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ABSTRACT: Thirty-eight TNT and 18 HBX-3 charges weign..-a one, eight, and fifty
pounds were fired at depths between 500 end 14,000 ft; pressure-time data were
measured directly above at 185-ft depth. The shock wave peak pressure was inde-
pendent of depth and decayed with reduced range as in the shallow water case.
burations were a function of depth alone. Empirical equations were derived
which show that all other pressure-pulse characteristics can be expressed as
functions of depth as -. _ll as range. Values obtained for hBX-3 here gave the
same ratios to TNT values as previously found in shallow water.
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PRESSURE-PULSE CHARACTERISTICS OF DEEP EXPU)SIONS AS FUNCTIONS OF DEPTH AND RAINE

The work reported here was undertaken to pzovide fundamental data needed in studies
of the long-range propagation of explosion pressure pulses in the ocean. This
report presents for the first time a method of separating the effects of depth and
of range on pressure pulse characteristics. This significant step can best be
grasped by looking at Table III (page 36). From this table, pulse characteristics
of TR and NBX--3 explosions can be calculated as functions of range and depth
separately or together.

The project vas sapported by the Advanced Research Projects Agency, under ARPA
Order 610, Amendment No. 1, NOL Task No. NOL-785/ARPA. Mention of commercially
available products in this report does not constitute criticism or endorsement by
the laboratory.

Z. F. SCHREITER

C. . ARONSON
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PRESSURE-PUISE CHARACTERISTICS OF JEEP
EXPrOSIONS AS FUNCTION OF WPTH AND RARME

1. INTROWCTION

The pressure pulse characteristics for explosive compositions fired at shallow
depths have been determined from many underwater explosion tests. References
1-3* describe typical experiments of this sort.

It is far mo:e difficult to find the pressure pulse characteristics of deep
explosions. If measurements are made near the surface long range transmission
effects (including refraction) will distort the pressure pulse and the effect of
the ambient pressure at the explosion cannot be uniquely determined. If measure-
ments are to be made near the charge, some difficult engineering problems will have
to be solved.

One experimelat has been carried out to find the effect of depth by sienlating
the deep ocean pressures in a pressure tank (reference 4). However, the experi-
mental conditions were severely restricted.

Some relatively simple tests have been performed (references 5-7) in which the
pressures were recorded just below the mater surface and directly above deep explo-
sions. In this case, no distortion of the pressure pulse resulted from refraction,
since the propagation of the pressure pulses ,was essentially normal to the isovelo-
city layers. However, available data were not examined to determine whether the
depth effect on the pressure pulses could be separated from the effects of long
range transmission (reference 8).

In the tests reported here, measurements were made just below the water surface

directly above deep explosions as in the tests of references 5-7. However, addi-
tional shallower shots were included and larger charge weights were fired. This 3
resulted in extenling the range of the variables by at least an order of magnitude,
thus evablirg a better statistical determination of the effect of depth and range.

The effect of depth was determined by assuming the pressure pulse character-
istics were proportional to the product of a simple power function of depth and of
a power function of reduced range required by the prirciples of similitude for shal-
low explosions. j

2. D .IAL A hUmB

The tests were conducted from tbe UM GE=B (AhO-u) in February and March
of 1965 in the Atlantic Ocean amoximtel2y f10 to 220 miles east of Ilatbers
Island in 2600 to $'000 fathom of rater. flese tests vere designed by
1. A. Christian and vwre executed under the direction of W. I. Faux, both of this
laboratory.

*References are listed an peo 14.
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12.1i CIAM
TIT charges weiU 1119 one, eight, and fifty-seveh pounds each were fired at

several depths betvetr 5i00 ft and 14,000 ft. The number of each of the charge
weights fired at the '.-xiTous depths is given in Table I. The 1.-lb and 8-1b charges
were cast by NDL invo :=.finders and with a L/D ratio of about 1.0. These charges
were boostered at -ý tcp end of the cylinder with 0.0662-lb and 0.221-lb cast
pentolite boostere C.- t2e 1-lb and 8-1b charges, respectively. The cylindrical
boosters were co-a&cial vtth the TN." charges, and the top of each booster was flush
vith the top of the m'.in charge. The other TN! charges fired were 56-lb Mark 2
Mod 3 demolition cbu T :: with an additional 1-lb pentolite booster strapped to the
top of the container t Insure proper detonation; only 7 out of 12 of these deto-
-mted. Attempts t c 1000-1b TNT charges (eighteen Mk 2 Mod 3 charges strapped
together with one 56-iY charge boostered as above) were unsuccessful.

One, eight, and fifty-lb RB3-3 charges were fabricated at NOL and were boostered
vith 0.0662, 0.221, -,.6d 1.0 ib of cast pentolite, respectively. These charges and
boo tars were qliuar%,ieý and the boostering geometry was similar to that for the
1- and 8-lb TNT charges. The charge weights and nominal firing depths are also
given in Table I.

EiAty lbs of Nitramlex explosive was loaded by the manufacturer* into 8-in
diameter by 24-in lena canisters, and each charge was boostered with a 4-1/2-in
diameter by 9-in lotg priner charge of EL-637 Comp B explosive which was taped to
the side of the Nitrame.z charge. In addition, a 1-lb pentolite booster, with a
pressure detcoto attached, vas taped flush with the primer charge so that it was
as nearly as possible in contact with the main charge. The firing depths are given
in Table 1.

Three cylindrical I-lb pentolite charges cast at NOL were fired at the depths
shovn in Table I.

In addition to the 67 charges fired, the follo"ii U charges faiýed to deto-
oat* properly: 1-lb TN! (1), 8-lb TNT (2), 57-lb TN! (5), 1000-1h TY! (2), and
80-ib Hitrinx (I). The 57-lb TM• charges were stuseqjuently investigated. it
was fwad that there were substantial cavities at the top end of the carges
(reference 9).

