fth/3/ibI/3)

K = Bubble period coefficient in test tank (sec-ft5/ 6 /Ibl/3)

K = Bubble period coefficient in infinite water (sec-ft5/ 6 /lbl/3)

N = Bubble -iinimum radius coefficient (ft-l/3)

P = Air pressure (ft of water)
air

P = (Bubble parameter defined on page A-5max

(P )o = Minitam pressure inside bubble when no boiling occurs (ft of fresh water)

P = Vapor pressure of water (ft. of fresh water)* yap

R = Radius of cylindrical test tank (ft)

Ratio Jo = Change in bubble maximum radius due to presence of test tank

V
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Ratio Ko= C-ange in bubble period due to presence of test tank

Ratio J* = Change in bubble maximui radius due to boiling

Ratio K* - Change in bubble period due to boiling

s = Standard deviat.%-n estimate

T First bubble period (see)

T = First bubble period of control. shot (see)c

W = Charge weight (ibs)

Z = Hydrostatic pressure at depth of explosion (ft of vater)

( =Free-surface correction coefficient for bubble period

y = Adiabatic exponent for gas inside bubble

6 = Upward displacement measured from rigid bottom (from point of explosion
on control shot) (ft)

6centr Upward displacement at time T, measured to center of bubble (ft)

6 = Upward displacement at time T, measured to top of bubble (ft)
Stop

vi
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MOD& STUDM OF MhE BMAVIOR OF UIM4WO EXPLOSION 1BUI.,

IN COEPACT WI A RIGID BMW

1. IUROIXJUflON

1.1 Bakron

When a conventioial high explosive, such as TIM!. is detonated under wter, a

shock ayve is emitted and a bubble of gaseous explosion products is formed. In

*general, this bubble oscillates and migrates toward the surface, its behavior

depending on the charge weight, depth, and the proximity of nearby surfaces, As

early as World War II, it was known that the migration of a bubble formed by an

explosion in the vicinity of the tea bed woul,& difer from the migration or a bubble

produced by the same explosive charge at the -.arne depth in free wter*. Since a

migrating bubble is capable of damaging ships and submarinez, bottom proximity ccrald

affect the damging capabilities of mineb, and detailed studies of the $henorena

there conducted (e.g., Shiffman and -Friedma.-, 1944)**.

In general, it was believed that the sea bottom would reduce the upwrd migra-

tion; however, the process was not fully understood and the theoretical treatments
were nort entirely successful (Cole, 1948). In 195-1, Shay re-ezemined the effects

of the sea bottom on bubble migration and presented new cdamage curvef for mirtes.

He made some use of small scale information acquitred in the Naval Ordnance laboratory
Vac~imm Tank (stat-ic tank) in 1952, but relied wost3, on full-scale ftta for his

damagc predictions.

In 1:61, Murray, Santamaria, and Clifford utilized the deta published by Snay

(1953) and field test data from other sources to develop a means of estimating the

effect of the bottom on bubble migration. Even at this stage, a considerable aumunt

of speculation, based on indirect information) was needed in order to obtain

engineering-type estimates.

In 1965, the Naval Ordnance Laboratory began a study of the possibility of

concealment of the evidence of a clandestine nuclear test it the ocean. AS the

presence of a bottom would, in some cases, result in suppression of the upward

bubble migration, it was believed that it might be possible to conduct such a test

---- ---------------------------------------------- ------------------------------------

*The term free-water explosion" refers to an explosion remote from the bottom.

** References are listed on page 14.

I•I
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at a selected depth on the battom and have no fission products srrive at the smirfsee,

Seven thcu~t a free-v-ter _ecleer text at the mm charge depth would result iz the

formtion of a radioactive surface pool. As the available data vers not adequate

to establish the critical bottom depth for the elivination of bubble mlgration., a

new series of tests tas conducted in the NOL Htigh-Gravitt Tank*. These data showed

discrepancies with the previous Vacuum Tank study (Shermn., 1965) and with the avail-

able field test data (SnaIr ?,453; Murray,. et alj, 1961; Ycung,, 1t9W).

In an attempt to reso: , .Aese discrepancies, an additional. program wa conducted

in the Vacuum Tank &-rng 196'(. This report is vwritten to give "he results of that

program and to show where the new data agrees or disagrees with previous data obtained

in both w el tuad field tests.

At "b present time, it has not beer possible to resolve the discrepancy

between -a 1 tgh4 -avery and Va-e-x Tank results, and this analysis is restrictei1

to the da ,o .•e It. ,•r tank. A br4 %f simmary of the High-Gravity Tank results

is given in entJ. : C.

MODME TEX REMUMS

2.1 Method of Modelin_

' . The scalirib asecribed by Snemy, Goez'tne-., and Price (1952) and by Goertner (1956)

i n -s used for tl. s stud--. Ae in the former work, corres;onding model and prototype

conditions were calculated for free-vater explosions usi-, exprimentval values of

the first period bubble parameters--both model and pro-totype. The free-ýater case

is used since it is assimed that if geometric and dyrnamic similarity hold for the

model and pratAype explosion remote from the bottom, it -will also hold--to good

approximation--upon introduction of corresponding bottoms, I.e., the false bottom

in the tes-z tank and real bottom in the prototype. F'ree-vater explosions Lt test

conditions identical to the model or prototype bottom shot (except for the absenee

of the bottom) are referred to as "control shots."

The criterion for similarity between model ard pltotyp;e vs that the three
"A chaxacterý,tic nubers (gT 2/A (A !nA a' ,d (AmaxJd) (see, e.g., 6nay,

maxc c' (r 1  )= c a
1964) be the same for the model and prototype explosions, Utere,

----------------------------------------------------------------------------
"* Strictly speaking the MOL High-Gravity Tank is a 'I~viable gravity -a' ar= tank

mounted on a centrifuge, vherrees the NOL Vac•mm Tank is a stationary (one-g) vacuum
taxu•. Additional information on these test facilities can be obtained from
"the references cited in the first peragraph of Appendices C and D, respectively.

