UNCLASSIFIED

AD NUMBER

AD851749

NEW LIMITATION CHANGE

TO

Approved for public release, distribution
unlimited

FROM

Distribution: Further dissemination only
as directed by Advanced Researcg Projects
Agency, Washington, DC 20301, 06 MAR 1969,
or higher DoD authority.

AUTHORITY

USNOL 1ltr, 12 Dec 1972

THIS PAGE IS UNCLASSIFIED




By
b
R

" LRI L ST RN A e LA P T Y R T L R G R ; MDD,
e S AR Jpratett PR A %@eﬂwm A
] s,«.,..%ﬁaé& A A G mm%%wwxm h m.#%xmfm ; ﬁw wmwu i

- AL 2 GO 4 o 3, ,
R g ‘< i fﬁﬁx s . LK ¥
¥ a0 g S S,
. P AT i N o R
; Sl y }.V,\,,Mwmmuﬂ ,u«

)
Pt

Yy g i
VR LAY 5 R

o /'

Nt

Soreat

el
punb ey T
AR e
Gree
B e 4 P13
PPN ¥ %w.& ah ;%;
Fodeh FENIN s

b ; wﬁfﬁz I

P 3 A

) Eia

Tt Py TR "y
(T NG 1048
I W TR AR

T g PR LA A
AR ALY R wagy
Py X

3
l %
[PV
iy

¢

g

=Y

Smu

o BN

i,

LT AR swmﬁww_ﬂwf?‘%

; jmwwmm; 1 et v%@nﬁ? «ﬁ%

e ke
do

u- e

r,

Pt 08
S )
P SRS

__; ﬁ.ﬁ

Wt

N B

CREAML
[Pl

£, g st
B pordint 0y
Iy, ENA o i o M(J»%mm ; \Jhn\ _,.“d ! xn,m _L\W”w\,\v A
dr oAb P T iyt bl il % G ki A8
P A M BRI AR G
| Lo W b s

it i w.

V k _%_ﬂwwg &H. ,,._\A

V
'

s
'
P

e

A

, .
'
A \.sﬁv ' _.,,.,,W‘* h
h AS

)

:
;
1) e v
b Hetih &
b itk ﬁvm_,.ﬁ,,.
! f{ g
ooy i % L
,@r@f y it “ A&\?? e
ﬁ.«a hu,lﬁwgﬁxﬁwﬂﬁg* _._\\&W%M% ot r «.ﬂ w%ﬁ%{\m&uﬁ
St A
Ll

37 ‘_r.g "m,:

¥
;

Seet

i) ﬂ,_%&_w : Y
e




AP 251749

NOLTR 68-207

MODEL STUDIES C’ THE BEHAVIOR OF UNDERWATER EXPLOSION BUBBLES
N CONTACT WITH A RIGID BOITOM

By
John F. Goertner

John R. Hendrickson
Richard G. Leamon

ABSTRACT: The behavior of the explosion bubble in contact vith a rigid bottom wai
investigated on a sw:ll scale using high speed photography. The experiuents vere
carried out in a vacuum tank with O.2-grem charges fired above a 2-inch thick
alumimum plate. Tes’ conditions were varied by smsll increments so that a cowple
sequence of changing bubble behavior--from bubbles which rewained intact on the
bottom, to bubbles vhich split into two or more parts, to bubdbles vwhich separated
from the bottom; intact--was observed. A qualitative description of the bubble
behavior along with its dimensions at maximum volwne and--for strongly migrating
bubbles--at minimum volume is presented in dimensionless form as a function of +t1-
inverse Froude number, the amplitude of orcillation, and the distance to the wat:
surface. The qualitative behavior appears to be different from that observed wi!
HE field tests on cretering bottoms. Other factors being equal, there appears i«
be a greater tendency for a bubble to stick to a cratering bottom.

UNDERWATER EXPLOSIONS DIVISION
EXPLOSIONS RESEARCH DEPARTMERT
U. S. NAVAL ORDNANCE LABORATORY

WHITE OAK, SILVER SPRING, MARYLAND
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MODEL STUDJES OF THE BEHAVIOR OF UNDERWATER EXFLOSION BUBBLES IN CONTACT WITH
A RIGID BOTTOM

The work described here was sponsored by the Advanced Research Projects Agency of
the Department of Delense. The investigation of bottom phenowena for this sponsor
vas initiated under Task WOL-T85/ARPA, titled "Source Level and Containment Mechan-
ism Studies of Underwater Explosions,” and was continued under Task NOL-150/MRDL,
tisled "Underwvater 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 damaging effects of conventionml weapons and in
the investigation of the possibility of the contaimment of the products of a clan-
destine nuclear test at sea by firing on the bottom. Mention of commercially
available products in this report does not comstitute criticisu or endoraemsnt by
the laborstor>,

The aev experiments reported here were carried out by P. S. Sherman and R. G. Ieamon.
The authors wish to acknouledge the considerable editorial assistance rendered by
Dr. E. Swift, Jr. and Dr. G. A. Young.

E. F, SCHREITER
Csptain, USH
Commander

& legrr—

C. 0‘: . ARORSOR
By direction

i1




ivws—vf T T TR AT T AT F IR TR T
NOLTR 68-20T)
M
§
.
CONTERTS
l' mowmoﬁ [ ] ] [ ] [ 3 * L ] - . L ] . [ ] . * [ ] * [ L] [ ] L] L ] [ ] [] L ] ® - L] [ ] ? [ ] L ]

lalBack@O‘imdoo.o.oo-oco&ﬂc...on....u..'

2. mIEL MT RESUTJI‘S > . L L] L] L ] * . * L . - * * L] * * ° L * L] L] L ] L L] L]

201 kthod Of MOdeling @ & » & 6 o % a4 & s ¢t &6 o & o o+ s o L]
2,2 Bubble Migration Behavior « « ¢ o o ¢ ¢ ¢ ¢ o ¢ ¢ » v o ¢ ¢« s o o
2.3 Emrimnt&l ReBﬂltB e s & 8 ° & & & & & ¢ o ¢ 2 s O o ]

L
L4
¢
.

. 3. COMPARISON WITH PROTOTYPE DATA . ¢ o o ¢ ¢ o ¢ o o ¢ 6 0 o 0 ¢ 0 8 o o

3.1 Equations for Comparing Model and Prototype Data ., . « ¢ o o ¢ &
3.2 Comparison with Prototype Datse for Cratering Bottoms . . . + o &
3.3 Observations of Enhanced Migration and Jetting . « ¢ « ¢« « & ¢ &

L] L] L

2”'. WOFRESU%..0"0...0..‘0.“....'.0".

5. CONCLUSIONS AND RECOMMERDATIONS . ¢ o ¢ o « ¢« o s ¢ o ¢ ¢ o ¢ ¢ o ¢ o

kd

2 B K Boun swnm med

REFERMCES » L] L] . Ll L L] L] - > L e L] * . L * L] L L . L * e L) LA * * ]

APFENDIXA’CWIONOFMDELPWS....QGtooooooo A-l
APPENDIX B - ANALYSIS QF UNCERTAIRTIES IR THE MODEL TESTS . 5 o o « « » B-l
APPENDIX C - HIGH-GRAVITY TANK TESTS ON A NON-CRATERING BOTTOM . . . . . C-1

MDHD'EXPERMTALMMISoo.cooo.o.ooooo.eo- D-l

ILLUSTRATICRS
Figure Title
1 Sticking B‘xbble . L] * * * * » L] L] L] L] L] L] L] L] * > * * L] L] * L] . * L] * 17
2 Splitting Bubble - L ] . < - - (] * L] o * [ ] L] L] L] L] L] L] * L) -~ - » L] [ 2 L] 18
3 Splittirlg B‘lbble e o . . * . . . . . L . L 4 . . - . . [ e . e . . - 19
4 Weakly Migrating Bubble (Intermediate C85€) . v v ¢ ¢« ¢ « ¢ o v o o 20
5 Strongly Migrating Bubble . & ¢ ¢ ¢ ¢ ¢ o ¢ © s o 5 o o « s ¢ o v o o 21
6 Beha.vior of Bubbles on Non-Crstering Bottom as a Function of

. (T2 Ap)e 308 (Apg /Ao e v v v vt c v a e e .. 23

!* 7 Reduced Equivalient Radius (Amax)eq/\ﬁma:{)c at Pirst Msxdummime-

-~ Non-Cratering Bottom .+ o o o o o o« o o o o o o c ¢ s o o o o o o o 24
r-: 8 Reduced Diameter Dp,./(Ap,.). at Pirst Maximum--Non-Cratering Bottom. 25