2.2 IN.3T M IECE AND MGGING
All charges were initiated with a hydrostatic firing device manufactured by

Weston Instrments, Inc., Daystrom Drawing ,jb(OAA1000. These devices were designed
to initiate special percussion detonato0 34at nominal depths indicated in Table I.
Each detonator contained about 1-1/2 grams of explosive and was mounted in the
detonator well of the pentolite boosters. The nominal depths of the firing devices
were not sufficiently accurate for our purpose and sonic ranging was used .o find
uere precise depths.

Two methods were used to place charges at the firing depth: Free-fall, in
*Ich the armed charge was thrown in the water and sank until the firing device was
actuated by the ambient pressure, and wire-guided (reference 6) in which the armed

Nltrauex vas purchased from the E. I. dePont de Nemouars; the composition was 16%
TI, 4% IM3, 30% N 3P 35% E 41NO3 plus iron and phosphorus.

SFabricated by -.he Explosion Dynamics Division of NOL.
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TABLE I

NUMBER OF CHARGES FIRED UNDER VARIOUS CONDITIONS

Nominal
Depth TNT HBX-3 Nitramex Pentolite
(ft) 1-1b 8-lb 57-lb 1-1b 8-lb 50-1b 80-.lb 560-1b 1-lb

500 3 2 ........... 1.

800 2 2 .... ........ 1

1,200 2 2 -- 1 2 .... .... -

2,000 2 3 2 1 -- 1 .. ....

3,000 2 1 .. .. .. 1 3 ....

4,500 2 3 2 2 1 1 1 ....

7,000 3 -- 2 -- 1 1 1 -- 1

10,000 .. .. .. 1 1 1 1 1 --

14,000 1 2 1 1 .. ....

charge qlid down a wire rope held vertical by a 900-1b weight at the deep end. The
charge was secured to a light steel frame, the top and botton ends of 4hich were
provided with guides for sliding down the wire rope. The charge was separated from
the wire rope by a distance greater than the expected bubble radius; i.e., 2 to 7
ft. This charge was initiated in the same manner as the free-falling charge.
Approximately 32% of the attempted firings were wire guided. This techniiue
reduced the relative horizontal displacement of the charge and ship.

2 -.3 ISTRUMENIATON
The pressure-time data was recorded simultaneously by an Ampex FR-600 on

n•gnetic tape and by oscilloscopes on pho',ogralhic paper. Both recording methods
had the desired capab ility of providing a permanent record only a minute or two
after the events. The tape data was also used in ranging the charge and hydrophone
depths.

2.3.1 Sonic Ranging of Charge Depth. The explosion depths were determined
from the measurements of the time difference between the arrivals of the surface-
bottom and the bottom reflected pressure waves, and from the average velocity-
depth profile. The latter was obtained from the velocities calculated from the
900-ft B-T measurements, from the single hydrographic cast made to only 850 meters
(2800 ft) supplemented by the results of deep hydrographic casts previously obtained
at approximately the same area and time of the year. The B-T measurements were
made quite frequently--a total of 52 for the 79 attempted shots--to account for the
diurnal temperature changes in thic surface layer; the measurements nearest the time
of each shot were used.

3t
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The sonic signals for ranging the charge depth were picked up by an LC-3-
hydrophone which was mounted on 400 ft of low noise coaxial cable and was maintained
at a depth of about 190 ft. The outp7it signal of this hydrophone was also used to
provide a trip pulse to the oscilloscopes. The hydrophone Gignal was clipped and
amplified** before it was applied to the inputs of channels 10 and 11 of the Ampex
FR-60) tape recorder. A time base consisting of 10 kHz signal accentuated every 1,
10, and 100 msec was applied to channel 1I. See Figure 1.

2.3.2 Pressure-Time Measurements. The shock wave and bubble pulse presrre-
time data were obtained with another LC-32 hydrophone located 5 ft above the hydro-
phone just described. The hydrophone was mounted on similar low-noise cable;
however, it was terminated in a simple RC network (reference 10) to reduce reflec-
tions in the cakle. The output of the termination network was coupled directly to
the input (2.10f ohms) of a "K" amplifier (reference 11), the output impedance of
Which was 100 ohms. A 100 0F condenser was used to couple the output of the "K"
amplifier to the inputs of a dual-beam oscilloscope (Tektronix IN 565) and a four-
beam Electronic Tube Corporation Model K-47C oscillescope (Figure 1). In addition,
a 200 ohm output of the dual beam scope was coupled with a 40 WF condenser to the
input of channel 8 of the FR-600. Thus, it was possible to record from the game
hydrophone a total of 10 channels of data, each with different amplification. The
3 dB points of the frequency band were about 0.4 Hz and 20k1z for the tape data
(FM recording at 60 IPS) and about 0.4 & and 50klz (hydroPhone limited) for the
oscilloscope data. The data from both oscilloscopes was recorded on photographic
paper with Polaroid cameras.

s o3. ANALYSIS OF DATA

Most of the data analyzed was obtained from channel 8 of the FR-600 tape
recorder; the dual beam oscilloscope data was from five shots which were not recorded
on the FR-60X. In addition, the oscilloscope data from five other shots was analyzed
to compare with the FR-600 recordings of the same shots. The programs used on the
2MW 7090 computer were essentially the same for the two cases, except that the

* i method of reading the data from the records and the form of the input data differed.