2



XOME 6B-207"

= maximwm bubble radius, ftmax
d = depth of explosion, ft

A = theoretical value of the minim= bubble radius for a non-migrating
bubble at the same hydrostatiLc pressuee as the migrating one, ft

g = acceleration of gravity - 32.15 ft/sec2

T first period of bubble oscillation, see

subscript "c" indicates control shot.

characteristic numbers (gI(A /A A , and (Ama/d)c can be
though-c of as measures of the buoyancy., amplitude of pulsation, and free-surface

geometry d.ring the first period of oscillation. The first nuber gives a measure

of the ratio of gravity force to inertial reaction for a water particle; i.e., it
is the inverse of the Froude number. The computAtions of the model control shot

parameters are described in Appendix A. A sample calculation for the prototype is
given in Section 3.1.

2.2 Bubble Migration Behavior

In the 1967 program of tests, three strings of shats were fired. On each

str-n% the depth of explosion and the water temperature were held constant while

the air pressure was varied by small increments. Esuntially, this amounted to

bolding the characteristic numbers (Amin /Amax)c and (Amax /d) c constant and in-

creasing the inverse Froude nuaber (gT2/A ) so that along ech string the bubble
behavior varied slowly from "sticking," or remaining intmat and pulsating on the

bottom, to "strongly migrating," -he - the entire bubble pulled away from the bottom

and then behaved similarly to an explosion in free water.

This transition from "sticking" to "strongly migrating" encompassed a complex

sequence of changing bubble behavior which was qualitatively similar for each of

the strings. The following list is an attempt to describe this sequence:

(a) The entire bubble stays on the bottom thr2%h all of its oscillations.

An example of this type of behavior is shown in Figure 1. As the bubble contracts

K to the first -inimui, it distorts into an upper and lower portion connected by a

znarrov ster. These then coalesce as the bubble expands to its second maxivm.

(b) The bV'bble splits into two or more pets. The lower p ion remains on

or near the bottom. Figure 2 shows an example where the bubble .MratPd into

3
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two major parts during the third cycle*. Figure 3 shows an exsmle where the

bubble appeared to shattr.i Anto four or more parts during the second contraction.

(c) The entire bubble moves a-way from the bottom while it is still o•.cillatIM.

Examples of this behavior are shown in Figures 4 and 5..

(As evidenced by the photograpl's shown in Figure 5, a migrating bubble may subse-

quently split as it migrates to the surface. Such splitting has scmetiUes been

observed also on free-water explosions in tanks. To our knowledge thiu type of

bubble splitting has never been investigated.)

--* Ferley and Snaky (1968)"* describe formation of the re-entrant type Jet which

forms at the bottom of a free-water bubble during first collspse in the presence

of a strong pressure gradient due to gravity. With bottom explosions--when the

entire bubble pulls away during the first contraction--a similar re-entrant jet

often occurs.

In the tests reported here, the inside of the bubble could not be seen.

Consequently, the occurrence of the jet and its impact with the upper surface had

tc be inferred from the discontinuous eruption of the upper surface 0hich occurred

"at this instant. When this eruption occurred at the instant the bubble reached its

minimum cross-section, the flow appeared similar to that observed at jet impact

with free-water bubbles. These bubbles were classified as "strongly migrating"

"'-" (see last paiagraph on page 5).

"* 2.3 Experimental Results

The migration behavi•: was classifice by viewing the film records in motion.

" The following classifications were used for the bubble behavior observed in the

"Vacuum Tank model experiments:

Sticking -- The entire bubble stays on the bottom through all of
its oscillations.

Splitting -- The bubble breaks into two or more parts. The lower
portion remains on or near the bottom.

Migrating -- The entire bubble moves away from the bottom while

it is still oscillating.

Observations of ýhe bubble migration behavior in The static tank are presented

in Figure 6 as a furzction of the characteristic numbers ma2 ,.) cand (A i/A )

*':'" * For splitting and migrati.3g buxtbles, the terms "maximum" and 'minimam" for the
successive cycles of bubble oseillatio.r become imprecise after the first mini-
mum. They are used here to convey tlhe impression of oscillation which one gets

* ,hen viewing the films.

' * Figure 1.1 and related itscusa-on on jage 1.

S. . , . .. 4
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for control shots (no bottom) at the same test conditions. The dashed lines roughly

indicate the regions of different behavior. A plot analogous to Figure 61 but in

three dimensions as a function of (gT, (Am/A ), and (A a/d)c, revealed

"the vnexpected invariance of this behavior classification with (A /d)c. Hovever,
VAX c

the subsequ~ent behavior of the "migrating" bubble does depend on (A id)c. See,

e.g., Figure U.)

In addition to the qualitative evaluation of the bubble migration behavior, it

- was possible to acquire quantitative data on the size arn'2 displacement of the bub-

* ble in many cases. At maximum volume the bubble was approximately hemispherical

and its volume calculated by numerical integration averaged 82% of the control shot

S- volume.
Defining an equivalent maximum radius for the bottom shot, (Ara)eq, as the

radius of a hemisphere of equal volume, the average value of the ratio

-(Am ax eqiAAmax c vas given by

(A ) =1(1)

The individual measurements of this ratio are plotted in Figure 7. (Note: (2)/

.26= for a hemisphere of volume equal to the control shot.

Within the limits of experimental scatter, the size* and shape of the bubble

at maximum volume appeared to be independent of the three characteristic numbers

(gT2/A max)c, (Amin/A max)c' and (Amax/d)c. Individual measurements of the maxi•um.

bubble diameter D /(A )c, the height H /(A ), and their ratio H /D are
ma cmaxc ma mx c CMx Ma

shown in Figures 8, 9, and 10. Average values are

D H H
max max m2.36 .1.21 0.51 (2)

(maxc 'maxc -max

The experimental data used to construct Figures 6 through 10 are tabulated in Tables

1 1 and 2. In Figures 7 through 10 it is not meant to imply any functional dependence

on (A ma/gT) c; these plots are presented to exhibit the individual measurements.
on2 /A
It was observed that for some of the largest values of ST (greatest

max
buoyancy forces) the bubble motion resembled that of a gravity-migrating bubii-e in

free vater. For these "strongly migrating" bubbles, the phenomenon of jet impact

described in Section 2.2 i-s observed to occur as the bubble reached its minimum
-------------------------- ----------------

*Size relative to (A )C
maxc

5
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voX•ve. In photograps of "wvekly migrating" bubbles, it was more difficult to
distinguish Jet impact; and, Impact alWys occurred after the bubble had passed

minimu volume. These observations of jet impact are plotted as a function of

(gT/A ) ad (A !d,,i Figure 11*. They did not aLry within the limited
range of (A /A used for these model tests (0.O65!(A in/A x)c 'Oi.5).
However, it should be pointed out that (Atin/Amx ) c is often much larger for proto-

type bubbles.
Strongly migrating bubbles can also be identified by the behavior of the Rtem

* dhiich develops between the bubble and the bottom as the bubble collapses. For

strongly migrating bubbles, this stem pulls aimy from the bottom and turns inside
out to form the upward moving jet. These difs'erences in appearance of the stem as

it collapses are sketched in Figure 12. Photographs of the inter ediate case, iwere
the stem connection to the bottom during the first contraction is vertically walled

and collapses upon itself as the bubble separmtes from the bottom,were shown in

* Figure Ii.

