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ABSTRACT 

The results of an experimental and theoretical study of 
the compressible flow resulting from a sphere of S'fO't explosive 
initiated at its center and partially immersed in water are 
described.  The flow was studied experimentally using radio- 
graphic and photographic techniques.  Compressible hydrodynamic 
calculations were performed using multicomponent Eulerian numer- 
ical techniques. 

I.  INTRODUCTION 

The prediction of water waves generated by large- 

yield explosions has been based on extrapolation of 

empirical correlations of small-yield experimental 

data.  The accuracy of such predictions is unknown 

so there is a need for a detailed description of the 

mechanism by which waves are generated by explosions. 

The effect of detonation depth needs to be better 

understood.  The "upper critical depth," i.e., the 

depth at which a peak of the wave amplitude occurs, 

is not understood.  The effects near the explosion 

when the flow is quite compressible, such as surge, 

shock wave propagation, separation of the shock 

wave from the bubble, and the wave pattern near the 

explosion have previously received little theoreti- 

cal or experimental attention in the region of the 

upper critical depth. 

This is a progress report of a study of the 

early interaction of the detonation products with 

the water and air interfaces and the resulting wave 

profile near the detonation.  The initial phase of 

this study was described in Ref. 1. 

To determine if compressible hydrodynamic cal- 

culations were feasible, given the techniques devel- 

oped during the last 15 years for describing deto- 

nation phenomenon and equations of state, the early 

time behavior of the diverging detonation was cal- 

culated and compared with experimental radiographic 

results. The calculated results were also compared 

with detailed early time measurements of the shock 

wave in water produced by a diverging detonation 

and with late time measurements where the interac- 

tion of the detonation products and the water was 

followed for at least one complete oscillation of 

the bubble. The observed agreement between the 

observed short- and long-time behavior of an under- 

water detonation and the detailed one-dimensional 

compressible hydrodynamic calculations suggests 

that the calculated energy partition between deto- 

nation products and the water is sufficiently accu- 

rate to be used in multidimensional studies of wave- 

generation mechanisms. 

II.  PHERMEX EXPERIMENTAL RESULTS 

The Los Alamos Laboratory radiographic facility 
o 

PHERMEX  (Pulsed High Energy Radiographic Machine 

Emitting X-Rays) is a radiographic facility which 

produces an x-ray pulse by impinging 27-MeV elec- 

trons, generated by a standing wave linear accel- 

erator, upon a 0.7-mm diam. tungsten target.  Radia- 

tion intensities of 5.0 R are obtained at the exper- 

imental system being studied (positioned approxi- 

mately 3 m from the target). An x-ray film is 

placed approximately 0.75 m behind the experimental 

system in a protective aluminum case. This arrange- 

ment gives radiographic resolution of ± 0.1 usec 

and ± .02 cm without time smear. 
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A sphere of explosive consisting of aJL-635-cm 

radius PETN ■ (Estex XTX8003, 80/20 "6^ wt. PETN/ 

silicone binder) and 0.635 cm of 9A04 was detonated 

at the center.  The sphere was placed half in the 

water in the radiographs taken at 15.8 and 26.3 

ysec after detonation was initiated.  The detonation 

wave arrived at the explosive surface in 1.5 ysec. 