3.1 AJAL!SIS0OF PHTAP DTA
The magnetic tape data was digitized by the Mathematics D1apertment of the Naval

Ship Reaearch and Development Center on their Computer Data Format Translater (ClIFT)
which provided a ma-dmum sampling rate of 2000 samples per second. The tape data
wao first played back on the NSRDC Ampex FR-600 at a speed of 3-3/4*** inisec, and

* Manufactured by Atlantic Research Corp., Alexandria, Va. It should be noted
that low frequency distortion was probably introduced by the LC-32 hydrophone.
In special shock wave response tests (reference 12) of tourmaline and ceramic
gaugee at the 100 psi level, it was shown that the pressures from W-10 and
W/-32 gauges decayed too slowly due to a relaxation effect, resulting in large
shock wave impulse values. However, it was not determined whether or no-%- the
relaxation effect persisted at lower pressure levels, such as those recorded
from the deep shots reported here.

* Radiation Electronics Co., Model Tt,-5 Amplifier.
SAn attempt was made to play back the tapes at 1-7/8 in/sec in order to realize

the full band width capabilities of the recorder; i.e., 20 kHz. Unfortunately,
this speed resulted in a considerable increase in playback noise level, so the
3-3/4 in/sec speed was used.

4
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the analog output was then sampled and digitized 1875 times/sec on the CEFT. Since
the tape data was recorded at 60 in/sec, the sampling rate was equivalent to 30,000samples/sec in recorded time.

The CDET digitizei tape data was on a low density binary tape containing 21
words per record in which the first word represented the identification number and
the time (in msec) of the first sample of that record. The remaining 20 words

* represented 60 consecutive samples of the pressure or calibration iata. The number
of records was determined before hand on the basis of the duration of the pulse
required to be digitized. Next, a decimal dump of the CWT digital tape was obtained

• at NOL by means of the program TESTP (reference 13). The program NEWGRL (reference
13) was then used on the IBM 7090 comirter to calculate the maximum pressure,
impulse, energy, pulse duration, spectral amplitude and energy density, and the
octave band spectral energy of the pressure pulse. The program is quite flexible
Go that, for instance, the above pulse characteristics can be calculated for any
portion of the pressure pulse, the frequency interval in the spectral energy density
calculations could be varied, the number of octave bands changed, etc. The program
SPRING (reference 13) was used with NEWGFL to provide plots of the amplitude and
energy spectra, in dB, as a function of log frequency. Spectral energy data are
reported in reference 14.

3.2 ABALYSIS OF OSCILLOSCOPE IPTA
The few examples of pressure-time data obtained from oscilloscope records

were read manually from photographic films at discrete time increments of equal
value (16-2/3 psec) on the NOL Telereadex. (Photographic films were made from the
original Polaroid prints to facilitate the reading of the data on the Telereadex.)
Each pressure datum point was punched on an IB4 card, and these cards were used
with program PAPPY (reference 13) on the IM 7090 to compute the pulse and spectral
characteristics mentioned above.

3.3 ANALYSIS OF ANAJG 'TAPE DTA
The analog tape data were played back on the NOL FR-600 and a Visicorder* vas

used to provide a graphical record of pressure as a function of time. All pressure
and all time duration values of the various phases of the pressure pulse reported
herein were obtained from these records. Onl" +.he impulse and energy values reported
herein were obtained from the digital tape daz; i.e., program NEWGRL. The reason
the pressures and time durations were not obtained from the digital data ws that
the sampling rate was too coarse in -n cases to provide accurate peak pressure
va3'aes and also that the noise on the pressure-time records made it difficult to
determine (frcm program TETP) the times at which pressures were equal to the ambient
pressure. It should be noted, however, that although the maximum pressures may
differ by a•s much as I 10% by the two methods on some shots, the resulting equations
of pm vs Wl13 /R were essentially iden-tical.

E4. SLTS

The shock wave and bubble pulse data are shown in Table 3I for TNT,, HBX-3,
pentolite and Nitramex. Representative pressure-time records are reproduced in

* The Visicor(er (Model 906B) is a riper recorder complete with 12 channels of
amplifiers and a nultispeed paper drive. It is mamafactured by Honeyvell, Inc.,
Denver, Colorado.

5



2 and 3. The T an HMC.-3 reduced data are plotted in ures 4 iugh

?I, m~the equations of the curves in these figures are sumarized in Table III.
The sparse data obtained for ite and 1trmex ere not su!Ticient for -king
plote.

In this report, the shock wave is also called "the first positive phase" since
all integrations of impulse and energy Vere carried out to the time at which the
shock wave pressures decayed to the ambient pressure level. This crossing point is
clearly defined, in coitrast to the shock waves from shallow water explosions for
which the time at which the pressure decays to ambient pressure is quite uncertain.
In all these pressure-time records, the base line; i.e., ambient pressure level,
was not adjusted as was done in references 15 and 16 to correct for instrumentation
eisrors.

In an attempt to detcrmine the effect of exp] .sion depths upon the pressure
pulse characteristics, Y, it vas assumed that Y vas proportional to the product of

tvo functions of independent variables: a fun ion of only the total charge depth,
Z and a function of only reduced range, R/W.. The latter function had been
determined by the principles of similitude from shallow water explosion3 and is
assumed to be valid for all depths. The relationship is:

Y = g(Z0 ) f (RAA 3  (4.1)

where Y is pressure, reduced impulseI/64/3, reduced energy, E/w/3, or a reduced
time interval between characteristic points in the pulse,Tkl/3, and &here Zo
charge depth + 33 ft, R is range, and W is charge weight. By assuming power laws
for g of a form similar to that used for f (reference 10), equation (4.1) becomes:

Y =kIZ 0 X-(R/AA'3)0 (4.2)

where 0 is a ec.istant determined empirically from shallow water explosions, and
%here k and a are constants determie by the method of least squares from the
measured values of Y, Zo, and (R/I/3 ). The results are shown in Table III and
discussed below.