The time, T, to jet impact for the strongly migrating bubbles is listed in

'Table 3 along with the ratio, T/Tc, to t!M corresponding free-water control. Since
T is analogous to the first bubble pei-lod of the migrating bubble from a fret-mater

explosion, it will also be referred to as the first bubble period and the same

symol wilU be used to designate it. The ratio, T/1c, did not vary over the range

of these tests. Its average value was

T_
T 1.14 (3)

-. uhich is near the center of the range of the data listed by Murray et al (1961,

"Figure 16), for prototype explosions on various types of cratering bottoms.

The upward displacement, 6, of the strongly migrating bubbles at tim, T,
- (first period migration) is compared vit& that observed for controls (free vater)

in Figures 13 and 14. Figure 13 shows data for the 1-foot model depth; Figure 14,

* Figure 11 gives a breakdown into two classifications of the observations of
migrating bubbles indicated in Figure 6. To understand the interrelation between
these two figures, it is necessary to visualize a three dimensional space with
coordinates ( /Amax)c, (, d) and (Aminl ) . In this space, Figure 6 is

. then the projection on the 2/A~ax)c, (miný Ax~c plane--without distinction as
"to type of migrating bubble behavior. And, Figure 11 is the projection of migrat-
ing bubb7. data points on the (gT2!As,)c, (AA/xd)c plane ,sing different s6ybols

4 for the two types of migrating bubble Iehavior. The dashed lines in Figure 6 are
thus projections of planes parallel to the (Amax/d)a axis, thile the dashed line
in Figure Ui is the projection of a plane para el to the (Amin/A )c axis.

6
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for the 2-foot model depth. The curves are previous free-water results reported
S~by Goertner (1956)., and the circles are the individm~l measurements from the con-

trols fired on this test program. The control shot data from these two test pro-

grams are in agreement at the 1-foot model depth but differ by about 10% at the

2-foot model depth*.

The figures show that the first period migration for these strongly migrating

bottom shots is greater than that of corresponding shots at the same test conditions

with no bottom. This increase is about 20% for the bubble center and about 10 to

15% for the point of impact at the top of the bubble.

There are too few data to draw an- but tentative conclusions for strongly

migrating bottom shots. Goertner (1956) found for free-meter explosions in the

Vecuum Tank that the migration of the top mas dependent on all three characteristic

numbers--(C 2 /A Mx)c (A mn/Amax)c, and (Am,/),--vt~ie the migration of the center

could be described in terms of (gT2 /AMax), and (Aud/d)c alone. The limited data

shown in Figures 13 and 14 indicate that this may also be tr'e for strongly migrating

bottom shots.

Measurements of the bubble diameter at the time of jet impact shoved the re-
m~I(ma~c(g 2 /A~, c AAxc

duced diameter D a )c to be a function of both (gT21a) c and (A mn/mxc
No dependence on (A max/d)c was noted, but this may be due to the paucity of data.

The data are roughly grouped about two distinct values of (Amn /A ax) c. These data

are plotted in Figure 15.

3. COMPARISON WITH PRCM-YEYPE IDTA

3.1 Equations for Comparing Model and Prototype Data

Since the results have been presented in terms of characteristic numbers for

corresponding free-water explosions (controls) in the tanks, it is necessary to

calculate the characteristic numbers (gT2 /Aa)c, (Amin!/Amax)c, and (, d)c for

F" - field prototypes in order to apply these results to particular fbll-scale explosion

geometries. To do this, we use the empirical relations for the first period bubble
parameters Ax, TT, and /A

"* The reason for this discrepancy is not known. Possibly, there is significant
interaction between the explosion and the front and back viewing windows at model
depths of about two feet or greater. For the earlier tests, a lucite rather than
plate glass rear windov was used.

7
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I1/3

wl/3 /A=)

A -0 1 (5

N Z'-~ (6)IAm
imlere: 1? = charge weight., lb

d = depth of explosion., ft
Z = d + 33 = hydrostatic pressure at depth of exrlosion, ft of sea vater
J6 = wdximt• radiun coefficient in infinite ,ter
K- = period coefficient in infinite water
N = minimum radius coefficient.

For aimplification, we have assumed that t~'e prototype explosiou is a high

explosive (HE) charge in sea water at one standard atosphlere air pressire. For

other prototype explosions--e.g., nuclear explosions or explosions in fresh water--

consult Srny (1964), Chapter VIII*. Sea water values for J. KY., and N for several

typical prototype expolosives are listed below in Table 4.

TABE 4

(Sea Water)

J K

TWIT 12.6 4.36 0.023
Pe--tolite 12.6 4.36 0.022

HEBX-i 14.4 4.97 0.0--25
HX-3 15.6 5.41 0.029

------------------------------------------------------------------------------------
* Equation 8.1-4, Snay (1964) contains a misprint. It should read

A /Ami (No Z!)-

** TNT values for K, and j. are from Figure B-4, Holland, Caudle, and Goertner,
1967. K]. and J. values fcr other explosivea were calcalated from values for (O Ewi
listed in Figure B-2 of the sane report. (The J, value for HBX-3 calculated using
this method is probsbly about 4% high due to the high aluminum content of this
explosive.) Values for N were taken frtz- Table VI, Shay, et al, 1952.

8
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To illus'rate the utilization and some of the limitations bf these model" re-

msuts, a numerical example will be given.