X 9 Reduced Height Hop./(Apay)e &t First Maximum--Non-Cratering Bottom. . 26

% 10 Height-to-Diameter Ratio Hi,. /D, &t Pirst Maximum--Non-Cratering

':3 Bottom ® 0 & 32 & 6 e e & ¢ e + & e 6 &+ & & e * 6 e & 3 & & e o & » 27

b

kd

&

¥ 134

: ,
¥ |
F - - - S - |
e e e e e N e e et e e T e L R e e el




S NNEANIUAL SO SIMCHLIE AT M-S IS0 SIS B 8 NS NIRIEIASTA S SN 50 5 SR

NOLTR &B-207

Figure Title Puge

11 Obsemtéons of vet Impact for Migrating Bubbles as a Function
of {gt /Am)c and (A /d)c -= Non-Cratering Bottom. « « « « « « + » 28

12 Different Migrating Bubble Behavior--At a Time Just Before the
First MIndemum o« o & o & 0 v 6 o 6 o 4 6 o 6 6 s o s s s 0 s 4 e 0 e s 29
13 Ccuwparison of Reduced First Pericd Bubble Migration With and Without
Bottm"stronglymtingc‘se’dalﬁ ¢ o & 9 e A ® o 3 6 @ o o o 30
14 Cowparison of Reduced First Pericd Bubble Migration With and Without
Bottom--Strongly Migrating Case, d = 2 f£ . . . &+ ¢ + ¢ v o ¢« « « « « 31

15 Reduced Minimum Diameter, D min/ (Amx)c as a Function of

(@fa/ﬁm)c and (A, /(A ) -- Strongly Migrating Case,

Ron-Cratering Botbom. . . ¢« ¢« v v & ¢ ¢ ¢ ¢ ¢ v o o o ¢ ¢« o « « « o » 33
16 Comparison of Hon-Cratering Model Behavior with Observations from

Full-Scale TestBe « « o v o o « ¢ o 5 o 6 o s o o o o o v o o o o o 3
1T Cowmparison of Non-Cratering Model Behavior with Estimates from

Fleld Tests o o o ¢ ¢ ¢ =2 o « ¢ o o o o 6 o s o o o o o o o o 6 ¢4 ¢35
A-1 Ratio J*% as a Function of Pnp/z for 0.2-gm Lead Azide Charges in

NOL vac‘m ka L L] L L] * L] LJ . ] * * . * L] . . . ? - * L] L[] . L ] L L4 L] A_6
A-2 Ratio K* as a Function of pvap/z for 0.2-gm Lead Azide Charges in

NOL vac‘nm T&nk L] . . L] » * . L [ * . * L4 L4 1 2 . * * L[] L] * * * . . L * A-T
C-1 Behavior of High-Gravity Tank Bubbles on a Non-Cratering Bottom

2 -
asaFunctionof(gr/Amx)cand(Amin/Amx)c..... S o 2~

TABLES
Table Title Page

1 Exverimental Deta from Shots onRigid Bottom « « « « « ¢ ¢ v v o . . . 36
2 Characteristic Numbers and Dimensionless Data for Shots on Rigid
3 Measured Data at First Bubble Minimm for Strongly Migrating

BUBDLES. o ¢ v o v o o o o o o o o o o o o o o s 0 v o 0 e e ... ko
L Some Prototype Bubble Parameters « « « « ¢ « ¢ « ¢ o o v o o s o o 0 . 8
A-1 Experimental Data from Contrcl Shots--1967 Test Program. . . . e + « AB
A-2 Computed Date from Control Shots=~-1967 Tegt Progrem. . « + « « « « « - A=9
B-1 Comparison of Vacuum Tank and Field Test Uncertainties . . . . . . . . B-3

iv

........................................



ERREMIN A2 W IIRR S - ey

ma.x

(A

) =

LIST OF SYmROTS

Maximum bubble 1adius (£t)

Radiuz of hemisphere of volume equal to maximum volume of bottom shot

mAX €2 pubble [2t)

(A

max)~ B

-

H

it

[}

n

..........

Maxiimm bubble radius of control shot (2t)
Miniwmum bubble radius for a non-migrating bubble (£t)

Subscript indicating control shot

= Charge depth (f%)

Diameter of bottou shot bubble at maximm volume (£t)

Diameter of strongly migrating bottom shot bubvie &t instant of jJet
impact (£t)

Acceleration of gravity (ft/seca)

Height of bottom shot bubble at maximm bubble volume (£t)

Bubble radius coefficient in test tank (rth/3/lbl/3)

Bubble radius coefficient in infinite water (fth/3/1b1/3)

Bubble period coefficient in test tank (sec-rt5/6/1bl/3)

Bubble period coefficient in infinite water (sec-£t/S/1pt/3)

-

Bubble -vinimum radius coefficient (ft-l/j)

Air pressure (ft of water)

(Bubble parameter defined on page A-5

Minimum pragsure inside bubble when no boiling occurs (£t of fresh water)
Vapor pressure of water (t of fresh water)

Redius of cylindrical test tank (£it)

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

Ratio J* = Change in bubble maximm radius duz to boiling

Ratio K¥ = Change in bubble pariod due to boliling

8 = Standerd devieti-m estimate

T = First bubble period {sec)

T, = Pirst bubble period of conmtrol skot (sec)

W = Charge weight (1lbs)

yA = Rydrostatic pressure at depth of explosion (£t of water)

a = Free-gwrface correction coefficient for huvble period

Y = Adiabatic exponent for gas inside bubble

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

écenter = Upward displacement at time T; neasured to center of btubble (rt)

6top = Upward displacement at time T, measurea to top of bubble (£t)
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MODEL STUDIES OF THE BEHAVIOR OF URDERWATER EXPLOSION DUBBICL.
IN COXTACT WITH A RIGID BGPTOM

1. IWTROIUCTION
1.1 Backmround

Vhen a conventional high explosive, such as TNF, 1s detonated under water, a
shock weve 18 emitted and a bubble of gaseous explosion products is rormed. In
general, this bubble oscillates azd migrates vowmrd the asurface, i%s behavior
depending on the charge welight, depth, and the proxieity of nearby surfaces. As
early ag World Wer II, it was known that the migration of a bhubble formed by an
expiosion ir the vicinity of the pes bed would differ from the migration of a bubble
produced by the same explosive charge &t the ssme depth in free water®., OSince a
migrating bubble 1is capeble of damaging ships and submerires, bottom proximity could
affect the damsginrg capabilities of mines, and detalled studiess of the phenowens
vhiere conducted (e.g., Shiffwan snd Priedman, 1Ghk4)%e,

In general, it was believed that the ses bottom would reduce the upward migre-~
tion; however, the process was not fully understood and the theoretical treatments
were not entirely successful (Cole, 1648). In 1953, Sney re-examined the effects )
of the sez bhottom on bubble migration and prasented nev damage curvers for mives.

He wade sovme use of small scsle information acquired in the Ravsl Ordnmance Igboratory
Vacuum Tank {static tank) in 1952, but relied mostly on full-scsle dats for his
demage predictions.

In 1561, Murray, Ssaotamaria, and Clifford utilized the data wublighed by Suay
(}.953) and field test date from cther sources to develop a means of estimeting the
effect of the bottom on bubbie migration. Even at this stage, s cousiderable amonmt
of epeculation, based c¢n indirect inforwaticn, was needed in order to cbtelin
engineering-type sstimatea.

In 1965, the Haval Ordnsnce Iaboratory began s study of the possibility of
conceaiment of the evidence of a clendestine nuclear test ir the ocean. As the
presence of & bottom would, in sowse cases, result in suppression of the upward
bubble migration, it was believed that it might be possible to conduct such s test
# The term "free-woter explosion” refers to an explosion remote from the bottom.

*% References are listed on page 1k,

.......
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at a selected depth on the bottom and have no fission products saxrive at the surfacs,
even though & free~water .cleer test at the same charge depth would result in the
formaticn of & radisactive surface pool. As the availsble data were not adeqguate

to eatablish the criticsl bottom depth for the eliminstion of bubble migrstica, a
nev series of teats we.s conducted in the ROL High-Gravit,; Tanx¥#. These data ghowsd
discrepeancies with the previous Vacuum Tank stuly (Sherman, 1965) and with the svail-
able field test data (Snay, ?353; Murray, et al, 1961; Young, 1968).

In an attempt to resol ' .aese discrepancies, an additional progrza was cenducted
in the Vacuum Tank during 1967, This raport is written to give “he resulta of that
program and to show vhere the new data agrees or disagrees with previous dats obtailned
in both o iel aad ®ield tests.

At the present time, it has not beer possible to resolve the discrepancy
between W “igh~( ravivy and Va~wm Tank results, and this analysis is restricted
to the da o The L.for tank. A brf if swmmary of the Bigh-Cravity Tank results
is given in . .end.x C.