The sphere was placed two-thirds in the water in the 

radiograph taken at 61.3 ysec.  The position of the 

water-detonation product interface, the splash wave 

and the water shock wave may be determined from the 

radiographs. The static and dynamic radiographs 

and sketches of the prominent features of the radio- 

graphs are shown in Figs. 1, 2, and 3- 

One-dimensional SIN calculations similar to 

those described in Ref. 1 were performed for the 

explosive sphere in water at one atmosphere density 

and in air at one Los Alamos atmosphere.  The water 

equation-of-state parameters used were identical to 

those described in Ref. 1.  The equation-of-state 

parameters used for 9^04, PETN, and air are given 

in Table I.  The position of the water shock and 

bubble radius as a function of time are shown in 

Fig. k.     Also shown are the positions found in the 

radiographic study shown in Figs. 1, 2, and 3-  The 

calculated pressure of the water shock and the 3k0h- 

water interface are shown in Fig. 5.  The position 

of the air shock and the 9^0^-air interface as a 

function of time is shown in Fig. 6.  The calculated 

pressure of the air shock and the 3kQk-a'\r  inter- 

face as a function of time is shown in Fig. 7- 

Since the position of the water-detonation product 

interface and the water shock wave along the verti- 

cal axis in the radiographs is in good agreement 

with the one-dimensional calculations, we used the 

results of the one-dimensional calculations to ob- 

tain estimates of the pressures in the water and 

the positions of the air shock, air-detonation pro- 

duct interface, and the pressures along the verti- 

cal axis at the times of the radiographs. The 

results of this exercise are sketched in Fig. 8. 

III.  PHOTOGRAPHIC EXPERIMENTAL RESULTS 

The experimental arrangement is sketched in 

Fig. 9.  Three cameras, a 1-sh flash, a GMX-8 ro- 

tating-mirror camera, and an optical arrangement 

that gave an 18-Tn. diam field of parallel light, 

were used to make a high-resolution shadowgraph of 

TABLE I 

HOM EQUATION OF STATE CONSTANTS 

94o4 

A -3-10639658833 +00 -2.88303'i 47687 +00 

• -2.25210297095 +00 -2.259IOI5067I +00 

C +1.93865645401 -01 +2.09836811364 -01 

D ♦1.06761111(309 -02 -1.62402872478 -02 

E -5.71317097698 -05 +4.14247701072 -04 

K -1 .^3880^01718 +00 -1.2724457581(5 +00 

L +4.17630232758 -01 +4.27159472916 -01 

H +4.43146793248 -02 +4.61539702874 -02 

N ♦2.43302843995 -03 +2.54544398316 -03 
0 +5.1505782^089 -05 +5.31474988838 -05 

11 +8.1000901:302 +00 +8.2470752E084 +00 

II -3.67433055630 -01 -4.6953432.586S -01 

S ♦1.38196573791 -03 +6.I2I69699021 -02 

I +8.14028329459 -03 -3.22067926443 -03 

(1 -7.34294504930 -04 -5.13495324073 -06 
Ci +0.5 +0.5 

2 ♦0.1 +0.1 

P0 +1.55   g/cm3 +1.644 

D 

+0.231 nbar 

+0.7Ii0 cti/tisec 
0.363 
0.6880 

TCI +3369 °K 2460 

PA« 
P«ln 

+0.40 

+ 1.0 08 
+0.40 

+1.0 08 

Isentropc 
fressure 0.1(0 0.40 

AIR (0.76 Bar) 

-2.3673337286*» +00 

-1.23356432554 +00 
.2.151701*3603 -02 

-2.95528542190 -03 
♦1.225497842445-04 

-5.53376189904 -01 

+2.44880013455 -03 
♦I.80516553555 -02 
-1.21968671688 -03 

-2.53726183472 -05 

+9.88586851357 +00 
-2.35014643148 -01 

+3.36987666054 -02 

-4.21156020156 -03 

♦1.63045512702 -04 

+0.5 
+0.1 

«0.00107567 

+1.0 

+1.0 

the gas bubble 302 ysec after the load ring pulse. 

A wax shutter was used to prevent overwrite. The 

time was chosen so that the surface-wave tip, if 

resolved, would be within the field.  The wave tip 

was obscured by detonation products but the gas 

bubble (products/water) interface was clearly re- 

solved.  The bubble radius was 8.03 cm. Another 

camera, the GMX-6 Dynafax framing camera, viewed a 

36-in. by 36-in. field, half of which was below 

water level.  Back lighting for this camera was 

accomplished with the GMX-2 electronic xenon flash 

unit and a diffuser screen made from Mylar drafting 

paper.  The camera was operated at 2151 rps so that 

the nominal time between frames was 29 ysec; expo- 

sure time was 1 ysec per frame. The third camera 

was a Bolex H-16 Reflex cine camera with a framing 

rate of 6k  frames per second and exposures times of 

0.002 sec per frame.  Quantitative data obtained 

from the first two cameras are plotted in Fig. 10. 