100-lb TR1 Charge at 30-ft DeNnh. Using equations 4., 5, and 6 and the coef-

ficients listed in Teble 4, the following values are calculated:

(A max) = 14.7 ft To = 0.609 sec (mi) n 0.092
A

From these values, the characteristic numbers for the prototype control shot are

then calculated:

2) o.81 0.0 0.49

Using these values in Figure 6, it is predicted that the bubble would migrate

upward from a non-cratering bottcm. From Equations (2), its height and diameter at

maximum volume can be calculated. Using Figure l1, it Is uncertain mhether or not

Jet impact would be observed. If impact does occur, the upward displacement of the

bubble at time of impact will be 10 to 20% greater than for an explosion in free

water.

3.2 Comparioon with FtototyEe Dsta for Cratering Bottoms

As mentioned previously, three experimi;atal studies have been done of bubble

behavior from bottom explosions of high explosive (HE) charges; namely, those of

Snay (1953); Murray, Santamaria, and Clifford (1961); and Young (1968). For each

of these studies, the primary source of data- was full-sca1e HE explosions on various

cratering bottoms.

An approximate synthesis of much of the existing HE explosion bubble data wes

reported by Mnrray, et al, in 1961. For bottom explosions, they, estiv-ted that

over the reduced depth rar-ge*
- ---
* For describing bubble phenomena from prototype c.zTlosions, the reduced depth

(Z/Am= ce is approximately proportional to the Froude lmber. The characteristic
K rbe gT2/A.ý) for the prototype is related to (Z/Aa)c by

A 2 --

(derived from Equations 4 and 5). In many prototype studies t•.e bracketcd expres-
sion is treated as a constant.

9
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the bubble splits "into tvo parts, both of Whiich my nigreb uyvards." At shal-

lover depths, the ztiration is roughl siuilU to that iu free wter and, at

greater depths, the bubble sticks to the bottom.

Young (1968) presented an analsis of the vpard transport of explosion pro-

ducts and surrounding wter by underriter explosions. He described and classified

the siurface eruptions as a function of the charge weight and the depth of explosion

for both deep-vater and bottom explosions (Young, 1968, Figures 2.7 end 2.9). His

data for bottom explosions showed that 1hen the reduced depth (Z/Amx)c reaches

approximately 7.14, the vadial plums cheracteristic of deep explosions no longer

occur, and only a wter mound appears. At (Z/A c 12.5, the mound ceases to

occur for the bottom explosions and only an upwelling occurs*. From the evidence

presented by Szay, by lhurray et al, and also in this report., it is plausible to

assume that these transitions reported by Young correspond to the transitions in

'bottom-shot bubble behavior termed splitting and sticking--even though, this range

of reduced depths differs from that given by Murray et al (1961).

The strongest evidence of bubble splitting in these field programs was the

observation of a vell-developed set of plumes, followed a fcw seconds later by an

upvelling of a large volume of awl' bubbles, on two 1200-pound HMX-1 bottom shots

in 85 and llO feet of uster (Murray, et al, 1961). Also, an lO-pound HBX-I shot

at a depth of 140 feet shoved evidence of a second bubble emerge about 7.5

seconds after the shot (Young, 1968). The latter was an actual u~theaval of the

surface, uhile the phenomenon reported by Murray et al, could conceivably contain

bubbles of natural gases released from the bottom.

Figure 16 shows individual data points from prototype bottom chots hiVch

provide evidence of the influence of the bottom on bubble phenomena. It Is not

possibi' to drav positive conclusions from this figure. However, there is some

qu litative consistency; e.g., the points indicated by the symbols "0" and "V" seem

to be reliable evidence cf splitting and sticking, respectively. Additional field

data, with more complete doe-sentation of bubble behavior, is needed before the

similarities and differences between prototype data on cratering bottcms and tank

data on a rigid bottom can be fully evaluated.
-- -------- --------------------------------------- ----------------------------
* The conversion to the paraieter (Z/A) from the dimensionless parameter

(Am/x/d)c employed by Young to descrftb he surface eruption ws calculated for a
200-lb TWT charge weight, vhich is about mid-range for the bottom shot data reported

1 Young.

i0
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Figure 17 compares with the model test results the estimated ranges for the

occurence of bubble splitting as predicted by Murray et al (1961) and Young (19GB).

The prototype behavior is indicated by two adjacent arbitrary-width bands whose

centerline is the curve for a 1200-lb HBX-l charge at variable depth in the sea*.

Taken together, these estimate3 for prototype bubbles predict bubble splitting at

vtlues of the inverse Froude number eqwuil to or greater than that observed in the

model tests. Since the model bubbles oscillated more strongly (smaller (A mn/A max))

this suggests that, other things being equal, there is more tendency for the bubble

to stick to a cratering than to a non-cratering bottom.

3.3 Observations of Enhanced Migration and Jetting

Young (1968, page 24) reported an unexpected result from field tests with

10,000-pound HBX-1 charges. These charges, when fired at a depth of 125 feet in

water 150 feet deep (three shots), produced plumes two to three times as high as

similar charges at the same depth in deep water. For these explosions

(g2.8 = 1.4
c

This condition falls in the region of expected migration as shown in Figure 16 and

almost certainly results in a strongly migrating bubble. Thus, Young's result

would appear related to the -nhanced bubble mgration for strongly migrating bubbles

observed in the present model experiments (Figures 13 and 14).

Sherman (1965) provided another observation of enhanced migration in the

presence of a bottom. He fired 0.2-gram lead azide charges in the NOL High-Gravity

Tank in contact with an aluminum plate and compared the trajectories of the upper
surface with those of control shots. For the shallover shote, those with 2/A

>Ž0.7, the upward displacement of the bubble top at time of jet impact averaged

some 20% greater for the bottom shots than for the controls. His plots also showed

that the initial velocity of the upper surface after impact vat greater for these

bottom shots than for the control shots. Due to the problems pointed out in

Appendix C of this report, these High-Gravity Tank results are tentative at best.

Nevertheless, they, too, point to the existence of enhanced gravity migration effects

in the presence of a bottom under certain--as yet to be defined--conditions.

------------------------------------------------------------------------------------
The centerline was calculated using equations 4, 6, and the footnote on page 9.

11
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4. SNWARY OF RESUM=

(a) The following suncession of bubble behaviors was observed as the inverse

Froude n~umber (T increased:

-- 7he bubble remained intact and pulsated on the bottom.

-- The bubble split into two or more parts and the lower portion reined
on or near the bottom.