*»  MODEL TESY RESULDPS

2.1 Method of Modelir:

The scaling . 28cribed by Snay, Goertusy, snd Price (1952) and by Goertner (1956)
was used for thls stuf—. Aeg 1a the farmer work, corresponding model and prototype
conditions were caloulated for free-water explosions usi~  experimental values of
the first period bubble paraweters~-both model and prototype. The {res-water casgse
i3 used zince it is assured that if geometric and dynamic similarity hold for the
model and protubype explosion remote from the bobttem, it will alze hold--to good

approximation-~upon introduction of corresponding bottoms, i.¢.;, the falge botiom
in the tesv tank and resl buttom io the prototyps. Free-water explosions £t test
conditions identical {0 the =model or mrctotype bottom shot {axcept for the abseuce
of the bottom) are referred to as "control shots.”

The criterion for simila.r‘ﬁy betvween medel ard prototyps was that the three
characteriastic nusbers (gT ), (A ) or Bue {A _/d) (sce, e.g., onay,

max c ron’ max
1961 ) be the same for the model and protciype explosions, &era‘

B R L L L R L T R R g L N O e e A ek b L L T R R

* Strictly speaking the NOL High-~Gravity Tank is a “variable gravity” vacum tank
mounted on & centrifuge, wherzes the BOL Vacwum Tank is a stationary (one-g) Tacuun

tanx. Additional information on these test facllitiecs can be obtained from
the references cited in the first psragraph of Appendices C and D, respectively.
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rpax maxixmam tubble radius, 4
. d = depth of explosion, %
A wdn - theoretical value of the minimm dbubble radius for a non-migrati

bubble at the same hydrostatic pressuce &g the migrsting cne, &
g = geceleration of gravity = 32.15 f't/eeca
T = Pirst period of bubble oscillation, sec
subscript "¢" indicetes coatrol shot.

™ ., characteristic numbers (gTe/A o (Amin/Amx‘c’ and (Amx/d)c can be
thoughy of as measures of the bucyancy, amplitude of pulsation, and free-surfsace
geometry during the first period of oscillation. The first nmumber gives & woasure
of the ratio of gravity force to inertial reaction for & water particie; i.e., 1t
i3 the inverse of the Froude number. The computations of the wmodel control shot
parasuneters are described in Apprendix A. A sswple calculation for the prototype is
given in Section 3.1.
2.2 Bubble Migration Behavior

In the 1967 program of tests, threse gtrings of shots were fired. On each
string the depth of explosion end the water temperature were neld constant while
the air pressure was varied by small increments. Bssentislly, this amounted to
bolding the characteristic numbers (A in/Amx}c and (Amx/d)c constant and in-
creasing the inverse Froude nuaber grz/'\mx'c agc that slong each string the dbubble
behavior varied slowly from "sticking," or remaining jntact and pulsating on the
bottom, to "strongly wigrating," whe - *he 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) T™he entire bubble stays on the bottom through all of its oscillstions.
An exsmple of this type of behavior is shown in Figure 1. Ag the bubble contracts
to the first wminimwr, it distorts into an upper and lower portion connected by a

nerrov stem. These then coslesce as the bubble expands to its second mexdiwm.
{b) The bunble splits into two or wore parts. The lower portion remains on
or near the bottom. Figure 2 shows an example where the bubble scparated iuto

------

----------
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two mejor perts during the third cycle*. Figure 3 shows an example where the
bubble appeared to shattei into four or wore parts during the second combraction.

(c) The entire bubble moves away from the bottom while it is still oscillating.
Examples of this behavior are shown in FPigures 4 and 5.

(As evidenced by the photograprs shown in Pigure 5, a migreting bubble wsy subse-
quently split as it migrates to the surface. Such splitting has gcweiines been
observed also on free-water explosions in tanks. To cur knowledge thi: type of
bubble splitting has never been investigated. )

Farley and Smay (1968)#* dzscribe formation of the re-entrant type iet which
forms at the bottor of a free-water bubble during first collzpse in the vresence
of a strong pregsure gradient due to gravity. With bottom explosions--vhen the
entire bubble pulls away during ‘he first contraction--z similar re-entrant Jet
often occurs.

In the tests reported here, the ingide of the bubble could nct be seen.
Consequently, the oczcurrence of the Jet ard its impact with the upper surface had
tc be inferred from the discontimuous eruption of the upper surface vhich occurred
at this instant. When this eruption occurred at the instant the dubble reached its
minimum cross-section, the flow apoeared similar to that observed at jet impact
with free-water bubbles. These bubbles were classified us "strongly migrating”
(see last paragraph on page 5).

2.3 Experimental Hesults

The migration behavi: - was classificd by vieving the film records in motion.

The folloving classifications were used for the bubble behavior observed in the

Vacuum Tank model experiments:

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

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

Migrating -- The entire bubble moves away from the botton while
it is still oscillating.

Observations of the bubble migration behavior in vhe static tenk ere presented

in Figure 6 es a functlon of the characteristic numbers (g?z/A ) and {Amin/ EuX)C

#  For splitting end migratisg bukbles, the terme "maximm” and "minimum" for the
guccessive cycles o2 bubble oreillaticn become imprecise after the first mini-
mm, They are used here to convey the impression of oscillation which one gets
when viewing the filus.

** PFigure 1.1 and related discussion on .age 1,

i
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N for control shots (no bottom) at the same test conditions. The dashed lines roughly
Fi indicate the regions of different behavior. A plot analogous to Figure 6, but in
2 N
: , eions /a)
- three dimensions as a function of (gT /Amax)c’ (Amin/Amax)c’ and (A 4}, revealed

the vmexpected invariance of this behavior classification with (Amax/d)c. Hovwever,
the subsequent behavior of the "migrating" bubble does depend on (Amax/d)c° See,
e.g., Figure 11.)

In additicn to the qualitative evaluation of the bubble migration behavior, it
va.s possible to acquire guantitetive data on the size an. displacement of the bub-
ble in many casges. At meximum volume the bubble was approximetely hewispherical

. and its voiume calculated by numerical integration averaged 82% of the comtrol shot
volume.

Defining &n equivalent meximum radius for the bottom shot, (A )eq’ as the
radius cf a hemigphere of equzl volume, the average value of the ratlo

(A _ eq/(Amax)c vas given by(
A

.ﬂ;@s}‘»ﬂ = 1.18 (1)

max’'c

The individual measurements of this ratio are plotted in Figure 7. ({Note: (2)1/3 =

(Apay)
1.26 = z————jgg for a hemisphere of volume equal to the comtrol shot.
Apax’e

Within the limits of experimental scatter, the size* and shape of the bubble
at maximum volume appeared to be independent of the three characteristic nusbers

2 / 3
(er™/a ) (A, /A mM)c, and (A___/3) . Individual measurements of ihe maximm

bubble diameter Dmax/c%ax)c’ the height Hmax/(Amax)c’ and their ratio Hmsxlnmax are

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

Doy e L \

m 2.36 m 1.21 Dmx 51 (21

The experimental date used to construct Figures 6 through 10 are tabulsted in Tables

3 . 1l and 2 In Figures 7 through 10 it is not weant to imply any functionsl dependence
E on (A /gT ) these plots are presented to exhibit the individual neasureaonts.

It wBsg observed that for some of the largest walues of gr /A (greatest
buoyancy forces) the buvble motion resembled that of a gravity-migrating bubh_e in §
free water. For these "strongly migrating” bubbles, the pheromenon of jet impact
described in Section 2.2 was observed to occur as the bubble reached its miniwum

* Size relative to (A \) .

N
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volume. In photographe of "weakly migrating” bubbles, it was more difficult to
distinguish Jet impect; and, iwmpact slways cccurred after the bubble had paased
winimer volume. These observetions of Jet impact sre plotted as a function of
(€7°/A,,, ), and (A /a}_ in Pigure 11%. They A1a not vary withix the limited
range of (A /A ) used for these model tests {0.065 s(Amm/Am)cso,oes).
However, it shoruld be pointed cut that (A /A ) is often much larger for proto-
type bubbles.

Strongly migrating bubbles can also be idertified by the behavior of the stem
which develops between the bubble and the bottom as the bubble collapses. For
strongly migrating bubbies, this stem pulls away Prom the bottom and twrns inside
out to form the upward moving jet. These diflevences in appearance of the stem as
it collepses are sketched in Figure 12. Photographs of the interwediate case,here
the stem connection to the bottom during the first contraction is vertically walled
and collapses upon itself as the bubbdle separsates from the »ottom,were shown in
Figure k4.

The time, T, to jet impact for the strongly migrsting bubbles is listed in
Table 3 along with the ratio, T/Tc, to the corresponding free-water control. Since
T 1s anslogous to the first bubble pexriod of the migrating bubble from a frec-water
explosion, it will alsoc be referred to as the first bubble period and the same
sywtol will be used to designate it. The ratio, T/Tc, did not vary over the range
of thesz tests. Its average value was

]

=~ = 1,1k (3)

e
vhich is near the center of the range of the date listed by Murray et al (1961,
Figure 16), for prototype explosions on variocus types of erstering bottoms.