The relaxation (hysteretic) effect of the hydrophone used results in a lag
(see footnote page 4) in the response to a decaying pressure so that, for example,
positive pressures may still be recorded after the explosion pressures have entered
the negative phI- • The magnitude of this distortion increases with in-crease in
the shock wave peak pressure level. Hence, for the smaller reduced ranges, all data
recorded subsequent to the shock wave peak pressure (except the bubble periods) were
affected. This is apparent in the graphs shown. Since the relationship between the
magnitude of this distortion and the pressure level is not known, a criterion was
adopted arbitrarily to eliminate from the least squares determination all data
(except the bubble periods And shock wave Ieak pressures) recorded at reduced ranges
less than about 500 ft/lbl3 (15-20 psi).

4. 1 RESULTS Fop. Tyr

The results reported here are compared with similar earlier data obtained by
NOL in 1949, 1963, and 1964 and reported by Blaik and Christian (reference 8). In
addition, some shallow, long-range shots reported by Arons (reference 3) and some
short-range bubble data trefe.ences 15 and 16) are compared.

6
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4.1.1 TNT Pressures. The first positive phase (shock wav peak pressures,
npp, are plott~ed for T~lT in Figure 4 for reduced ranges of Rtd1I between 200 and
14,000 ft/ibli3. A least ¶aares fit to these data shoved that the pressures varied
as the reduced range, /l/l, to the -1.13 power, as us deter'ained by Arons (refer-
ence 3) from long-range, shallow-water explosions, by Blaik and Christian (reference
8) from long-range, deep explosions, by Vanzant and Delart (reference 4) from
short-range simulated deep explosions, and by Bebb and by Coles, et al (references
1 and 2) from short-range shallow water explosions. The pressures of references
1, 2, 3, 4, and 8 were only about 4% to 8% larger than the present peak pressures,
and for clarity were omitted from Figure 4. In general, the peak pressure, froi
the 1-lb charges were lower than those from the 8-1b and 57-lb charges. All peak
pressures were read from the apparent peeks; i.e., without correction for the finite
SmW size and the 20 kHz recording response. This my account for the slightly
lover peak pressures, perticUlarl~y those for the i-lb ehar-es.

A similar plot of the first bubble pulse muxi== pressures, FB, against R/I1/3
shows that the pressures were slightly depth dependent, as was indicated by a slight
but significant increase in the slope of the curve at a reduced range of about
4o000 ft/lbl/ 3 . This effect was not observed in reference 8, probably because the
TNT measurements were made from explosions confined to depths greater than 4000 ft;
i.e., 6000 to 22,000 ft, and because the scatter in the data was large. If it is
assumed that the bubble peak pressures can be represented by simple power laws
involving depth as well as the similitude requirements of charge weight and range
(i.e., as in Equation 4.2) it can be shown by using the method of least squared, that
k = 3300 and a is essentially zero; i.e., independent of ('epth, for depths less
than about 4000 ft. For larger depths, however, a significant increase in PB vas
observed with increase in charge depth: = = 1/6 'hen 0 - -1.00. This is shown
in Figure 5 there PB(R/AI/3) is plotted against Zo. Reference 8 data (not shown)
for 1- and 8-lb TNT charges fired between 6000 and 22,000 ft depths are in good
general agreement with our data.

A comparison of bubble pressures from 1-lb TMT charges fired at 512-ft depth
(reference 15) and at reduced ranges of 2.85 and 5.690 ft/1b 1 / 3 , shows reference 15
pressures to be about 5% smaller than ours. Approximately the same difference Was
found with r•eference 16 results for 500- and 250-ft depths at a reduced range of
2.84 ft/1bl/3.

From an incompressive approximation of the pulsating bubble, Arons derived
the following expression (reference 16) fnr the minimum pressure of t..e first bubble
negative phase*

P -5.16 z 2/3 (R/Wl/3Y-l.00 (4.3)min 0

By assuming our pressures also to vary inversely with the reduced rwe, theeffect
of charge depth upon the pressure in shown in Figure 6 by plotting P (R/wl/ 3 )
against Zo. From a least squares fit to the data for Z, <4 500 ft, te pressure
varied as the total charge depth, Z , to the 2/3 power, as was determined by Arons.
The absolute pressure level computed from Arons' equation (4-3) vas about 7% larger
than ours.

Below 4500 ft, however, a change in 'lope occurs, and the negative pressures
vary as depth to the 1/3 power. Interestingly enough, the reference 8 pressures,
when plottUd on the Figure 6 scales, do not show this change in slope.

7



r..L.2 Ths. Tne firse positive puase impulse, Ipp, was reduced by
the factor (dL.IJ/J.13) and is shown plotted against reduced range in the lover
graph of Figure 7. The exponent of ZO was dqtermined by applying least square fits
to the data in Equation 4.2 •*ere Y - Ipb/41 / 3 and 0 - -0.97.

Additional unreported data were obtained by NOL from a 1.8-1b TNT charge fired
in the Pacific (reference 19) at 865-ft depth and measured at a horizontal range of
about 8400-ft and 1500-ft depth. The transmission nharacteristics were such that
the pulse was not refracted, and the reduced impulse of the first positive phase is
shown ln Figure 7 to be in good agreement with our data for a reduced range of 6900
ft/Tbl/ 3 . Also shown are the reference 8 first positive phase impulses from 1-1b
and 8-1b TV charges fired at depths of 6000-22,000 ft. They average about 25%
h~fter than the values reported here.

The insert at the bottom of Figure 7 shows the reference 4 first positive phase
impalse obtained from 8.5 and 14.8 gram pentolite charges fired in a fresh water
filled tank pressurized to simulate ocean depths of U50 to 9000 ft. The impulses
are b'at/ 25% higher than our data for TIT extrapolated to reduced ranges of 1-10

Reference 3 shallow water (Zo M 75 ft) shock wave impulses were measured from
1/2-1b pentolite charges at reduced ranges from 100 to 1000 ft/ibl/3. Adjustment
of this data to include the impulse in the entire positive phase (reference 18)
results in very good agreement with our curve in Figure 7.