Also shown are the results of one-dimensional SIN 

hydrodynamic calculations for the explosive system 

immersed in water at 1 bar.  The deviation becomes 

significant after 100 ysec.  Two-dimensional hy- 

drodynamic calculations will obviously be required 

to describe the flow at later times. 

The results from the cine camera are shown 

in Figs. 11 and 12.  Since these data are affected 

by bottom and side effects in the geometry used, 

additional experiments in a larger tank will be 

required to determine the magnitude of such effects. 



IV. TWO DIMENSIONAL COMPRESSIBLE HYDRODYNAMIC 
CALCULATIONS 

The EIC code, which uses the Particle-In-Cel 1 

(PIC) method, was used to study the dynamics of a 

sphere of 9^t04 detonated at the water surface.  Par- 

ticle plots are shown in Fig. 13. The calculated 

position along the vertical axis was in agreement 

with the SIN one-dimensional calculations described 

previously.  The splash wave was not as large or as 

high as observed and the detonation products and 

air shock did not travel as far as predicted by the 

SIN calculations.  Since the resolution available 

from a PIC calculation is severely limited, such 

disagreement may be expected.  The calculations did 

indicate that larger splash waves occur with time 

and increasing water depth. 

The 2DE code has recently been developed to 

calculate multicomponent reactive hydrodynamic prob- 

lems in slab or cylindrical geometry using continu- 

ous Eulerian equations of motion.  Numerical solu- 

tions of severely distorted flow problems, such as 

the interaction of shocks with V notches, cylindri- 

cal voids, and aluminum rods in water, have given 

results that closely reproduced those observed ex- 

perimentally.  The high resolution available with 

the technique makes it attractive for problems with 

large distortions such as the problem of the explo- 

sive sphere interacting with a water surface. The 

present code gives accurate solutions for mixed 

cells with two components, but approximations are 

necessary if three or more components are present 

in a cell.  Since the splash wave results in cells 

of water, detonation products and air, the region 

of the splash wave is not as accurately defined as 

the rest of the flow. 

One-dimensional SIN calculations indicated 

that the results of the calculation were only 

slightly changed if the PETN-S'tO'l explosive sphere 

was replaced by an all 9^0^ explosive sphere with 

the inner 0.It-cm radius initially detonated at con- 

stant volume.  The larger "initiator" was necessary 

in the two dimensional calculations because of the 

large cell size used for economy reasons. 

The 2DE calculations were performed with a 

mesh of 100 cells in the Z direction and 50 or 100 

cells in the R direction.  Several cell sizes were 

tried.  The largest cell size that would give re- 

sults independent of the mesh size was 0.0635 cm, 

which gave 20 cells along the radius of the explosive 

sphere.  Smaller cell size would be required for 

definition of the splash wave; however, a more exact 

treatment of the three component cells would be nec- 

essary before such calculations could be justified. 

A smaller cell size would also permit a better de- 

scription of the air shock and the ^Olt-air inter- 

face. 

Calculations were performed for the ^O*» sphere 

completely immersed under 1.27 cm of water. The iso- 

plots of the calculated flow are shown in Fig. \h. 

Calculations were performed for the 9404 0.625 im- 

mersed in water.  The isoplots of the calculated 

flow are shown in Fig. 15. 

A comparison of the 2DE calculated position of 

the water shock, ^OA-water interface, and the water 

shock pressure as a function of time, and the one- 

dimensional SIN results are shown in Fig. 16. A 

similar comparison for the air shock and ^O^t-air 

interface is shown in Fig. 17.  The 2DE calculation 

did not resolve the position of the air shock. 