The upward displacement, 5, of the strongly migrating btubblies at time, T,
(first period migration) is compared with that obsexved for controls {frees water)
in Figures 13 and 14. PFigure 13 shows data for the 1l-foot model depth; Figuvre 1h,

LT Y Y Y S e - - B . P O R PD A T E—EE LS G GD O LS W T G S G UL AP EP SR En G Ch (D G Tk D AR SO €D n WS WY B W O D W e

* Figure 11 gives & btreskdown into two classificatioans of +he observations of
migrating bubbles indicated in Figure €. To understand the interrelation between
these two tI%u.rgs, it is necessa.ry to visuslize a three dimensional space with
coordinates (gT</. k@hd) and (Amin/ In this space, Figure 6 is
then the project* on on the Amx o Sc plane~-without distinction as
to type of migrating bubb'ie behav.or. And ?igure 11 is the projection of migrat-
ing bubble date points on the (gI2/, Jes (Amx/a) plane nsing different symbols
for the two types of migrating dubble vior. ’lhe dashed lines in Figure 6 are
thus projections of planes parallel to the ( /d) axdis, while the dashed line
in Pigure 11 is the projection of a plane parallel €o the (Ag o Ag), 8KLS-
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for the 2-foot model depth. The curves are previous free-water results reported
by Goertner (1956), ané the circles are the individual measurzments 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 wigrstion for these strongly migrating
bottom shots is yreater than that of corresponding shots at the same test conditions
with no bottom. This increase is about 20% for the bubble center snd about 10 to
15% for the point of impact at the top of the bubble.

There are too few data to draw anv but tentative conclusions for strongly
migrating bottom shota. Goertner (1956) found for free-water explosione in the
Vecuum Tank that the migration of the top was dependent on all three characteristic
nunbers-- (o> /Amx o A /A )o» 8nd (A mﬂx/a) --while the migration of the center
could be described in terma of (g‘ra/AmX) and (A mx/d) slone. The limited data
shown in Figures 13 and 1% indicate that this may also be trie for strongly migrating
bottom shets.

Measurements of the hubble dismeter at the time of jet lmpact showed the re-
duced dtameter D /(A )_ to be a function of both (@Te/“mx)c and (A, /A ) .
No dependence on (A /d) was noted, but this may be due to the paucity of dsta.
The data are roughly grouped about two distinct values of (A /A .- These cata
are plotted 1n Figure 15.

3. COMPARISON WITH PROTOTYPE DATA

3.1 Eguations 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

" 2 -

calculate the characteristic numbers (gT /Am)c, (A mm/ﬁ\um)c, and . /d)c for
field prototypes in order to apply these results to particular full-scale explosion
geometries. To do this, we use the empiricel relations for the first period bubble
peramcters A _, T, and A min/Amx

P e L e e T P R R R D D o Rkl el d et d e Dt et el bt Sntntndd bl o ad

# The reason for this discrepancy is not known. Possibly, there is significant
interaction between the explosion and the fromt 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.
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A =3, (g-) (1)

2, )
'.r-—.x“;% 1- 0122 (5)

A \
K:;.}.E =K 21/3 (6)
™R

where: charge weight, 1b

depth of explosion, ft

d + 33 = hydrostatic pressure at depth of exvlosion, £t or sea water
poximm radius cocefficlent in infinite weter

period coefficient in infinite weter

= minimum redivs coefficlent.

i 8 ¥ 0 u

'.!Sftﬁ-(NQa'«’J

For pimplification, we have assumed that t™e prototype explosioa ig a high
explaosive (HE) charge in sea water at one standsrd atwosphere air pressure. For
other prototype explosicns--e.g., nuclear explosions or explosions in fresh water--
consult Snay (1964), Chapter VIII*. Sea water values for &, K., and K for several
typical prototype explosives are listsd below in Tsble L.

TARLE L
") PRCTOTYPE BURRLE PARAMETERSH*¥
(Sea Water)
J X

= hd i
TNT 12.6 k.36 0.¢23
Peutolite 12.6 4.36 0.022
HBX-1 4.4 k.97 0.025
HBX-3 15.6 5.41 0.029

" G B A v o R PP B AP A T G D P AP = S . BN P S SR D A G S P P P S8 GD TR A MR R A WS D G G ED G5 O T AR OB W B TU OV v LD TP Th AD 5 G B W ow ST G5 TR TR OV @B SR G o @t OF @0 MR o e A B

% Equation &.14, Snay (1964) contains & misprin‘;. It should read
_ 1/34~1
A /Amin = (NeZ77)

¥ TH velues for Ko and Je are from Figure B-4, Holland, Caudle, and Goertnar,
1967. Kq and J,, values fcr other explonives were calculated from vslues for (REE
listed in Pigure B-2 of the same report. (The J, value for HBX-3 calculnted using
this wethod is probsbly about 4F high due to the high sluminun content of this
explosive.) Values for N werc taken from Table VI, Snsy, et al, 1952.
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To illusirate the utilization and sowe of the limitations of these model re-
sults, & mmerical example will be given.

10C-1b TRT Cherges at 30-ft Depth. Using equations 4, 5, and 6 and the coef-
ficients listed in Tedle 4, the following valuves are calculated:

C c cn——
A
R WAL ¢

A
(A, ), = W7st T = 0.609 sec ( min) - 0.092

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

2 A A
;ﬂ'—) = 0.81 %) = 0.09 (—%"—5) = 0.49
| max c max ¢ (]

Using tbese values in Figure 6, it is predicted that the bubble would migrate
upward from & non-cratering bottcm. From Equations (2), its height and diameter at
maximm volume can be calculated. Using Figure 11, it is uncertain vhether or not
Jet impact would be obgerved. If impact does occur, the upward displacemeat of the
bubble at time of jmpact will be 10 to 20% greater than for an explosion in free
vater.

3.2 Comparison with Fiototype Date for Cratering Bovtoms

4g mentioned previous]y , three experimu.utal studies bave been done of bubble
behavior from bottom explosions cof high explosive (HE) charges; namely, those of
Snay (1953); Murray, Santamsria, and Clifford (1961); and Young (1968). For each
of these studies, the prirary source of date was full-scale HE explosions on varicus
cratering bottows. i

An approximate synthesis of much of the existing HE exploeicn bubble data wes
reported by Murray, et al, in 1961l. For bottom explosions, they estimated that

over the reduced depth range¥
% For describing bubble phenomena from prototype ~.plosions, the reduced depth
b (Z/pmax )e is approxmately proportional to the Froude Number. The characteristic

rumber {gl2/A, . ), for the prototype is related to (Z/Apax)c by

) \2 -1
e Jue? 0% Yo
Ammc &2 d /f j%ma\/’ i
(derived from Equations 4 and 5). In wany prototype studies the bracketed expres-
sion is treated as a constant.
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3.5 s (2/A,,} sT.0 ()

>

the bubble eplits "into two parts, both of which way migrate upwards.' At shal-
lower depths, the migration is roughly similer ¢o that in free wtar and, at
greater depths, the bubble aticks to the bottom.

Young (1968) presented an snalysis of the upward transport of explosion pro-
ducts and surrounding weter by urderwater explosions. He described and classified
the swrface eruptions as & function of the charge weight and the depth of explosion
for both deep-water and bottom explosions (Young, 1968, Figures 2.7 end 2.9). His
data for bottom explosions showed that when the reduced depth (Z/A m)c reaches
approximately 7.4, the radial plumes chsracterisgtic of deep explosions no longer
occur, and only a water mound appears. A% (Z/Am.x)c = 12,5, the wound cesses to
occur for the bottom explosiona and only an upwelling occurs*. From the evidence
Presented by Smay, by Murray et al, and also in this report, it is plausible to
assume that these transitions reported bty Young correspond to the transitione in
bottom-ghot 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 e well-developed set of plumes, followed & fow scconds later by an
upwelling of a large volume of small bubbles, on two 1200-pound HEX-1 bottom shots
in 85 and 110 feet of water (Murrey, et &l, 1961). Also, en 1110-pound HEX-1 shot
at a depth of 140 fest showed evidence of & second bubble ewerge. about 7.5
geconds after the shot (Young, 1568). The latter was an actual ugheaval of the
surfacz, while the phenomenon reported by Murray et al, could conceivably contain
bubbies of natural gases released Ifrom the bottom.

Pigure 16 shows individual dsta points from prototype bottom gaots which
provide evidence of the influence of the botiom on bubble phenamena. It is not
possibi= to draw posiiive conclusions from this figure. However, there is some
qualitative consistency; e.g., the points indicsted ty the symbols "o" and "v" seem
£0 be reliskle evidence cf splitting and sticking, respectively. Additional field
data, with more complete documentation of bubble behaviar, is needed before the
similarities and differences between prototype date on cratering dbottoms and tank
data on a rigid bottom can be fully evalusted.