The first bubble pulse impulse was reduced by the factor (Wl/3/Zo2/5) and is
shown plotted against reduced range in the upper graph of Figure 7. The exponent
of ZO was similarly determined from Bquation 4.2; however, in this case, the value
of p was &sosed to be -1.00. Reference 8 first bubble pulse reduced impulses are
also plotted in Figure 7. An extrapolation of our curve to the large reduced ranges
shows reference 8 values to be about 20t larger than our impulses. Reference 16
gives values of bubble impulses measured at a very smell reduced range from TNT
charges fired at about 500-ft and 250-ft depths. yixtrapolating the impulse curve
for our data to thie reduced range of 2.84 ft/lbl/ 3 gives impulse values equal to
the reference 16 impulses. A similar comparison with reference 15 impulses is a]imost
equally good for a 512-ft charge depth and reduced ranes of 2.81t and 5.69 ft/lbl/ 3 .

The bubble impulse and the bubble maximum pressu e were calc'ulated for a 1-1b
charge for Zo = R + 210 ft from Arons' incompressible bubble theory (reference 17).
The calculatel impulses were within 15% of our curve lor reducLz ranges less than
10,000 ft/Ib / 3 , and a similar deviation was obtainqd for the calculated bubble
pressures for reduced ranges less than 4,000 ft/lbl/3 .

4.1.3 TV? Energy Flux Densities. The energy, Ep, in the first positive phase
for TMT s well as HEX-3) is shown in Figure 8. The pata were reduced by the factor/I5; the exponent of ZO was determined by a least squares fit to Bquation 4.2
with e2Vonent 0 taken as -2.07. The energies of reference 8 are shown for cumpari-
son; they are about 25% higher than the corresponding values of this report.

Also shown in Figure 8 Is an unreported ener value of the first positive
phase measured at a reduced range of 6900 ft/Ib /3 (reference 19). This value is in
good agreement with ou data. The reference 3 shock wave energies averaged about
10% less than our curve in Figure 8 for reduced ranges between 100 and 1000 ft/lbl/3.
So enrwa valwes were repmted in reference 4.

8



•I•rLM 67-87

4.1 .4 Tq'_ Puale NDurttlona. Vioure 9 ohown the notmatona iaod for + • v4alsa

pulse durations. Figures 9 and 10 show how the durations of the various phases of
the pressure pulse through the first bubble positive phase vary with Zo, the total
charge depth. (The shock wave rise times are not included here, since the slow
response of the recording and playback system masked the true rise times. The
actual rise times are less than the 55 1 5 microseconds recorded on all shots. )
As a result of the hydrophone relaxation effect, the recorded values of TIP Vero
too smell and the recorded durations of Tpp, iT, and rBpp were too large at the
smaller reduced ranges.

Tbese figures show that the reduced first bubble perio• ¶1 /W3, and the
reduced duration of the first bubble negative phase, TNP/WlV/, varied as the total
charge depth to tie -5/4 power for all explosion depths between 500 and 15,CWO ft.
The equation for rN,01/3 in reference 8 obtained for 1- and 8-1b TNT charg..s for
charge depths from t500 to 22,000 ft is identical to that reported here. Ilso the
equation for f 1/wl/3 is in good agreement with values reported in references 5, 8,
15, and 16 for non-migrating TMr bubbles.

The reduced duration of the first bubble rise time, ./Wl/3, var ed as the
-0.93 power of Zo over the entire range of depths (Figure T0; however, because of
the short durations at the greater depths, the precision of neasuremen' is only fair.

The reduced durations of the first positive phase, Tpp/w1/3, and 3f the first
bubble phase, TBpp/wl/ 3 , also varied as the total charge leptk to the -5/6 poerg,
but only for charge depths less than about 4500 ft. For larger depth i, a slgnLfi-
cant departure from the -5/6 slope was observed for these two duratic we. The curves
drawn by eye through the cluster of durations 4or explosion depths ol ,I50O, 7000,
and 14,000 ft show a slope of -2/5 for Tpp/Wl/3, and -3/5 for ijpp/WV/3. The cor-
responding reduced durations* of references 6 and 8 in the depth int rval of 6000-
22,000 ft are in good agreement. It should be noted that 4500 ft is the depth for
mhich significant changes in the first bubble pressures occurred.

Sfallow water (Zo = 75 ft) shock wave time constants were sh•n hn reference
3 to increase with increase in reduced range at a rate (R/V ?42 fqr reduced
ranges as large as 2000 ft/lbl/3 . Our reduced time coastants** (el/W1 3), however,
were independent of reduced range; the measured valu*s, after correction for the
20 kHz response, were 170, 160, and 150 microsec/ibl/-• for the 1-, 8-, and r7,-i1/
TNT charges, respectively, in the reduced range interval of 500 to 14,000 ft/lbl/3 .
The spreading of the profile (reference 3) with increase in range is apparently
counteracted by a compression of the profile with increase in charge depth. This
can be shown from Equation 4.2, where a selection of a reasonable value for 8 results
in a being the negative of that value. The best fit. to our data is obtained when
"-• = 8 = 0.10.

Equation 4.2 and what little other data was reported (reference 18 and 19) were
used to determine the effect of reduced range upon the durations of the first posi-
tive phase, Tpp. The effect was negligible: 0 vas less than 0.05 when C vas &sawed
to be -5/6. However, as more data become available, especially measureemnts at

• Some durations in Figures 9 and 10 are not reported in references 6 and 8 but
were specially read for inclusion in this report.

• The time constant is defined as the time required for the peek pressure to decay
to 36.8% of its peak value, as for exponential pulses, although 4ur palses
approach a linear decay for the very large depths.
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and depth dependence will be obtained.