-- The bubble rose directly to the surface. Jet impact occurred as the
bubble expanded after the first minim.•

-- The bubble rose directly to the surface. Jet impact occurred at the
instant of minimum bubble volume.

The tendency to stick depended on the amplitude of oscillation (Ami./A ) as~maxc
well as the inverse Froude number )c.-The subsequent upward motion of

the migrating bubbles--in particular, the formation and impact of the bubble jet--
depended also on the surface geometry (Amax/d)c.

(b) The first bubble minimum of the strongly migrating bottom explosions
occurred some 10 to 20% higher from the point of explosion than for corresponding

free-water explosions. Anononously high plume heights reported by Young (1968) for
10 ,O00-pound near-bottom explosions indicate that such enhanced gravity migration
may also occur on full-scale explosions.

(c) Present estimates from field tests for prototype bubble behavior on crater-
ing bottoms give bubble sticking at about the same or greater values of the inverse

Froude number (9T2 /A max)c than observed with more strongly oscillating model bubbles
on a non-cratering bottom. This suggests that there is more tendency to stick to a

cratering bottom than to a non-cratering bottom.

5. CONCLUSIONS AND RECA4iENIDTIO01

"It is not clear at the present time uhat the effect of a bottom would be on
"a deep nuclear explosion. It should be emphasized that the data presented here

* are for gas bubbles produced by conventional explosives, and the applicability of

the results to nuclear explosions is doubtful. However, the data can be extremely

useful in planning field test with steam-generating explosives, such as Lithanol

(Young, 1968), or model tests with sparks or exploding wires. Such tests can be
expected to provide info~rmation for nuclear predictions.

It would appear crucial to determine the role of crate, ing in retarding bubble

migration. Therefoee, a similar Vacuum Tank study of bubble behavior on a crater-

ing bottom should be carried out.

12
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In addition, work should be directed toward similar tests on cratering and

* non-cratering bottoms in the High-Gravity Tank so that the dependence ou oscillation

amplitude, (Amin/Amax)c, can be studied at hydrostatic pressures comparable to those

on field tests. Only in the High Gravity Tank can such small scale underwater

tests be carried out without encounterimg the uncertainties introduced by boiling

(discussed in Appendix B).

Enhancement of bubble migration (and jetting) due to bottom proximity has

important implications in regard tc ship damage. This study indicates that such

enhancement does occur, both in model and full-scale tests. Evidence of significant

* . retardation due to bottom proximity has also been reported (Paragraph 7.12, Snay,

1953). This problem, apart from -whether outright sticking or splitting occurs,

requires further study by both model and full-scale experiments.

L.1
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FIG. 6 BEHAVIOR OF BUBBLES ON NON-CRATERING BOTTOM AS A FUNCTION

OF (gT2 /Amax) AND (Amin/Amax)
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APPMDIX A

CALCULATION OF MDM PAPI

The characteristic numbers / , and /d) for the
model explosion vere :alculated usi T, An for the corresponding control
shot (shot at identical test conditions inthe Vacuum Tank except for the absence

t, of the false bottom). These parameters, A., T, and Am.n/Amax (for the control),
ivere calculated using the data and theory Weloped on previous test prgrams (Snay
"et al, 1952 and Goertner, 1956). Additional data from the present test program are
listed in Tables A-I and A-2. For this study, the experimental data for explosions

* in the Vacuum Tank (presented in previous reports as a collection of graphs) was re-
cast as a set of empirical equatiins which enable computer computation of the model
explosion parameters using test conditions as input.

The following pagraphs describe the empirical functions and theory for calcu-
lating A,.,, T, and.A in'/A for the control. Further details can be obtained from
the repors- by Snay A al 152) and Goertner (1956). In Appendix B, the major
uncertainties in the present experimental data and theory will be discussed.

In the model explosion, two phenomena occur which do not occur in a prototype
explosion. The first is a kinematic and dynamic interaction of the test tank with
the explosion bubble. In the following discussion, the effects of tank interaction
on the maximum bubble radius and bubble period are taken into account, but only
approximately, by the empirical functions Ratio JO and .atio K° (defined later--
read as "ratio J zero", etc.). The other phenomenon is evaporation or "boiling" of
unter into the bubble cavity when, near the bubble maximum, the pressure of the
explosion gases falls below the vapor pressure of the surrounding water. This

enomenon is known as "boiling", and the empirical functions Ratio J* and Ratio K*

(read as "ratio J star", etc.) are used to describe its effect on the maximum rsdius
and bubble period, respectively.

EQUATIONS FOR A

The maximum radius coefficient for the model explosion

1l/3
j 0A z(Al)

max77!

vhere Z = d + Pair

= hydrostalic pressure at depth of explosion (ft of fresh water)

was determined experimentally as a function of test conditions in the vacuum tank.
The radius co-efficient vas then represented as the product of three factors

N A-!
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TJBJX x(iatio JO) X(Ratio J*) (2

ThesA functtions are defined below.

*- is the radius coefficient ifidi vol be %mewred in free Vater (no tank,
no bolin-) and at the same hydrostatic pressure. In this study, Joe was taken to
be a constant characteristic of the model explosive charge. (Far the 1967 tests,
3, = 9.09; for the tests carried out in 1951 through 1953, 4 9.21.)

Ratio Jo is the measure of the change, if ai•, in A~ due to the presence of

the test tank, i.e.,

Ratio j.*J in tank for non-boillm bubble (A3)

j~ja

at the same geometry with respect to the water surface. in this study, it is
assumed that

Ratio = 1.0 (A4)

for the 0.2-gram model explosions.

Ratio J* is the measure of the change in A__ax due to evaporation or 'boiling"
of water into the bubble, i.e.,

J in tank for boiling bubble

Ratio J in tank for non-boiling bubble(A5)

J in tank for boiling bubble (A6)

J® x Ratio j
0

J in tank for boiling bubble (A7)
J

since Ratio J vas assumed t' be unity. Measurements of Ratio J* are shown in
Figare A-i. For this study, these measurements were represented by the equation

Il IT
Ratio J*I+0.0ý 1.4 (A8)

A-2
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mhere Pvap is the vapor pressure of the axbient i feet of fresh vater.

ELUALTOS FOR T.