-anem T 00 A5 U Gn B YD W NN SR T (B SO A0 FT AR GP 68 T @ TS 65 FIB G8 KD S WP ¥ 46 4e UD N 6B -

% The conversion to the parameter (Z/A__ ) from the dimensionless parameter
(Amx/d}c saployed by Yaung to deacr%g $he surface eruption was calculated for a
200-1> TNT charge weight, waich is sbout mid-range for the bottom shot data reported

by Young.
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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) end Young (19G8).
The prototype behavior is indicated by two adjacent arbitrary-width bands vhose
centerline is the curve for a 1200-1b HBX-l charge at variable depth in the sea¥.
Taken together, these estimate; for prototype bubbles predict bubble splitting at
velues of the inverse Froude number equsl to or greater than that observed in the
model tests. Since the model bubbles oscillated more strongly (smaller (Amin/Amax)c)’
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.

ST
\‘ ‘-l"- ‘-'- v

»
e,
-
S
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3.2 Observations of Enhanced Migration and Jetting

Young (1968, page 24) reported an unexpected result from field tests with
10,000-pound HBX-l charges. These charges, when fired at a depth of 125 feet in
vater 150 feet deep (three shots), produced plumes two to three times as high as
simiiar cherges at the same depth in dzep water. For these explosions

~Z.) -8 2
Q\n&x >c <§?L_-)‘ = 1.k

max

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 enhanced bubble migration for strongly migrating bubbles
observed in the present model experiments {Figures 13 and 1k).

Shermen (1965) provided anocther observation of enhanced migration in the
presence of a bottom. He fired O.2-gram lead azide charges in the NOL High-Gravity

ﬁ: Tank in contact with an aluminum plate and compared the trajectories of the upper
éi surface with those of control shots. For the shallover shote, those with (gre/Amax)c
I 2 0.7, 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 was 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 & bottom under certain-~as yst to be defined--conditions.

D o - T = v o O = Am G " B% e o R S e = S SR R SR WP E W T g A m e R A e e L B NP M e W R 0 P YR e G MR YRGB WP TR A Ee TR A N T S T Gm e S e S e eSS ST e T e

* The centerline was calculaeted using equations 4, 6, and the footnote on page 9.
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L, SUMMARY OF RESULIS

(a) The following succession of bubble behaviors wes observed ss the inverse
Froude nmumber (@Z/Amx)c increased:
«-The tubble remained intact and pulsated on the bottom.

-~The tubble split into two or more parts and the lower portion remained
on or near the hottom.

--The bubble rose directly to the surface. Jet impact ccourred as the
habttle expanded after the first minimm.

--The bubble rose directly to the surface. Jet impact occurred at the
ingtant of minimmm bubble volume.

The tendency to stick depended on the amplitude of oscillation (

5 Amin/ Amx)c 85
well as the inverse Froude number (gt /Amx)

o’ The subsequent upward mction of

the wigrating bubbles--in particular, the formation and impact nf the bubble jet--
depended also on the surface geometry (Amx/d)c:'

(b) The first bubble minimum of the strongly wigrating bottom explosions
occurred some 10 to 20% higher from the point of explosion than for corresponding
free-water explosions. Anonomously high plume heights reported by Young (1968) for
10,000-pound near~bottom explosions indicate that such ephanced gravity migrstion
way 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 (g‘PQ/Amax)c than observed with more strongly oscillating model bubbles
on & non-cratering bottom. This suggests that there is more tendency to stick to &
cratering bottom than to a non-cratering bottom.

5. CONCILUSIORS AND RECOMMENDATIORNS

It is not clear at the present time vhat the effect of & 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 appiicability of
the results to nuclear explosions is doubtful. However, the data can be extremely
use"ul 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 infermation for nuclear predictions.

It would appeer crucial to determine the role of crate.ing in retarding bubble
migration. Therefore, a similar Vacuum Tank study of bubble behavior on a crater-

ing bottom should bpe carried ocut.
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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, (A min/Amax)c’ can be studied at hydrostatic pressures ccmparable to those
on field Yests. Only in the High Gravity Tank can suck smell scale underwater
tests be carried out without encountering the uncertainties introduced by bolling
(discussed in Appendix B).

Enhancement of bubble migration (and jetting) due to bottom proximity has
important implicetions in regard tc ship demage. 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 (Parugraph 7.12, Snay,
1953). This problem, apart from whether outright sticking or splitting occurs,
requires further study by both model apd full-scale experiments.
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FIG. 6 BEHAVIOR OF BUBELES ON NON-CRATERING BCTTOM AS A FUNCTION
OF (9T2/Amax)c AND (Amin/'b‘max)c

23




_ 2 xew ., /boew . '
WOLL0d ONIdILVID-NON ~—WAWIXYW 18314 Lv (T v; /(7 V) SNIaVY INTIVAINGI 430NaN £ "OlHd /

INNTOA IWVS 3
HLIM JYIHASIWIH LOHS WOL108 ;

) :

VivVa WYEDO0Ud 2661 SIIVIIANT TOEWAS MO OV

B
& QY¥¥MdN SILVEOIW T188N8 JWIIN3 ® ) ¥
& WOLLO8 QL ONINDILS 18Vd HLIM SLITdS 3198na ® &8 & 5
3 WOLL0® Ol 53D11S 3188N8 o) a
z He=pPldl=p
o
(¥CUy /716)
0°1 6°0 80 2’0 90 0 0 £°0 2'0 1°0 0
I 0L

! I | ] | | I I

" )
> eﬂ ® m ¢ -e oo Ry ©p7 e
>

]
® ® o _

>
3
o
XI\
o
I
i
3>
3
[+
X’\
O

LA




WOLLOT ONRIZIVED-NON — WWIXYW 15314 1V (%) \ ¥eUq ¥313WYIQ 93DNA33 8 T Ol

(WAWIXVYW LS¥1d 1Y)
LOHS WOL108 g

XQED -
\\H\\\\\\\\\\\

PN
P onn? ad

"

* k|

VIVA WY3OO0Ud 286! SILVIIANI TOIWAS NO SOV e

'

2 QUVMAN SILVYOIW 3188N8 WIINI @ ] A

& WOLLO@ Oi ONINDILS 14vd HLIM S1NdS 31geN8 @ 8 o

P woLLogs oL s3OlLs 31eeng . O 0 & o]

o 142=P [ 141=P

Z

S/ xew & ..u..

A (\\Nh ] Iy

01 60 8°0 L0 90 50 70 €0 2°0 L0 0

- T _ 1 _ ~ _ _ “ _ oe %

’ (w} i

L A - & ® % -~ 2 x

) "ol & 2 » >

B O —_ ‘w "

® o s Q. @ Jw ¥l 3 ‘_..

D ® ® O D DVM\ —~H

- >,

® -

: O 8T ”
: y
X 1.
L

MITWR A AR o800 ¢ R PRI SPCRNT A + T IR PP IL I IR




2 xew xou . “
WOLLOE ONIIIVID-NON — WAWIXYW 15814 1V (W) H LHOIFH QIDNAFY 4 *Old ‘ _
's
|
!
.
(WNWIXVYW LSY1d 1) M
LOHS WOLLO8 "4
GllLlssLLLLL L I
xew, N
) .
\.s_
g
VIVA WVYYOOU4 2661 SILVIIONI TCEWAS NO SOV
5 QUVAdN SILVYOIW T188NE 3WINT @ )
iy WOLLOE OL ONINDILS 1¥Vd HIM SLITdS NgINe & &® .
3 WOLLO8 OL $3DLis 318N O 0O 9 :
& Hz=p =P :
o)
4 .
4
, . g
" Aer<\~.\_.3 )
y 0L 5°0 g'0 L0 $°0 S0 70 €0 Al 0 0 ,
I I I I I T [ T T 0t 3
¥
— wH
® @ 4 - _
: w . " % i'& W@@@ ® Sm —Z'1 ﬁ)/ s
w ' ® O -1 (2] ) A
4 3
5, | 1 k
¥ ,
4
]
“.-

B » ¢ e st 0 twl T - v - e 4 - [ » v » . LS SRV AN ALY N
o e e P W . - .« .. ) . « .
) AERARSR It ) AR B

»E.-

2 S L



P -
AR ot
4h~mn_.:1

WOLLOE ONINILVID~NON — WAWIXYW 1SYld 1V xEo\ X OILVY ¥3LIWVIG-OL~1HOI3H 0l *Ol4 ]

(WAWIXVYW LS8t LV) j
LOHS WOLLOS )

xeuw
g —

LLLLN LSS LS LA S -

¢
xew, / \
¥

5 v1va WYEOOUd Z561 S3LVDIAN] TOEWAS NO SOV
Ry QUVMAN SALVIOIW T188N8 WUNI @ o 4
o WOLLO8 OL ONINDILS 13¥d HLIM S11dS T188Ne @ B .
= WOLLOE OL $¥DIUS TEeng O 0 :
9 14Z=P|1d1=p
9
0l 6°0 8°0 L0 9°0 $°0 ¥°0 €0 20 L0 0
T T _ T _ I _ _ _ rro
® c -
® 3
O %
o TN .. & 2% 2 8 8 g Hs'0 S
K «°
9°0
. » ‘
AR RRPITNEY ¢ SEREIIR - o V22PN i IR