Table I lists the HEX-3 shot& fired. AlthM~h the shallowst shot was at 120ft, the reduced r__es varied fr 500 to I4,000 / No earlier deep HX-3

data are available, so comparisons are made only with shallow explosion data, and
one act of close-in measuresents made at 500-ft depth.

.4.2.1 HBX-5 Pressures. In Figure li, the HBX-3 first Ipsitive phae (shock

love) peak prepures are plotted against reduced range (R 1 /3) between 500 and
14,000 (ft/fbl/3). A least squares fit* to the data shows that a slope of -1.14
is maintained to 14,000-ft depths. The same value of slope uas reported in refer-
ence 20 from syveral series of HBX-3 charges fired at reduced ranges of only 1.65
to 21.5 ft/lb1 / 3 at about a 30-ft depth. The line of Figure 12 was extrapolated
to these short ranges and the reference 20 values were found to lie about 2% below
the line.

The peak pressures found here were 3 to 7% smaller than those for TNT at the
corresponding ranges. This is slightly smaller than the results of shallow-water,
short-range measurements, as sumxrized in reference 21. There, the peak pressure
of HBX-3 averaged 3$ higher than that of TNT.

As in the case of TV, the first bubble amxinut pressure, PD, can be expressed
by ZqUation 4.2. If B is assumed to be -1.00, the method of least squares applied
to the data gives k = 2100 and • essentially zero (independent of charge depth) for
Zo less than about 4000 ft. For Z > 4000 ft, however, the pressure increases with
increase in ch re depth and m = 0.15 mhen 0 = -1.00. This is shown in Figure 12
*ere P3 .(R/wl/ 3 is plotted against Zo.

Reference 15 reports bubble uaximim pressures frcm 3- KBX-3 charges fired at
a 512-ft depth and reduced ranges of 2.85 and 5.69 ft/1b1 / 3 . The reference 15 pres-
sures were about 5% asaller than our values obtained from the appropriate equation
in Table ImI for the above reduced ranges. While the absolute taiues differ, the
ratio of the first bubble maxuim= pressures for TNT to those for HBX-3 is essentially
the same here (0.62) and in reference 15 (0.60).

The effect of depth upon the first bubble minimum pressure, P-in, was deternined
from Equation 4.2, with 0 = - 1.0. In Figure 13, the pressure, reduced by (WI/ 3 /R),
is plotted against Z . A least squares fit to the data for Zo 5 3000 ft gives 1/2
for the exponent of Zo and -16.5 for the proportionality constant k. At the shal-
lower depths, the scatter is too great and the data too few to fit a line as was
done for TNT in Figure 6. However, if the two 8-1b and one 50-lb data points were
eliminated because of relaxation effects, an extension of the curve (dashed line)
would provide a good fit to the remaining data including that from reference 15.

4.2.2 HBX-3,ýglses. In Figure 14, the HBX-3 first positive phase impulse,
reduced by (W is plotted against reduced range between values of 400 and
14,000 ft/lbl/3 . The parameters k and L were determined from Equation 4.2 assuming
an exponent of -0.97 for the reduced range; these are shown in Table III.

* The very small pressures at R/Nl/3 = 2550 and 3400 were not used in this or other
determinations since all pressure characteristics for these two shots were syste-
matically low.

10
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The impulse values found here were about 22% greater than those for TNT at the
corresponding conditions. This is consistent with the short range data ihich aver-
aged 24' greater (reference 21). When the line in Figure 14 is extrapolated to the
short ranges and shallow depths for which the impulse equation in reference 20
applied, the agreement is to within a few percent if the differences in impulse
due to integration times are taken into account.

The impulse of the first bubble positive phase, IB, reduced by wl/3/Z 2/5, is
also plotted in Figure 14 against reduced range. Again, k and cL were obtained from
Equation 4.2, assuming 0 = -1.00, and are given in Ta•l III. This line was extra-
polated to tae very short ranges (2.85 and 5.69 ft/ibA/) of the reference 15 shots
fired at 512-ft depth. Even at this great extrapolation, the reference 15 impulses
were only 3% higher than our values.

It is interesting to note that while the HBX-3 bubble pulse impulse is about
201% greater than the TIT values, the H3X-3 bubble pulse maxi==m pressures are only
about 2/3 of the TINT values. This is because the positive duration of the HBX-3
bubble pulse is much greater than that of TNT. The 20% difference between TNT mind
HBX-3 bubble pulse impulses found here can be compared with the 30% difference
reported in reference 15.

4.2.3 HBX-3 Energy Flux Densities. The reduced energy of the first positive
phase for HBX-3 plotted against reduced range is shown in Figure 8, vhich also
shows the TNT energy. As done for TMr, t e be• fit to Equation 4.2 was one in
which the HBX-3 energy was reduced by (W1/ 3 /Z /5) However, in this case the

exponent of the reduced range was assumed to ge -2.04.

A comparison of the HBX-3 and TNT energies obtained in this study shows that
the HBX-3 energies are 10% to 20% larger than the TNT energies at depths between
500 and 10,000 ft. Reference 21 gives for short range shallow data a value for
HBX-3 of 1.28 relatiea to TNT.

The line of Figure 8 was extrapolated to the sbI', ranges and shallow depths
where the equation for energy given in reference 20 is applicable; the reference 20
values were all 0-10% below the line.

4.2.4 HBX-3 Palse Durations. Reduced pulse durations are shown in Figures 15
and 16 as functions of depth*.

The range of depths is not as large as that for TMT and considerably fever data
vere obtained. However, the scatter in the data for the first bubble period, TI,
and for the duration of the negative p*hase T¶, was small and a least squares fit
provided a slope of -5/6 down to depths of 1g,000 ft. The first bubble period coef-
ficient of 5.35 wa 2.4% less than the reference 15 value obtained from 1-lb charges
detonated at a 512-ft depth.