The period coefficient, K:

z516
K w T - (Ag)

*; 7

v was also determined experimentaUly as a function of the test conitloij. The
period coefficient was represented as the product of four factors

K=Kx(-•x (Ratio Ko) x (Ratio K*)(A0

These functions are defined as follows:

K
Sis the period coefficient which would be measured in free water remote from

the surface and bottom and at the same nydrostatic pressure as the model explosion.
In this study, K. was taken as a conjatant. (For the 1967 tests, K - 3.21; for the
tests carried out in 1951 through 1953, KX - 3.20.)

-d-d) is the correction factor tor the vater surface. No correction vas
nade for the bottom. As in the earlier mo'.el studies (Snay et al, 1952 and Goertner,
1956) the value, a = 0.214, was used for She surface correction coefficient*.

Ratio K" is the measure of the charge in T due to the presence of the test
tank, i.e.,

K in tart for non-boiliB bubblefree vater at A /d

K in tank for non-builin bubble 1 A!)
Ke ( 1 - a A /d)

* This differs from the value a = 0.]. previously used for the prototype explosioij
in Equation 5. In practice, values of a genereklly range from about 0.1 to about 0.-7,
apparently depending on the strength cf the gravity migration. In the present
modeling computations, this discrepancy is partialy absorbed in the empiriceLy
determined "boiling" function, Ratio K*. Ideally, the effect of gravity migretiono
on K and J should be taken into account explicitly for both model and prototype
calculations. However, as yet weare not able to do this.

A-3
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It vas assumd that Patio K1' mis sola3ly 4L twction oft fte fr muface WAn t*An-wi).
geoetry for 0.2-gram eiplosions wifficiently far from the bAtitio for a In
tmnk*, For this stuiy, the exs-zig data repouted by- SxW *t,41 (-7952, ,e
214), was represented by the equation

Ratio K I z 3 + [0.22 -= ( )+ (AL13)

vhere R is the radius of the cylindrical tank**.

Ratio K* is the weasure oO the chAnge in T due to boiling, i.e..

Rai K* K ntn o ol bb (A14)K in tank for non-boiling bubble

K in tank for boiligg bubble (Al5)

K. (1 - cx A MI,'/d) Ratio V

'3

u'. ere both bubbles h-%ve the sawe geometry with respect to the uter mufece and
also with respect to the test tank. Measurements of Patio K* are shown in FigureA-2. The•e measurements were represented by the equation

A.P

"" Ratio K* = 1 + 1.02 -3 (A16)

E~QUATIONS FOR A LinAma
' For the non-boilin bubble, A• /Amax ws represented by

(Ain/A ) ) -. z/3 (A17)

*: V were the subscript "o" ind.cates the non-boiling case. The coefficient N 0.026
for lead azide.

.oi For model explosions in the vacunm tank, Amjn/A..• is considerably greater than
indicated by equation (AlT) because of the boiling pnomenon, On the assimption
that this evaporation takes place only at the lowest pressures, which occur relatively
close to the bubble maximum, Snay et al (1952) developed an approximate theory for
the increase in A,'n/Arax due to boiling.

S----------------------------------------------------------------------
Nevertheless, the distance of the charge from the bottom of the test tank vs

held approximately constant (= 50 inches), just in case.
** The simpler equation, Ratio ;,o 1. + 0.44 (d/R)(Aax/R), also gives an adequate
representation of this dpta.

A-4
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The starting point for this calculation is the Internal pressure at the time
of the bubble mxlnm .or a non-boiling bubble, (P~1 )o, Ailcd according to incom-
pressible bubble theory (Sney and Christian, 1952) -£ gi.ven by:

0 (A~\(l (A~n/At )3

ftiere y - 1.3, the adibatic expocent, for the lead azide explosion products (Say
et als 1952).

Next, the pressure P is calculated, vhich would occur at the time of the
bubble maidam if the bubl- motion after boiling has ceased could then be reversed
(run backusrds in tize). This pressure is given by

Iýx RatioK* 3y 1+.2 [(Ratio K*)3  I (Al9)
max 0 / 1~.12 [(Ratio X*)3 l]

with again,, Y 1.3. (Y "1.3 for vater vapor, also. )

Finally, to obtain /A., Equation (A18) is used again, this time for the
post-boiling bubble. Spe cf(ically, phe equation

ZAji (Y-1) A ma

ws solved either graphically or by iteration for Amin/Amax.

A-5
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ANAMIS OF UNCMTAM s IN THE MDEL TESTS

In Section 3.1, the equations for calculating the characte istic mmbers for
the ;ototype explosion were presented. In Aperdix.A, this va presented for the
model explosion. Using both sets of equations, it is possiblU to calculate the
model test conditions mbich corrT•apond to a given prototype, or vice versa*.

In this appendix, estimates are given for the range of uncertainty ia, each
model test parameter and how these uncertainties affect each of the three charac-
teristic numbers for the model test. Similar trest•mnt is then given for a typical
HE field test. Finally, a discussion of the major sources of t.-acertainty in the
model experiment and Aat can be done to improve the model experiment is discussed.

UNCERTAINTY ESTIMATES FOR MOMEL AND PROT*=TYE TESTS.

Calculated model test conditions sAhich correspond to a 100-pound TNT prototypeat 30-foot depth are listed at the top of Table B-I. Next, estimates are listed
for the range of uncertainty in each of the various inputs--experiment parameters,
explosive parameters, empirical functions and boiling theory--needed to calculate
the characteristic numbers for the model test. Using these estimates for the upper
and lower limit of each input to the calculation, computations were made of the
resultant change in each of the three characteristic numbers. These resultant
uncertainties (partial differentials) are listed in the adjacent columns. Beneath
each column, the square root of the sum of the squares of the partial differentials
give a measure of the total experimental error (range) for each characteristic
number.

Results of a similar analysis based on assumed uncertainties in the test and
explosive parame+- ) in a typical prototype test are listed below those for the
model experiment.

Comparison of these error analyses for corresponding model and prototype tests
shows that estinated uncertainties in the model resulte are significantl~y greater
than those of the assumed prototype test. (This is even without examining the basic
assumptions usei. 1o derive the modeling equations.) It will also be noted that this
greater uncerta nty estimate for the model results is caused by imceitainties as to

--------------------------------------------------------------------------------------
Calculating the prototype test conditions which correspond to a given model

experiment, however, is generally not very fruitful, because in pract!.ce, the
" prototype air pressure is generally restricted to one atmosphere; and only the sizep and depth of the explosion are at the experimenter's disposal. Model test conditions
selected at random will generally result in prototype air pressures other than one
atmosphere. Thus, only a smell subset of realizable model conditions are in direct
correspondence w_"i realizable prototype conditions.