Foay -y



NOLIR 68:207

0.7
O JET IMPACT OCCURRED AFTER MINIMUM
0.6 — @ JET IMPACT OCCURRED AT MINIMUM // o
o /
0.5 — §°§ o -] /
N0 /
S oa |l OCCURRED AFTER
<§v . BUBBLE MINIMUM
D / OCCURRED AT
2.3 = // BUBBLE MINIMUM
[
o so*@s * ¢
0.2 b— /
0.1 +—
0 N N T T I e
0 0.2 0.4 0.6 0.8 1.0

(9T2/ Am‘”‘) c

FIG. 11 OBSERVATIONS OF JET IMPACT ~"OR MIGRATING
BUBBLES AS A FUNCTION QF @T2/A.4,) AND
Amax /9, -- NON-CRATERING BOTTOM

_fi’m:ﬁ‘-'.’v'.;:‘_'-' W - “:. A L R -,\-. e et AR RIS _-.;



WNAWINIW 1S81d  3HL 380434 1SNT IWIL V LV ~— JOIAVHIE 37168NT ONILVIOIW IN¥I4dIa 2L * Ol .‘w

- m"
‘-‘-‘

-

3SVO ONLLVEOIW ATONCQYLS 3SVD 3LVIGIWYILINI 35VD ONILINGS AT¥VEN

\N\\/H\\U\\ w .H.

o

LA AR

29
S

-

m
“
o
5
o
A

(2

~ "
.

STEIT W N TFoF T e T agmy
PRAMMNC AL I CARy ¥
W

— ray
.
»

3
Yo

- X
Pe? TN
s s

RN g
3

DR
P

D

-

i
o X
A T
e N -
A T S P

X .
g @
b ol
g

n

b

m$0u.|l_1 -




AN L W B 5 FOIDGERIG I NN

28
N

MOLTR 68-207

CENTER TOP
OF FiRST OF FIRST
MINIMUM | MINIMUM

% 1.0
4 AVERAGE (A, f). = 0.59
TAY
009 - P
e
s
7
7
0.8 - _ s
e
&N
@ 7
v
0.7 - Q,\B% yd
ok ./
O 7
X J A
< /
< 0.6 O /
w© /
/
/7 ®
0.5 // C
/
/
0.4
8
0.3 f 17777777
BOTTOM SHOT
(AT FIRST MINIMUM)
0.2 | o 1 { |
0.4 0.5 0.6 0.7 0.8 0.9 1.0
@12/ Aoy,

a A

— — —

o )

AND WiTeOUT BOTTOM

BCTTOM SHOT, 80.5 °F (1952 DATA)
CONTROLS, GOERTNER 195 (FIG. 11}
CONTROLS, 84.5 °F, PRESENT STUDY (1967 DATA)
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APPERDIX A
CALCULATION OF MODEL PAPAMETERS

The characteristic mmbers (6T2/A, )., (Agso/Auay)er and (An, /a), for the
model explosion were calculated using ., T, au& Ami@ ?or the corresponding control
shot (shot st idenmtical test conditions in the Vacuum Tank except for the absence
of the false bottom). These paraneters, A, T, and A, /A (for the control),
vere calculated using the data and theory developed on jreviocus test programs (Spay
et al, 1952 and Goertner, 1956). Additional data from the present test progrem are
listed in Tables A-1 and A-2. For this study, the experimentsl data for explosions
in the Vacuum Tank (presented in previous reports as a collection of graphs) was re-
cast as & set of empirical equatiins which enable computer computation of the model
explosion parameters using test conditions es input.

The following parsgraphs describs the empirical functions and theory for calcu-
lating » T, and A, for the control. Further details can be obtained from
the reports by Snay eb al [1552) and Goertner (1956). In Appendix B, the mjor
uncertainties in the present experimental data and theory will be discussed.

In the model explosion, two phenomena occur vhich do not occur in a prototype
explosion. The first is & kinematic and dynamic interaction of the test tenk with
the explosion bubble. In the following discuscion, the effects of tank interaction
on the waximum bubble radius and budble periodare tsken into account, but only
approximately, by the ewpirical funcitions Ratio J° and atio K° (defined later--
resd as "ratio J zero", =tc.). The other phenomenon is evaporstion or "boiling” of
water into the »ubble cavity when, near the bubble maximm, the pressure of the
explosior gsses falls below the vapor pressure of the surrounding water. This

enomenon is known ag "boiling”, and the empiricsl functions Ratio J# and Ratio K*
read as "ratio J ztar", etc.) are used to describe its effect on the maximm radius
and bubble period, respectively.

jDQ&k‘I‘IOh’S FOR Amx‘

The maxdem vadius coefficient for the model explosion

/3
J = Amx ;175 (A1)

there Z = 3 + Pair

[

hydrosta*ic preasure st depth of explosion (ft of fresh water)

was determipned experimentally as a funciion of test conditions in the vacuum tank.
The radius cozf{icient was then represented as the product of three fectors

Asl




3 = 3 x (satio 5°) x (Ratio J*) (a2)

Thegs functions are defined below.

Ja 15 the radius coefficient which would be meamwed in free water (no tank,
no boilirg) and at the same hydrostatic pressure. In this study, J, was taken to
be a constent characteristic of the model explosive charge. (For the 1967 tests,
Je = 3.9; for the tests carried out in 1951 through 1953, Jp = 9.21.)

Ratio J° is the measure of the change, if any, in ‘\m: due to the presence of
the test tank, i.e.,

Ratio J° = J_in tank for ngn-boil%bubble (A3)

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

Ratio J° = 1.0 (Ab)

for the 0.2-gram wodel explosions.

Ratio J* 1s the measure of the change in A, due to evaporation or "boiling"
of water intc the bubble, i.e.,

J in tank for boiling bubble

Ratio J¥ = J in tank for aon-boiling bubble (25)

- J in tank for boiling bubddble (A6)
J, x Ratio J°

_ J in tank for boiling bubble
= % (A7)

since Ratic J° was assumed to be unity. Measurements of Restio J* are shown in
Pigure A-1. For this study, these measurements were represented by the equation

q
P
Ratio J*% = 1 + 0.64 [1 -«/1 - 1.5 (’Z@)J (A8)

A2

.....................
....................




where Pvnp is the vapor pressurs of the ambient M feet of fresh water.

EQUATIONS FOR T.

The period coefficient, K:

5/6
K®T 3‘“—175 (A9)

was 8lso determined experimentally as a function of the test conditious. The
period coefficient was represented as the product of four factors

K=K, x <1 - a,ﬁgﬁi) x (Ratio K°) x (Ratio K*) (A10)

These fuanctions are defined as follows:

E: is the period coefficlient which would be measured in free water remote from
the surface and botiom and at the same nydrostatic pressure as the model explosion.
In this study, K, was taken as & constant. (Por the 1967 tests, K, = 3.21; for the
tests carried out in 1951 through 1953, K, = 3.20.)

)
max
lL-a 4 is the correction factor tor the water surface. No correction was
made for the bottom. As in the earlier motzl studies {Snay et al, 1952 and Goertner,
1956) the value » 6 = 0.214, was used for ¢he 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 tar’t for non-boiling butble

Ratlo Ko K in free wvater st same Am7d (All)

W

K in tank for non-builing bubble ’
= (A12)
K, (1-ah_/a)
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¥ This differs from the value a = 0.1 previously used for the prototype explosion
in Equation 5. In practice, values of & generally range from about 0.1 to about 0.7, |
apparently depending on the strength cf the gravity wigration. In the present f
rodeling computations, this discrepancy is partially asbsorbed in the ewmpiricsl.y
determined "boiling” function, Ratio K*. Ideally, the sffect of gravity migretiocn
on K and J should be taken into account explicitly for both model and prototype
calculations. However, as yet wsare not able to do this.

A3
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It was cssumed that Retio K° wes sclely s function of the free-surface sad tank-well

e

geowetry for 0.2-gran explosions fficiertly far from the bottom for s non-ylelding
tank*. For this study, the existing data reported by Swnay et.&l (1952, -3ee Figusk
2L), was representcd by the equation -

A A \¢
Ratio K0 = 1 +-§-[o.22 —?‘ +0.78 (—g-‘i‘s) ] (A13)

wiere B is the radius of the cylirdrical tank¥*.

Ratio K¥* is the weasure o7 the change in T due to boiling, i.e..

K in tanx for boiling bubble (AL4)
K in tank for non-boiling bubble

Ratio K =

- K in tank for boiling bubble
= (A15)
Ko (1 - @A, /d) Ratio x°

vhere both bubbles Pive the same geometry with respect to the water surface and
also with respect to the “est tank. Measurements of Ratio K* are shown in Figure
A-2. These measurements were represented by the equation

P
Ratio K% = 1 + 1.02 [1 ~\/1 - 1.83 (—-"22'2>] (a16)

EQUATTONS FOR A, P —

For the non-boiling bubbdle, Amm/Am.x was repregented by

(A /Ay ), = W 223 (A17)

where the subscript "o" indicates the non-boiling case. The coefficient N = 0.026
for lead azide.

