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PRESSURE-PULSE CHARACTERISTICS OF DEEP
EXPLOSIONS AS FUNCTIONS OF DEPTH AND RANGE

by
Jora P. Slifko

ABSTRACT: Thirty-eight TNT and 18 HBX-3 charges weign.:1Z one, ejght, and fifty
pounds were fired at depths between 500 snd 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.
Lurations were a function of depth alone. Empirical equationus were derived
vhich shcw that all other pressure-pulse characteristics can be expressed as
functions of depth as '.:11 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 EXPLOSIONS AS FUNCTIONS OF DEPTH AND RANGE

The work reported here was undertaken to provide 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 THT and HBX-3 explosions can be calculated as functions of range and depth
separately or together.

The project was supported by the Advanced Research Projects Agency, under ARPA
Order 610, Amendment No. 1, NOL Task No. NOL-T85/ARPA. Mention of commercially
available products in this report does not constitute criticism or endorsement by
the Iaboratory.
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PRESSURE-PULSE CHARACTERISTICS OF DEEP
EXPLOSIONS AS YUNCTIOMS OF DEPTH AND RANGE

1. INTRODUCTION

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

It is far wore 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-
uents are to be made near the charge, some difficult engineering probleme will have
to be solved.

One experiment has been carried out to find the effect of depth by simlating
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 4he
pressures were recorded just below the water surface and directly above deep explo-
slons. 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
renge transmission (reference 8).

In the tests reported here, measurements were made Just below the watcer surface
directly above deep expiosions as in the tests of references 5-7. However, addi-
tional shallower shots were included and larger charge weights were fired. This
resulted in extending the range of the variasbles by at least an order of magnitude,
thus epabling a tetter 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
& yower function of reduced range required by the prirciples of similitude for shal-~
low explosions.

2. EXPERIMENTAL ARRANGRMENTS

The tests were conducted from the USES GILLIS (AGOR-A) {n February and Merch
of 1965 in the Atlantic Ccean spproximately 110 to 220 miles east of Kleuthers
Island in 2600 to 3000 fathoms of water. These tests were designed by
E. A. Christian and were executed under the direction of ¥W. K. Fsux, both of this
Laboratory.

*References are listed on pags 1k.
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2.1 CHARGFS

THD charges welghing one, eight, and fifty-seven pounds each were fired at
geveral depths betwesr 500 ft and 14,000 ft. The number of each of the charge
veights fired at the various depths 1is given in Table I. The l-1lb and 8-1b charges
vere cast by WL inve -3linders and vith a L/D ratio of about 1.0. These charges
vere boostered st be %s5p end of the cylinder with 0.0662-1b and 0.221-1b cast
pentolite boosters <o e 1-1b and 8-1b charges, respectively. The cylindrical
boosters were co-axiz: w.th the TNT charges, and the top of each booster was flush
vith the top of the mein charge. The other TNT charges fired were 56-1b Mark 2
Nod 3 demolition ch=~« -z with an additional 1l-lb pentolite bocster strapped to the
top of the container “< inswre proper d={onation; only 7 ocut of 12 of these deto-
nated. Attempts tc Tire 1000-31b TNT charges {eighteen Mk 2 Mod 3 charges strapped
together vwith one S6-1r charge boostered as above) were unsuccessful.

One, eight, an¢ 'ifty-1b HBX-3 charges were fabricated at NOL and were boostered
with 0.0662, 0.221, =ni 1.0 lb of cast pentolite, respectively. These charges and
Yoo ters were cylicar{-al and the boostering geometry wes similar to that for the
1- and 8-1b THI charges. The charge vweights and nominal firing devths are also
glven in Table I.

Eighty 1bs of Ni‘rawex explosive was loaded by the manufacturer* into 8-in
diameter by 2i-in long canisters, and each charge was boostered with a 4-1/2-in
dismeter by 9-in lorg pcimer charge of EL~-637 Comp B explosive which was taped to
the side of the Nitremwx charge. In addition, a 1-1b pentolite booster, with a
pressure detcnator attached, was taped flush with the primer charge so that it was
&8 nearly as possible in contact with the main charge. The firing depths are given
in Teble I.

Three cylindrical 1-1b pentolite cherges cest at NOL were fired at the depths
shown ia Table I.

in addition to the 67 charges fired, the foll 11 charges fai.ed to deto-
nate properly: 1-it ?Nr (1), 8-1b TNP (2), 57-2% TRT (5), 1000~-ibh TNT (2), and
80-ib Eitramex (1). The 57-1b TN charges were suusequently investigated. It
was found that thare were substantial cavities at the top end of the charges
(reference 9).

2.2 INTTIATLNG DEVICE AND RIGGING

es were initiated with a hydrostatic firing device mamufactured by
Weston Instruments, Inc., Daystrom Drawing /800AA1000. These devices were designed
to initiate special percussion detonators®at nominal depths indicated in Table I.
Each detomator 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 mupose and sonic ranging was used .o find
wore precise depths.

Two methods were used to place charges a! the firing depth: Free-fall, in
wiich the armed charge was thrown in the water and sank until the firing device was )
actuated by the ambieat pressure, and wire-gulded (reference 6) in which the arm=d

# Nitramex vas purchased from the E. J. dePont de Nemours; the composition was 164
TNT, 4% DNT, 30% NaNO;, 35% NH,NO; plus iron and phosphorus.