B-1KT7



A~~M N 63~~-207

the accuracy of the boiling theory and the experimentally deterA-ned functions for
boiling and tank interaction--Ratio K*, Ratio J*, Ratio iP., and Ratio j'.*

DIBCMSION OF UNCERTAaIES IN TEE B0ILMh AIM TM1I TIM ~AMION C0RREUTIOMS.

12lizjg. The boiling theory (Shny et al, 1952)'vas devoloped to give a rough
estimate of the increase in the explosion parameter Aminj&/A caused by boiling.
There are no experimental data available for evaluating its accur.cy; however, it
is probably accmu-te to about ± 30 to 4O%. As shown in Table B-i, this introduces

-ijor uncertainty into the results from the vacuum tank tests. This uncertaimny
vs one of the mjor reasons for constructing the NOL Hih Gravityank. However,
as pointed out in Appendix C, the High Gravity Tank also has its problems.

At present, it appears to be tecbnically feasible to make direct measurements
ofAmin on the model scale by means of high-speed photographs at framing rates the
order of 500,000 pictures per second. Preliminwa efforts in this direction hante
ween made using the NOL Vacuum Tank. However, in those tests it was not possible to
accomplish meaningful measurements of Amin because the bubble motion was distorted
due to a dynamic interaction between the explosion and the test tank (discussed in
next paragraph). When such tank interactions are better understood so that they
can be controlled or taken into account, then photographic measurements of Amir and
its increase in the presence of boiling should provide a meanq toward improvhl the
boiling correction.

Test Tank Interactions. Measurements of the explosion-induced motion of the
front vieving window of the NOL Vacuum Tank were made by Shermn (1,96B). Comparison
of those measurements with photographs of the bubble oscillation showed that the
distorted bubble oscillation observed with non-migrating bubbles in the v•0cuum tank
was due to flexing of the viewing windows. To date, this is the only direct obser-
vation of tank-bu~ble interaction in the vmcuum tank. However, it appears that
this is a general problem invalidating a basic assumption made in regard to the
functions used to represent Ratio jP and Ratio KV, namely, that the test tank was
rigid with respect to the bubble flow. Since Ratio J" and Ratio KO are used to
calctlate Ratio J* and Ratio K* (see Eqat.ions (A6) and (AIS)). these t-zo werc
affected. It seems probable that much of the scatter exhibited by the measured
Ratio J* and Ratio K* data shown in Figures A-1 and A-2 ja% due to such unacccnted-
for interactuions with the test tank.

It is planned to test this hypothesis by installing stronger, Dore massive
windovs of smaller area -hich are designed to reduce the window motio.n (volume
displacement) by about t io orders of maýn.tude,

As a guide to the degree to which our knowledge of boiling and tank interaction
effects should be improved, ve have listed at the bottom of T1ble B-1 new uncertainty
raag-e for the boiling correction to k••/A', Ratio K*, Ratio J*, Ratio KO, and
Ratio JO which vould make "'he total "nceftafly in each of the caa teristic numbers
f= the model experiment comparable to those for a prototype tes.t. Tot.al uncertainty
ranpis for the model characteristic numbers using these new inputs are listed at
the bottom of the table.

* We have implicitly equated uncertainties in the characteristic numbers to uncer-
tainties In model test results, since results frcm such model. tests must be expres-
sible as functions of the taree characteristic numbers. A similar set of analyses
vas carri-d out for a. 1000-pound TIT prototype explosion at 100-foot depth and
yielded practically identical results (Goertner, 1968).

B 1- *-~- -- .- . . .



cCmiUtLo 1V YACU SM AND7= W LI3! "M
S~Comstpoodi•ml U3*1an wrovbm tAs "Outi

Model T*Kt Obaractaristic NIbert frtww"I !4tt

0.2 Via 1m*A &&iuds r/Amm 0.812 100 lbs W~

char-ge Cpytb - 1.12- ft. Atd/Av" - 0.C915 dwxP Oslrth a 30 ft
air pressure - Z-55 ft fresh wt A,/d - 0.1ha9 @.fr vres.s . 33 it, us

veter tsuperatiw. - 86.6*y

mnx*- tjncerta"nty AS/

bble energy, E 18% ±2 0 3
.41Water temperature, 0 k *2 ±4 b ±1

a 6. hargo depth, d ±0.01ft 0 01

Air pmesaure, Fai 1 0.05 ft iter v1 0 +

Ralius coefficient, Z 1 $ ;33 0 * 3
Period coefficientK ± 1 ± 2 0 0

Pree-surface coefficient, a ± 0,05 5 5 0 0
S(•A __A )o1/3 - ±10% 0 ±10 0

Boili tksov 1 35% 0 ±35 0
* I~tio K* ± 5$ 10 1 20 0

Ratio J* ± 10 U1 140 ± 10

altý, eo ± % 0 0o o0o

R•tijoJo ± 10 T11 0 t 10

±17 58l :t15

bItle energy, E ± 15% ± 4 0 r

Charge depth, d ± I ft 2 1 4

Air pressure, 5% 1

Radius coefficient, J ± 5% 7 6 0 5
Period coefficient, K ± 3t ± 6 0 0
Free-surface cxsfficienat, 0 0.05 T 5 0 0

(A m A =) olZ' . N 1 10% 0 ±10 o

-11 ±10 ±8

A revised estimte ft the mod,1 exper±ent ass•mirn improved kwol~tdge
of the effects of tank Inter-ction && boiling.

Boillr.A theozy ± 10% 0 ±10 0

* Ratio Y*3 ± $6 ±1.2 0

Ratio J ±3$ 3 12 ±3
Ratio K0  ±25 4 0 0

Rato jo ± 2 3 0

2±11 -17 ±6

ThiA. rariation was inputted to the cmputii.o by mitiptl3ng ",,e calculated A i.n /,A_,x f07 the model
expLoeicn by either 1.35 x, 0.65.