For model explosions in the vacuum tank, Amin/ is considerably greater than
indicated by equation (A1lT) because of the boiling phencmenon. On the sssumption
that this evaporation takes place only at the lowest pressures, which occur relatively
close to the bubble maximm, Snay et al (1952) developed an apmroximate theory for
the incre.se in kxnin/p\mx due to boiling.
¥ Nevertheleas, tbe distance of ths charge from the bottom of the test tenk was
held spproximately constamt (= 50 inches), just in case.

*# The simpler equation, Ratio :° = 1 + 0.4k (a/R) (A, /R), also gives an adequate
representation of this deta.

A-l

...............................
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The starting voint for thies caleuwlation is the internal pressure at the tiwe e

of the butble maximum .or & non-boiling btubble, (P.._),, vhich accarding to incom-
pressible tubble theary (Snay and Christisn, 1952) 1s @iven by:

—y

) A Ny a P
TO-D) "(ﬂ)o 2 - D e
o

A
max - (A min/ﬂmx

vhere v = 1.3, the adicbhatic exponent, for the lead azide explosion vroducts (Suay
et al, 1952).

Sext, the presswe P is calculeted, vhich would occur at the time of the
bubble waximum 1f the bubblé motion after boiling has ceased could then be reversed
(run beckvards in time). This pressure is given by

Punx Ratio x*)3Y 1 +1.21 [(Ratio k*)3 - 1]) AL
- (Datio X% 9)
(Ppax)o (R‘t“ J (i +1.12 [(Ratio x*)3 - 1] (

vith again, y = 1.3. (y = 1.3 for weter vapor, also.)

Finally, to obtain Amﬁ/ » Equation (A18) is used again, this time for the
post-boiling bubble. Specifically, the equation

P A 3(y-1) 1 - ("min/Ama.x)3
(r22)

7 y-17 "\ A 3(v-1)
1- (Amin/ Amax)

s solved either graphically or by iteration for A min/Amax'

c - '_-:J
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APPERDIX B
ANALYBIS OF UNCERTAINTIES IN THE MODEL TESTS

In Section 3.1, the equatiors for calculating the charactes istic mmbersz for
the jrototype 2xplosion were presented. In Appendix A, this was preserted for the
wodel explozion. Using both sete of equations, it is possible to calculste the
model test conditions vhich corrcapond to & given prototype, or vice versa¥.

In this appendix, estimates are glven for the range of uncertainty ia sach
model test parameter end how these uncertainties affect each of the three casrsc-
teristic numbers for the model test. Similar treatment is then given for & typical
ZE field test. Finally, & discussion of the major sources of vncertainty ia the
model experiment and what can be done to improve the wodel experiment is discussed.

UNCERTAIRTY ESTIMATES FOR MODEL A®D FROTOTYPE TESTS.

Calculated model test conditions which correspond to & 100-pound TNT prototype
at 30-foot depth are listed at the top of Table B-1. Next, estimates are ligted
for the range of uncertainty in each of the various inputs--experiment parameters »
explosive parameters, empirical functions and boiling theory--needad to calcuiate
the characteristic numbers for the model test. Using these estimates for the upper
and lower limit of each input to the calculstioa, computations were mnde of the
resultant e in each of the three characteristic numbers. These resultant
uncertainties {partial differentials) sre listed 4in the adjscent columns. Beneath
each column, the square root of the sum of the squares of the partial differentials

give a measure of the totel experimental error (range) for each characteristic
number.

Results of a similar analysis based on assumed uncertainties in the test and

explosive paramet- 3 in a typical prototype test are listed below those for the
model experiment.

Comparison of these error analyses for corresponding wodel and prototyre tests
shows that estimated uncertainties in the model results are significantly greater
than those of the assumed prototype test. (This is even without examining the basgic
agsumptions used Lo derive the modeling equations.) It will also be noted thet this
greater uacerta aty estimate for the model results is caused by uncertsinties as to

DL U TV 0 LD O o S B Y S G CE S B S e O e s Gn N R T A . O s P e S T B P SR b S = G = v SR P P TV M GO WP e AT P L P S T G G P B S A e VS A B G e e e A G O - A o W B

¥ Calculating the protolype test conditions vhich correspond to a given wodel
experiment, however, is generally not very fruitful, because in practlce, the
prototype air rressure 1s generally restricted to one atmosphere; and only the size

and depth of the explosion are at the evperimenter's disposal. Model test conditions |

selected at random will generally result in rrototype air pressures other than one
atmosphere. Thus, only & sme’'l subset of realizable wodel conditions are in direct
correspondence wi*y realizable prototype conditions.

..............
.................
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the accuracy of the boiling thaory and the experimentally detsrnined functions for
boiling and tank interaction--Ratio X#, Ratio J%, Ratio K°, and Ratio J°.%

DISCUBSION OF UNCERTAIRTIES IN TEE BOILING AND TANK THIERACTION CORRECTIONS.

Boiling. The boiling theory (8ney et al, 1952) was developed %o give a rough
estimste of the increase in the explosion parameter A, /A, caused by boiling.
Thers are no experimental dats svailatie for evaluating its accurscy; however, it
is probably accwrmte to about * 30 to 4O%. As shown in Table B~l, this introduces

mjor uncertainty into the results from the vacwum tank tests. This uncerteimy
was one of the wajor remsons for coanstructing the ROL High Grevity Tenk. However,
as pointed cut in Appendix C, the Righ Gravity Tank also has its problems.

At present, it appears to be technically feasible to make direct measurewents
of Ayy, on the model scalz by means of high-speed photographs at framing rates the
order of 500,000 pictures per second. Prelimipary efforts In %his direction have
ween made using the NOL Vacuum Tank. However, in those tests it was not possible to
accomplish meaningful messurements of Amin because the bubble motioa was distorted
due to a dynamic interaction between the explosion and the test tank (discussed in
next paragraph). When such tank interactions &re better understsod so that taey
can be controlled or taken into account, then photograpuic measurements of r and
its increagse in the presence of boiling should provide a meane toward improving the
boiling correction.

Test Tank Intersctions. Measurements of the explosion-induced motion of the
front viewing window of the ROL Vacuum Tenk were wade by Sherman (19658). Couparison
of those measurements with photographs of the bubble oscillstion showed that the
distorted tubble oscillation ohserved with ncn-migrating bubbles in the vecuum tank
was due tc flexing of the viewing windows. To date, this is the only direct obser-
vation of tank-bhvhble interaction in the vacuum tsnk. However, it appears that
this is a general problem invalideting a basic assumption made in reygard to the
functions used to represent Ratic J° and Ratio K°, namely, thet the test tank was
rigid with respect to the buhole flow. Since Ratio J7 and Ratio K° ere used to
calcrlate Ratio J* and Ratio K~ (see Equations (A6) anmd (A15)}, these tuo were
affected. It seems probable that wuch of the scatter s:xhibited by the measured
Ratiu J* and Ratio K¥ data shown in Figures A-l snd A-2 was due to such unsccounted-
for interactions with the test tank.

It iz planned to test this hypothesis by instelling stronger; wore massive
windovs of smaller area vhich are designed to reduce thz windew wot.on {volume
displacement) by about two orders of maynitude.

As & guide {0 the degree to which our knowledze of boiling and tank interaction
effects should be improved, we have lisled at the bottom of Tuble B-1 new uncertainty
ranges for the boiling correction to A‘,m/ .+ Ratio X%, Ratio o%, Ratio K°, and
Ratio JO which would make “he total 'meertainty in each of the characteristic numbers
f2r the wodel experiment couparable %o those for & rrototype test. Zotal uncertainty
rangei for the model characteristic numbers using these new inputs are listed at
the bobttom of the table.

* WYe have implicitly equated uncertaiuntics in the charscteristic numbers to uncer-
tainties in wodel test results; since regults from such acdel teets must be expres-
gidble as functions of the toree charscteristic numbers. A similsr set of apslyses
wag carrixd out for s 1000~pound TRT prototype explosicn at 100-foor depth and
yielded practically idenmtical resuits {Goertner, 1968).