The reduced values of the firt positive phase T and the bubble positive phase
duration rBP also varied as Zo5 /5 for depths down to about 5000 ft. For depths

*Three pressure-time records were obtained from 14,000-ft HBX-3 shots. However,p
for lack of sonic ranging data, the depths for these three values were determined
from the experimental bubble period equation. The depths thus calculated were
used onl with the rpp, TM., and TU, data.

Uo
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greater than 5000 ft, a departure from this slope was observed similar to that for
TVT; the absolute magnitudes of the slopes were slightly larger than the correspond-
ilg ones for TV.

As was the case for TNT, a straight line was drawn through the reduced bubble
rise time data Tuwp between 1200 and 14,000-ft depths; a slope of 0.90 was obtained.
The MW-3 bubbleplse rise times vwre 58% to 70% greater than the TRT rise times.

The increase in time constant with increase in range was again counteracted by
a corresponding decrease with increase in depth; the reduced time constant s were
independent of depth and range and were 200, 182, and 182 microsec/Ibl/ 3 for the 1-,
8w, add 50-lb charges, respectively.

I.3 MMO L0D N MTOL
Nitramx and Pentolite pressure pulse measurements are included in Table II.

No graphs and equations are presented since only four 80-lb Nitramex charges were
fired at depths between 2600 and 10,300 ft and only three 1-lb jentolite charges
were fired between 550- and 6600-ft depths. The results of these shots are compared
with the TNT results at corresponding conditions. Since the scatter in the Nitramex
data is large, the Nitramex results are not considered reliable.

4-.3.1 Nitramex Comparison with TMT. The values of the Nitramex shock wave and
bubble pulse characteristics are, in general, considerably smaller than those for
TV. The first positive phase peak pressures averaged about 70% of the TNT pressures
and the first bubble peak pressures averaged about 60% of the correspondirZ TNT pres-
sures. The absolute value of the bubble minimum pressure averaged about 70% of the
TMT pressure. The first positive phase impulse and the first bubble impulse were
comparable to the TNl values at the shorter ranges; at the greater ranges, they were
75% and 60% of the corresponding TNT impulses. The energy in the first positive
phase averaged 55% of the TMT energy for the longer ranges and was comparable for
the shorter reduced ranges. The Nitramex reduced durations, however, are in fair
agreement with the corresponding TMT values; in general, the Nitramex reduced dura-
tions fll within the scatter of the TMT data, TERT being slightly higher and TBNT
sllghtly lover. The average value of the first bubble reriod coefTicient, K1 , was
abou 1t.1," ^ or 2.3% less than for TNT.

4.3.2 Pentolite Compariion with TNT. The three values of Pentolite first
positive phase peak pressure are in very good agreement with the sha) '•w water Pento-
lite and TNT data of reference 3. The three data points are within the scatter of
ou TNT data, and no significant difference can be obtained. (Reference 21 gives
Pentolite as having an 8% higher value than TWT at short ranges.) The pentolite
bubble maximum pressure, both impulses, asd the first positive phase energy were
roughly 25% greater than the corresponding I-lb TWT data. All reduced durations
were within the scatter of the TNT plots, and the average value of the first period
coefficient, K1 , was 4.40. Zie reference 5 value of K1 was 4.47 for 6000-ft depths.

5, SUM4ARY AND CONCIMIOC

An attempt has been made to determine the effects of reduced range and of the
depth of an explosion upon the pressure pulse characteristics from data measured at
ranges nearly equal to the charge depths. The following equation was used for each
pressure pulse characteristic:

12
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The similitude scaling laws of reduced rane for sllow water explosions were used
to find the parameters for all depths of explosion. The parameters in the above

equation and the lixits of the independent variables are given in Table InI for each
pressure pulse characteristic measured. In general, good agreement vs obtained by
extrapolating the characteristics dependent on depth and reduced range to correspond-
irng data obtained from shallow water explosions at short and -_cng ranges, from short
range measurements at intermediate and large depths and for an isolated case of
intermediate charge depth and long range. However, for a better check on the vali-
dity of the relationships developed for the dependence on depth and reduced range,
pressure Aeasurements are required from deep and intermediate depth explosions at
short and intermediate ranges.

Some conclusions drawn from this analysis show that within the precision of the
measurements, only the shock wave peak pressures, Ppp, were independent of depth and
only the pulse durrations were independent of reduced range. The absolute Sagnitudes
of the bubble min'=m pressure, Pain, and of the bubble peak pressure, Pi, (only for
Zo > 1000 ft) increased with increase in depth; all other characteristics measured
decreased with increase in depth. Of all the depth-dependent characteristics, the
effect of depth was greatest upon the first bubble rise times and least upon the
first bubble peak pressure. However, the effect was great upon the other pulse
durations and upon the bubble minium pressure. At a depth of about 4500 ft, a
change occurs in the effect of depth upon the bubble ainium and peak pressures, and
upon the durations of the first positive phase and of the first bubble positive
phase. The effect of depth counteracts that of the reduced range so that the shock
wave "time constants" are constant for all depths and reduced ranges for this casemhere Zo m R + 210. Comparisons of the NBX-3 pressure pulse characteristics with
those of TIV were in good general agreement with similar comparisons made in shallow
water, and at a 500-ft depth.