B-3
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HIGH-GRAVMT TANK TEMS ON A ID-t~AMMTER BPMI

As mentioned in the introduction,, one wurparA of the 1967 series V%~. to resolve
an apparent discrepancy between the bubble behavior observed In fte PIM, Vacim Tank
during the 1952 program of bottom-shot tests and a aqries of rodel tests carried. out

in he igi-Gaviy Tnkby Sherman (1965). the origimi RI&i-Gravity Tank inxtvn.-
lation using the Sandia Corporation's centrifuge was descaribed in detail by Price,.

* ~ZukeL, and Infosino (19&~). Some of the laster mo'sfteations incorporated Into the
present installation at ROL were briefly described by Bartlett (196q).

CiThe bubble mirto behawvior fromz the 0-tank tesft series is ehoiei in Figure
control shorts at the sawe test conditions. No intacs ubl siffn vr
observed. On tedeepest shot-..(S2 /A~a)c 0.25 -- the bubble split into levo parts.,
both of which migrated upward. The upper poztion accouvted for acu 70 of te
total voltme.

On these tests., the transition from. splitting to migrating vas very gradual,
ad occurred sowMsahsre within the range 0.4& s (gT4/A==)0 s 1.0. These borderline

observations are indicated by the symb~ol "?1" in ?Wgue C-1.

DeptL-versus-time trajectories for the top of either the bubbie or the upper
prinof the epliting bubble were measured and compared with those from corre-

span"ug control shots. Significant difference betwear' tbese trajectories (retarda-

blibbles,. ~iich would put the traneition from splitting to nligmating at about
(gT2Am~~c- 0.5.

lover veryi- remuai lztn onpte littin omgrtn c edetotefc

Tha he m~ig-ratvion Teanio bubbles, iked i~scl bubeblffeen, puls tate obsrve ina3

t Yacu Tak Vwheuum Tenk.tire f-acst tatthr wren sticking bomgrtng bb~ laes a
/m cinreased bviy 0.1 nkt.I sas idue tothdifferent eromthats

infrre nfom ulsae-et vrcratering bthosiere i nsim tedeadnces of ah btrong
stcigt h otoe tpear toen handte ocred.oina heeni~n e be o

I E' he er gdua tanitiv rr aposible to migraif gy bedutt the f~clainand.
t~hat oh contGroVl htinheig-rty Tank iubls inliken wt full-scale ubeplae=e'ek,

obered in trh Hig-rv iyTnktst a tbe de tan dthe disfrn posbe 'itil thi

question is resolved.
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Tho, aX~eiments vere carried w~t with sUl cbaro In the W)L Vamm. U&k
(see reports by Simay, Goertrher., an4 Price., 1952; Ooewtnar., 1956; ana zute# 1960~).
This static t~ank U~ on %xpight Isteel cylinder with a, le~1 lid. It 16 4 fee~t
in disv.ter and U1 feet 4~ inches hist on the inside. Its lover section (7 feet 2
inches high) has a 1-inch thick w&3U and two ~orpmu 18 x 36 x t.'.$nch tearpered

Platt glass viewing vididows (Figures 1 and 2; Sa, Goertner,, and Price,, 1952).

For the present tests,, the lover seatica vas Vartially filled vVIh tap imte
Iichva then filtered with a dAstoweceous earth filter attached to the tankx.

Reduced air pressure abore the water vas obtainA wilth a five HP Stokes Microve
pump. This pump vai also used in con~junction with a mechaical pounder ('Ig~ire 1-c,
Goertner, 1956) to de-aerate the vater prior to sterting hetests and &t f=in to
five short intervals thereafter. fle-&*ration time mes about one howr using an r
pressure nerthe vapor pressure of the vater.

The vater temperature v"s controlled by circulating through either a 6KV heater
or a 3HP chiller. Measured water tmnperaturea are believed accurate to within 1 2*F
The air pressure over the shot was measured with a Wallace and T~iernan Model PA 1V3

* closed mercury manometer. Messured air. pressures are believed accurate to within
±0.05 feet of water.

ofaTo sitmlate the effect of a rigid non-yielding bottom, a false bottom consisting
ofa2-inch thick by 44-inch diameter aluimdnum plate bolted to a heavy steel stand
wsplaced in the ta~nk. Bc'Iond the uraoimum radius expected for the bubble,, two

metal pins protruded from the bottom to provide a linear scale for the -,hatographs.

The charge* was of the so-called "lol~ypop design" (Zu]ke,, 1961) constructed
from two 0. 2-inch diameter hemispheres of unmilled dextrinated lead tizide cemented
together around a sliver of printe-d circuit board. The assembled charge was water-

* ~proofed with a dip-coating of M¶agic Vuic latex compound. The charge was initiated
by exploding the 0.031-inch long by 0.001-inch diameter Tophet C bridgevire with a
230CW-4SiF discharge. T1he shot-to-shot standard deviatiton of the period and radius
coefficients. far these charges is estimated from previous work to be about ± 2%.

For the bottom shots, the charge was located with the stem horizontal with its
ý.~enter 0.2 inch (two charge radii) from the a~lumiinum plate" It was estimated that
thts vas close enough to the plate to simulate a bottom shot yect far enough away
that the plate wouxld not yield or crater. In order tc check this asswmption,, one
firing condition was repeated nine times--three times with each of the following
standoffs, 1, 2., and 5 charge radii. No signifXd&at differences in bubble behavior

* wt- , detected for these threte sta.ndoffs.

Motion piztxwea (3030 frames/second) were taken of each shot using a lnmm
EAstman High Speed camera. One-millisecond timing meLrks were placed on one edge of
the film. Silhouette lightin was pxrovddba~2wt~~o~~ ~gY1~

Ma?'nufactured for MOL by Maryland Assemblies Inc., Port Deposit, Maryland.
SCharge located at center of tank 50 incbes from bottom.

D-1



at 135 volts and Juaged on the cawera low vith a 25 x 20-nah fresnel tens placed
behind the rear window. The hotogrlm vwere taken vith Kodak Lln hA Shellburstfilm developed 20 minutes in D-19 at 630.

*In interpreting and measuring photographs of underwater explosion bubbles,
additional recorded detail is needed in the photographs in order to distinguish the
outline of the explosion bubble from clouds of tnll Mir bucbbles and otaier debris
suspended in the water. For this parpose, it appear8 thai. o film or -"
contrast black and white film would have been better.
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