3.2
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CONBARYEOH OF VACKR TAN AND FIEID TH5T GSCEUAMIINTIS
Corresponding modal an? prototyps tast conkitions

¥odel Tast

wur Be2071

TAMZ P2

Characteristic abers

0.2 gns leed azide
chuvge depth = 1.22 £t

air pressure = .55 £4 fresh wtear

water temperature = 86.6°F

Inpat:

Bubble energy, E
Water temperature, ¢
Charge depth, 4
Air presaure, P iz
Radius coefficlent, J_
Period coefficient. Kc.
Pree-surface coefficient, a
(Anin/h_‘:)o/ZI{? -5
Boiling theory~
Ratio X%
Ratio J#

s1e X°
Ratio J°

PRESENT MOIEL EXPERIMZHT

Bcrtle energy, E

Cosrge depth, d
Air prassure, | air
Radfus coefficient, J_
Period coefficient, K"

Free-gurfoce cwefficiant, o

FIXLD TEST

(Am/Am)O/zl/ 3.k

Sa. Bolling theary
g§ Ratic X%
[z Ratio J*
ég Ratse K°
e Ratie J°

@'“’/Am - 0,812
Mg/ gy = 00935
A‘u/a - 0.%39

Prototyoe Test

100 I»s T

charge dapth = 30 £
adr sressure 33 Tt sa wter

Resnlticg Uncavtuiniies ()

&

Pstivated &2/ A A/

Uncertednty w-x fatnfhn
* 8% t2 0 *3
%27 th 6 1
% 0.0 £t C (] T3
% 0.05 £t witer ¥l [+] $2
t 3¢ 3 0 3
%14 t2 0 Y
* 0.05 25 0 4]
£ 10% (o] %10 0
t 35% 0 t35 o
t 5¢ t 10 £ 20 [+]
+ 10 in * ko 21310
t 5% +10 0 0
t 10 F1U 0 %10
yza2 217 t 58 15
t 15% ty 0 €
1t 32 H h
t 5% 32 3 +1
t 5% 6 0 t5
t 3¢ 6 0 0

0.05 5 o] 0
t 10% 0 t 10 0
J_&;f- 1 % 10 8

A revised estimate for the model experikent assuming improved knowladge
of the offects of tank interaction ax! boiling.
t 108 I t 10 0
t 34 t £ t 312 0
t 3% 3 712 £3
L E Y 0 [
-] $3 o *
JLAE 1N -17 t €
1/ Trie variation was inputted to the cosputasion by miltiplying wae calculated Anin/“‘mx for the model

expissicn by either 1.35

> 0.85.
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AYFERDIX C
HIGH-GRAVITY TANK TESTS ON A FOK-CRATERING BOTIOM

As wentioned in the imtroduction, ome murpcce of ths 1957 series weg to reaolve
an apparent discrepancy between the bubbls behsvior cbzerved in the ML Vacuum Tank
during the 1952 progrsm of bottom-zhot tests sand & sexies of moldel tests carried out
in the High-Gravity Tank by Sherwan (1965). The origimal Bigh-Gravity Tank instal-

g lation using the Sandia Corporation's centrifuge was described in detail by Price,
Zuke, and Infosino {1964). Soma of the ister moiifications incorporsted into ths
present iastallation at KOL were briefly described by Bartlett (1965).

The bubble migration behavior from the G~tank test series is shown in Figure
¢-1 25 & function of the chavacteristic mubders (ﬁa/A;nx) and (Agqn/ )o for
comtrol shots at the sase test conditions. No instances of bubble sticEing were
obaerved. On the deepest shot--{gF2/A, ). = 0.25 --the bubble split ixto e parts,
toth of vhich nigrated upward. The upper portion accourted for some 70% of the
totsl volume,

Cn these tests, the transitior from splittins to migrating wes very grodusl
sud occurred zomewvhere within the range 0.4 < (g7 /Amx)c 5% 1.0, These borderiine
observations are indicated by the symbol "?" in Pigure C~l.

Deptlh-versus-time trajectories for the tcp of either the bubbie or the upper
portion of the splitting bubble were measured &nd compared with those frowm corre-
sponding control shots. Significant difference betweer these tmjectories (retaraa-
tion of the bottom-shot tubble) was shserved only for the two deepist conditions.
Thig indicated thet possibly the questiorable cases should be clsssified as migrsting
tubbles, which would put the traneition from splitting tc migratirg at about

(872 s ) = 0.5-

On neicher of the two conditions where the bubble wes observed to split did the
A lower portizn remain pulseting on the bottmm.

The migration behavior Just desiribed is zulte different from that obsexrved in
the Vacuum Tanx vhere the entire zransiiion; sticking to migrating, to 'k place as
(g22/ Jo increased by 0.1 units. It is aisc quite different from that .
inferred from full scale tasts over cratering bottoms, wiere instances of the tubble
sticking to the boltom appear to heve occurred.

The very gradual transition fron splittiog to migrating may be due to the fact

- that the High-Gravity Tank bubbles, like full-sceles bubbles, pulsate mors weakly
than those in the Vacuum Taok. The fact that there were no sticking dbutbles
cbgerved in the High~Gravity Tsnk tests way be due to the different eitsects of !
cratering and non-cratering bottoms. However, there is linited evidence of a strong ‘
interaction between the test tenk and the expliosion at the conditions smployed for
these experiments, and it nsasn not been possible £o verify that the vscillistion and
migration of control stiobs in the BEigh~0ravity Tank is in sgresment with full-scale
ubbiz behavior. ru firm interpretation of these tank date is possible :amtil this
question is resclved.
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AVPERNINRY D
EXPERDEFMAL IETATIS

The experiments were carried out with smell ciarges in the ML Vecwmm Tapk
(see reports by Snay, Goertner, and Price, 1952; Gocrtuar, 1956; and Zuke, 1960}.
This static tenk is sn npright steel cylinfer with s remcvable 144, It is b Zest
in dismeter apd 11 feet % inches high on the inside. I%s lower section (T fast 2
jinches high) has & 1-inch thick wall asd two opposing 18 x 36 x i-inch femperad
plate glass viewing windowe (Pigwres 1 snd 2; Soay, Coertmer, and Price, 1552).

For the yreaent tests, the lower sectica was partially £illed with tap wabexr
vhich was then filtered with & distomsceous earth filter ettached to ths tenk.
Reduced alr pressure above the wvater wms obteinid with a five EP Btokes Microvse
pump. Tals peup waz also used in conjunction with & mechanical pounder {Pigure l-c,
Goertner, 1956) to de-serate the water prior to stsrting the tests and st four %o
Pive shot intervals thereefiter. De-ssration time was sbout one hour using sn alr
pressure near the vapor mressure of the water.

The water temperature wes controlled by circulsting through either = 640 hester
or a WP chiller. Measured water temperstures are beiisved sccurate to witkin % 2° F.
The air pressure over the shot was measured with a Wellace and Tiernan Model FA 173
closed mercury mancmeter. Meagsured air presswres are believed sccurate to withia
t 0.05 feet of water.

To simuiste the effect of & rigid non-yielding bottom, a fealse bottom consisting
of a 2-inch thick by klb-inch diameter aluminun piate balted to & heavy steel stand
was placed in the tenk. Beyond the waximum radius expected for the budbble, two
metal pins protruded from the bottom to provide a lineer scale for the photographs.

The charge® wes of the so-called "lollypop design” (Zuke, 1961) constructed
from two 0.2-inch dismeter hemispheres of unmilled dextrinated leed szide cemented
together around a sliver of printad circuit board. The assembled charge was water-
rroofed with a dip-coating of Magic Vule latex compound. The charge was initiated
by exploding the 0.031l~inch long by 0.001-inch diameter Tophet C bridgewlre with a
230W-4yF discharge. The shot-to-shot standard deviation of the period and radius
coeffictents for these charges is estimated from previous work to be about ¢ 2%.

For the bottom shots, the charge was located with the stem horizontel with its
center 0.2 inch (two charge r=dii) from the aluminum plate¥* It was estimated that
this wes close enough to the plate to simulate a bohtom shot yet far enough away
that the plate would not yield or crater. In order tc check this assumption; one
firing condition was repsated nine times~-three times with each of the following
standoffs: 1, 2, and S charge radii. No significdant differences in bubble behavior
we. ~ Getected for these three standoffs,

Motion picturea {3000 frames/second) were taken of each shot using a 16mm
EBsstmsn Figh Speed cawmera, One-~millisecond timing marks were placed on one edge of
the film. Silhouette lighting was provided by & 3[5-vatt_phototlood bulb overvolted.

pRppEppERREREph e R TS DT TR R Rl ok L Rl Kl o d el ad

#+ Mamfactured for NOL by Maryland Assemblies Inc., Port Depesit, Maryland.
#¢  Charge located at center of tank 50 inches from bottom.
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et 135 volts and imaged on the camera lens with a 25 x 20-inch Frasnel lens piaced
bshind the rear window. The photographs were taken with Xodak Linagraph Shellburst
£1In developed 20 mimutes in D-19 at 68%Re,
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*¥ In interpretling and meassuring photographs of underwsier explosion bubbles,
additional recorded detail is needed in the photographis in order to distinguish the
3 outline of the explosion bubble from clouds of ¢meii air bubbles ard other debris
.-: suspended in the water. For this purpose, it appears thsi .lor film or rii'i:
&~ contrast black and white film would have been bettier.
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