Agreement between the various calculations is neces- 

sary during the early part of the flow if the calcu- 

lations are accurate.  The agreement is remarkable 

and suggests that the 2DE calculations may be trusted 

within the numerical resolution. 

V.  DISCUSSION 

In his studies of the underwater explosion pulsa- 

tion problem, Pritchett '  has demonstrated that 

theoretical results that include the effect of com- 

pressibility tend to agree with the incompressible 

water calculations.  Since the calculations described 

in this report and in Ref. 1 show that the flow is 

determined by the impulse and resulting momentum 

imparted to the water by the time the shock wave in 

the water has traveled three to five radii of the 

initial explosive, it is clear that, if the initial 

impulse assumed by the incompressible calculation 

is approximately correct, the remainder of the flow 

should be accurately described by the incompressible 

assumption. These results suggest that we have al- 

ready solved the compressible flow problem for a 

sufficient interval to give us a good first approx- 

imation of the initial conditions to use in an 

incompressible calculation.  Further numerical 

studies should probably be performed with either a 

good incompressible technique that accurately 



describes the surface boundary or an almost incom- 
8 

pressible technique such as ICE. 

As mentioned in the introduction, we are in- 

terested in the region of the upper critical depth. 

The upper critical depth has been elegantly re- 

viewed by Le Mehaute.9  In regard to this phenomena, 

the calculations show that the water in and near the 

splash wave has a large amount of momentum.  In par- 

ticular, as shown in Fig. 17! the velocity in the 

radial direction is up to 5 times larger in the wa- 

ter near the splash wave than in the rest of the 

shocked water.  This concentration of momentum near 

the water surface could be a contributing factor to 

the phenomenon of upper critical depth. Whether or 

not it is important for the late-time wave behavior, 

it is the reason that the observed horizontal bubble 

radius is larger than the vertical bubble radius for 

explosions near the water surface, as shown in Figs. 

4 and 10. 

The high velocity present in the splash wave is 

a result of the initial water shock being quickly 

rarefied and permitting a second shock to be de- 

livered from the explosive products.  Subsequent 

shocks and rarefactions occur while the detonation 

products still have high pressures.  Each reverbera- 

tion increases the particle velocity of the splash 

wave by an increment that decreases as the pressure 

of the driving detonation products decreases.  The 

particle velocity of the remainder of the water can- 

not be increased by reverberations during the early 

high-pressure motion since a free interface is not 

available. 

The estimated period of a 1 .27-cm radius 9^0^» 

sphere immersed in water at 1 bar pressure is 0.1 

sec and the maximum bubble radius is 44.2 cms. As 

shown in Fig. 12, the observed maximum radius is 

slightly larger and the period is 4 to 5 times 

larger than the estimated radius and period.  The 

large momentum of the water near the surface of the 

bubble is consistent with this observation. 

The late-time experimental data shown in Fig. 

11 suggests that the plumes formed after collapse 

of the bubble may be the primary source of the 

large waves characteristic of the upper critical 

depth.  B. G. Craig of GMX-8 is presently studying 

the long-term plume and wave behavior for the A.E.C. 

Tamarin committee.  The results of this study may 

indicate where future theoretical studies should be 

concentrated. 
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Fig. 1. 
The static and dynamic radiograph at 15.8 jusec of a 
1.27-cm radius explosive sphere detonating half im- 
mersed in water. A sketch of the prominent features 
of the radiograph is shown. 
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\ 
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Fig. 2. 

/ 
/ 

/ 

The static and dynamic radiograph at 26.3 ßsec of a 
1.27-cm radius sphere of 9404 detonating half im- 
mersed in water. A sketch of the prominent features 
of the radiographs is shown. 
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Fig. 4. 
The water shock and explosive-water interface radius 

as a function of time for a 1.27 cm radius explosive 

sphere in water at 1 bar. Also shown are the positions 

determined from the radiographic study. 