13
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TABLE III

DMPIRICAL EQUATIONS FOR PRESSURE PULSE CHARACTERISTICS*

O macteristic Y = k Zo0 (RWlA/3)0
(W in lbs; R and Z in ft)0

y k L B Limits of Variable

TNT

1. kint2) 20,800o -1.13 14,000 • H/H•3. • 200
~ (lbs\

in0 ,300 0 -1.00 14,000 Z R/l/ 5:00
pppA

21L. PB (lb 3,300 -1.00 4,ooo k zo z 500

2b. P,3 /bs_ 875 1/6 -1.oo 15,000 a Z z 4,000
B 0

3a .p -77 1/3 -1.00 14,000 • Z 2! 4,500

3b P'a Vj-2' -4.8 2/3 -1.00 4,500o 2 Z z 500
in 0

5. (•/I)3.5 -2/5 -1.00 8,000 k R/W/3 k 500

( .lbsl)

6./3 (i/--lb 8,100 -1/5 -2.O 14,000 k R/W,• 3 k 500

Ta. ( sec- \ 0.555. -5/6 0 4,500;k Z 500
l sp / 1/, 3) 0

l 3 ec o.0145 -2/5 0 22,000 Zoz 4,500

(ba1 /3) 0

8. ,-lW ( c3) 3.10 -5/6 0 14,ooc 0 . z ,500

* See FMg. 2 and text for definitions of chazactristics T.
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TABLE III (continued)

DIPIRICAL EQUATIONS FOR PRESSURE PULSE CRARACTERISICS

Y k CL Limits of Variable

/3 /__

9I. ,•/3 e 1.10 -5/6 0 4,500 Z z a 500

9b. 0mpp 5 c 0.155 -3/5 0 22,000 Z a: 4,500

1o. a'i 3 / \ - 0 , , z1 3) 500

11. .lSW/ tC 1.25 -0.93 0 14,000 a 2 t 500

HXD-3
12. P/o, 23,500 0 -1.14 14,oo0 • R/w-/3 o400PPP 

F2

139. P i-i 2,100 0 -1.00 4,000 t Z a 500

f1b p13b. P 600 0.15 -1.00 15,000 zo 4,000

1A. p -16. . 1/2 -1.00 14,000 a z a 3,000

in 0b

/3 lbs~sec

15., 3ý .,1/3 17.9 -1/3 -0o97 ,14, 000o RA,]/3 2 500

16. 1,D/+ 1/3 46.0 -2/5 -1o00 14,000 a //3 k 500

/ .2,5 / /3 / a 50017.'1/3 (.inlbs 7 -1/5 -2.04 14,000 a, z 500
17. (; 2. 1b/3) 730u. 0

18&. rpp(wl/3 ) 0.75 -5/6 0 5,000a Za 1,000

a0



"TABLE III (continued)

DOUICA" EQUATIN0 FOR -PRESSURE RIE CAACfERISTICS

Y k B Limits of Variable

18b. W I-3 (-- ) 0.0438 -1/2 0 14,000 a Z 15,000

19. r,,/W/3 (3)55 -5/6 o 10,000 o o z 0 1,000

20&. F,1// ( j:/c3) 1.74' -5/6 0 5,000 Z 0 1,000

20b. 13 se e./ 0.\o2 -2/3 0 114,000 Z z 5,000

21. 1/wA41 5.35 -5/6 0 10,000 z Z 1 1,000
(-:1-3) 0

2/w21 3 (se) 1.60 -0.90 0 14,000 • Z a 1,000

36
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APPXNDIX A

EIERGY SPECRA

Energy spectra of the pressure pulses are of interest in determining hov the
reduced range and depth affect the distribution of the energy with respect to fro-
quency. The energy spectra of the first positive phase and of the total pressure
pulse (through one or more bubble periods) have been reported for our data in ref-
ference 14, and for the reference 8 data in reference 22. In both cases, however,
the depth and range were treated as the some variable.

Reference 14 spectra of the first positive *ase shoe that the mximum values
occurred at the lovest frequencies, and this energy value for the 500-ft shots vas
about 10 dB larger than for the 14,000-ft shots. The spectra for all depths of
explosion d creased with increasing depth, converged at a reduced frequency of about
1500 Hz-1bl/ 3 and diverged 1 spin as the frequency increased further. At the' hist-
eat frequency (- 20 kHz-lbl/ 3 ), the energy of the shallowest shots vas again about
10 dB larger than that for the 14,000-ft shots. A similar effect uas observed in
reference 14 for the spectra of the total pressure pulse, except that the maximum
(peak) in the spectrum for each depth occurred at the respective bubble frequency
of the first bubble oscillation.

The reference 14 and 22 energy spectra and, Weston's energy spectra (reference
23 of shallow wter data, were reduced by the square of the Impulse; i.e., by
Z-A/R", determined from shallow water explosions. In view of the reduced range
and depth dependence upon the iUpp3,se detervjined in this report, all energy spectra*
should be reduced by the factor 0'/3 / 2 .Zo 2 /3. Such a reduction results in a coin-
cidence of all mexlimm (peak) energy levels at the low frequency end a* also In a
coincidence of all spectra at the high frequency end (about 20 kjz-lbl/3) of the
spectrum, for both types of pulses. Also, the spectra for the first positive lase
diverge at the aid-frequencies so that the spectrum for the 14,000-ft explosion
depth vas larger by 8 to 10 dB than that for the 500-ft shot. Such a divergence
reflects a continuous change in the wave form of the first positive phase; i.e.,
from an exponential to a triangular pulse as the depth increases (see Figure 2).
The maximum deviation for the case of the total pulse occurs at the frequency of the
first bubble oscillation. Figures A-1 and A-2 are reproductions of Figures 7 and
U in reference 14 with adjustments in energy level for the effect of depth. The
non-conforumnce of the 500-ft depth spectra at the highest frequency is probably the
result of gauge relaxation.

* For the shock wave impulse, the range exponent of -0.97 is considered t be -.. 00,
as Weston assmed. Although the Vibble Impulse is proportioal to ZO 2/5th
energy spectra of the total pulse is mote nearly proportional to (z0 -1/352 since
the energy in the first positive pbase predouinates orer smat of the frequency
range (references 21 and 22).
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