Fig. 3. 

The static and dynamic radiograph at 61.3 ßsec of a 

1.27-cm radius sphere of 9404 detonating two-thirds 

immersed in water. (The dynamic radiogrphs also 

shows some New Mexican folk art added by the 

technician.) A sketch of the prominent features of 

the radiograph (sadly without any folk art) is shown. 
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F/flL 5. 
The water shock and explosive-water interface pres- 

sure as a function of time for a 1.27-cm radius explo- 

sive sphere in water at 1 bar. 

Fig. 6. 
The air shock and explosive-air interface radius as a 

function  of time for a   1.27- cm radius explosive 

sphere in air at one Los Alamos atmosphere. 
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Fig. 7. 
The air shock and explosive air interface pressure as a 
function  of time for a   1.27- cm radius explosive 
sphere in air at one Los Alamos atmosphere. 
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Fig. 8. 
Sketches of the important features of the flow of a 
1.27- cm radius explosive sphere interacting with a 
water-air interface at the times used in the radio- 
graphic study. The calculated one-dimensional pres- 
sures in bars and positions of the air shock and 
air-detonation-product interface in centimeters are 
shown along the vertical axis. 
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Fig. 9. 
The experimental arrangement for the photographic 

study. 

TIME l/istc) 

Fig. 10. 
The detonation product-water radius calculated using 
the one-dimensional model and the experimental data 
as a function of time. The experimental data is shown 
with a bar whose top is the horizontal radius and 
bottom is the vertical radius through the initial center 
of the explosive charge. 



Fig. 11. 
Selected frames from the cine camera data. The time 

between frames was 0.0156 seconds, the   exposure 
time was 0.002 seconds per frame.  The grid behind 

the shot was 4 in. between lines. 

Fig. 11. fcontj 
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Fig. 11. (cont) Fig. 11. (cont) 
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Fig. 11. fcont) Fig. 11. (cont) 
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Fig. 12. 
Preliminary cine camera data of the detonation pro- 
duct-water radius as a function of time. 

minmimiiiiiiun  i 

Fig. 13. 
PIC (Particle-ln-Cell) calculations of a 1.27-cm radius 
sphere of 9404 initiated at its center and immersed in 
water at various levels. The "X" plotting symbols on 
the left indicate the position of cells that have been 
shocked to temperatures greater than ambient. 

Fig. 13. (cont) 
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Fig. 14. 
Two-dimensional Eulerian calculations of a 1.27-cm 
radius 9404 sphere initiated at its center by a 0.4-cm 
radius initiator and immersed under 1.27-cm of wa- 
ter. The pressure contour interval is 20 kbars, the 
density contour interval is 0.2gm/cc, and the velocity 
contour interval is 0.05 cm/\isec. The position of 
mixed cells (9404-water, 9404-air, water-air or 
9404-water-air) is shown with an "X" plotting 
symbol. 

15 



I OCTOHIIM  IN MTCM 
iiMt'M n\aamcmt*  oat      -n. 

caaam INTCMVM.-   MNK-II 

pressure 

Fig. 14. (cont) 

16 



940H SMCK OCTOHATI« 
flic»     I.BIOOC'M HICMKCCCMD5    CTOX 
rsoPYCHTcs     ecu tout INICRVM.-   z.oaooc 

»•OS  SMC1C  0CT0NATINO   IM tMITH 
II««    e.OIMC'M nlCIKKECtK»    CtO.1 
ISO**TCNICS      CONTOU»  tNTCTVAL-    2.WHMC 

density 

iMi s*crc OETONATING IN unrot 
ntc«   J.OIDOOM mcHxccoos   CYCLE 

iscrcMtcs    CONTOUR IHTCTVAL-   e.ooooe-t 

toO1* SPICK DCTOMftTINO  IN IUTCH 
III*«    •..OlOOCOO MCKKtCONDS    CrCLI 
ISOFTCNTCS      CONTOL«  IMTtHVM.-    ^.MO<E-0 

F/lgr. 74. (confj 

17 



MS VtCK OCtOUTING  IN U»ICT 
TINT-   ••ieot'00 «iowaxoes   crar      U 
iscrrcHics     COMIOUM wmv»-   S.MKKC-OI 

density 

VtCflC  MIOKAIING   IM M*It« 
1.0100C-00 HICTOStCOCS    CTttl 70! 

MICS       COHI0U»   INTERVAL-     2.00001-01 

^r/flr. 74 fco/71) 



9*04  VKRC   DETONATING   IN  HATER 
TIME-     2.01DOC-00  MICROSECONDS     CYCLE 
U-VCL. COKTOl»!   INTERVAL-     5.DOODC-0 

Velocity in R direction 

9X01  9-tCRC  DETONATING   IN HATER 
TINT-    J.OIOH'DD MICROSECONDS    CTCLE 
J-VCL. C0NTOLH   INTERVAL.     5.MOM 

9H01 9WI DETONATING  IN MATER 
TINE-    H.OIOOE-00 «ICIWSECONDS    CYC 
U-VEL. CONTOU«   INTERVAL-     5.0 

Fig. 14. (contj 

19 



**H VWC OCtOMIIMi  IH MTIM 
INC«    «.OIOOC'OO niCKKTCOMK    CTQ.E 
U-WL. COMtOU»  IMTtBVM.-    VOOOOC-0 

Velocity in R direction 

Fig. 14. (contj 

20 



ami-. S*WRE CEIWATI«  IN HATtR 
Hi«:*   i.omoE«oo BICRC*E«**S   etc 
V-YEL. CONTCUt   INTERVAL"     4.0 

r*os SPHERE KtouiiMO IN HATER 

IIIO    ?.01M£>00 MICROSECONDS    CTO.E 
V-VEL. COMTOW  INTERVAL-    5.000« 

Velocity in Z direction 

9S0H SPHERE DETONATING  IN HATER 
FIHE-    J.0100E-00 MICROSECONDS    CYCLE 
V-VEL. CONTtWI   INTERVAL-     9.0OOOC 

»SOS SPHERE OETCNATIHB  [H HATER 
TIME-    H.OIO0E*OO MICROSECONDS    CTCLE        «01 
»-VEL. CONTCtft  INTERVAL-    9.0000E-U 

Fig. 14. (cont) 
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Velocity in Z direction 
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F/£. 14. (contj 
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pressure 
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MM   VMH  ttnmiM   li ■»«! 
t|B*>     4.*MII*M  ■ICKMCOMI    C*UI 
IMtltl tMIOIt  UtlttUt     I.«MM 

Fig. 15. 
Two-dimensional Eulerian calculations of a 1.27-cm 
radius 9404 sphere initiated at its center by a 0.4-cm 
radius initiator and immersed to a depth of 
1.5875 cm. The contour intervals are the same as 
Fig. 14. 
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Fig. 15. (cont) 
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velocity in R direction 

I    !*■(■(   MTIOUJirilM   IB   MJTfl 
• .M*K*M mitteilten**    trC MM   Until  ttWMW   I«  »»TCI 
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Fig. 15. (cont) 
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I  IMII KtMMTtM  )■ WIT' 
I.NIIKN HKlOtKO—l 

CONTOv«    l«lfl»»L' iiaf*   t.ntfC'M M 

velocity in Z direction 

cos TO«« intfn MM   IfMM  II10H11M   1« »»It! 
riati     4.1MII*«!  BICIOUCOMI    tieil       III) 
,.«1,. twHit mum-   ■■•■iM-M 

Fig. 15. (com) 
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Fig. 16. 

Calculated position of the water shock, 9404-water 

interface and water shock pressure as a function of 

time for the SIN and 2DE calculations. 
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Fig. 17. 
Calculated position   of  the  air   shock  and  the 

9404-air interface as a function of time for the SIN 

and 2DE calculations. 
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