#% Fabricated by “he Explosion Dynamics Division of NOL.
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TABLE I

NUMBER OF CHARGES FIRED UNDER VARIOUS CONDITIONS

Nominal
Depth INT HBX-3 Nitramex Fentolite
(rt) 1-1b  B8-1b 57-1b 1-1b 8-1b 50-16  80-1b 560-1b  1-1b
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 1 1 - - -

charge slid 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 bottom ends of vhich were
provided with guldes for sliding down the wire rope. The charge was separated from
the wire ropz by a distance greater than the expected bubble radius; i.e., 2to T
ft. This charge was initiated in the same manner as the free-falling charge.
Approximately 32% of the attempted firings were wire guided. This technijue
reduced the relative horizontal displacement of the charge and ship.

2.3 INSTRUMENTAT .ON

The pressure-time data was recorded simultaneously by an Ampex FR-600 on
magnetic tape and by oscilloscopes on phouographic paper. Both recordipg methods
had the desired capability of providing a permanent record only a minvte 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 vere determined
from the measurements of the time difference between the arrivals of the surface-
bottom and the botitom 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 tne single hydrographic cast made to only 850 meters
(2800 ft) supplemented by the results of deep hydrographic casts previously obtained
at approximately the same ares and time of the year. The B-T measurements were
made quite frequently--a total of 52 for the 79 attempted shots--to account far the

diurnal temperature changes in tluc surface layer; the measurssents nearest the tiwe
of each shot vere used.
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The sonic signals for ranging the charge depth were picked up by an LC-3C#
hydrophone which was mounted on LOO ft of low noise coaxial cable and was maintained
at a depth of ebout 190 ft. The outpit signal of this hydrophone was also used to
provide a trip pulse tc the oscilloscopes. The hydrophone cignal was clipped and
amplified®* before it was applied to the inputs of channels 10 and 11 of the Ampex
FR-600 tape recorder. A time base consisting of 10 kHz signal accentuated every 1,
10, and 100 msec was applied to channel 1lk. See Figure 1.

2.3.2 Pressurs-Tiwe Measurements. The shock wave and bubble pulse pressure-
time data were obtained with another IC-32 hydrophone located 5 ft above the hydro-
phone Just described. The hydrophone was mounted on similar lov-noise cable;
hovever, it was terminated in a simple RC network (reference 10) to reduce reflec-
tions in the cable. The output of the termination network was coupled directly to
the input (2.10' ochms) of a "K" amplifier (reference 11), the output impedance of
shich was 100 ohms. A 100 P condenser was used to couple the output of the "K"

: awplifier to the inputs of a dual-beam oscilloscope (Tektronix RM 565) and a four-
| beam Electronic Tube Corporation Model K-4TC oscillcscope (Figure 1). In addition,
3 & 200 ohm output of the dual beam scope was coupled with a 40 yP condenser to the
input of channel 8 of the FR-600. Thus » it was possible to record from the pawme

; hydrophone a total of 10 channels of data, each with different amplification. The
E 3 dB points of the frequency band were about 0.4 Hz and 20 XNz for the tape data

E | (MM recording at 60 IFS) and about 0.4 Hz and 50 KAy (hydrophone limited) for the
oscilloscope data. The data from both oscilloscopes was recorded on photographic
paper with Polaroid cameras.

3. ARALYSIS OF DATA

Most of the data analyzed was obtained from channel 8 of the FR-600 tape
recarder; the dual beam oscilloscope deta wvas from five shots which were not recorded
on the FR-600. In addition, the oscilloscope data from five other shots was snalyzed
3 to compare with the FR-600 recordinge of the same shots. The programs used on the
. i IBM 7090 computer were essentially the ssme for the two cascs, except that the
E aethod of reading the data from the records and the form of the input data differed.

3.1 ANALYSIS OF FM TAPE DATA

The magnetic tape data was digitized by the Mathematics Department of the Naval
Ship Research and Development Center on their Computer Data Format Translater (CL¥T)
vhich provided a wa:dmun sampling rate of 2000 samples per second. The tape data
wac first played back on the RSRDC Ampex FR-600 at a speed of 3-3/4#%% in/sec, and

#  Mamufactured by Atlantic Research Corp., Alexandria, Va. It should be noted
that low frequency distortion was probably introduced by the IC-32 hydrophone.
In special shock wave response tests (reference 12) of towrmaline and cersmic
gauges at the 10C psi level, it was shown that the pressures from LC-10 and
I£-32 gauges decayed too slowly due to a relaxation effect, resulting in large
shock wave impulse values. However, it was not determined vhether or no} the
relaxation effect persisted at lower pressure levels, such as those recorded
from the deep shots reported here.

** Rediation Electronics Co., Model TA-S5 Amplifier.

#*+% An attempt was made to play back the tapes at 1-7/8 in/sec in order to reslize
the full band width capabilities of the recorder; i.e., 20 kHz. Unfortunately,
this speed resulted in a considerable increase in playback noise level, go the
3-3/4 in/sec speed was used.
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the analog output was then sampled and digitized 1875 times/sec on the CIFT. Since
the tape data was recorded at 60 in/sec, the sampling rate was equivalent to 30,000
samples/sec in recorded time.

The CIFT 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 ‘ate. The number
of records vas determined before hand on thc basis of the Guration of the pulse
required to be digitized. Next, & decimal dump of the CDFT digital tape was obtained
st NOL by means of the program TESTP (reference 13). The program NEWGRL (reference
13) was then used on the IMM 7090 comjiter to calculate the maximum pressure,
impulse, energy, pulse duration, spectral amplitude and energy density, and the
octave band spectral energy of the jressure pulse. The program is quite flexible
so 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 4B, as a function of log frequency. Spectral energy deta are
reported in reference 1lk.

3.2 ANALYSIS OF OSCILLOSCOPE DATA

The few examples of pressuwre-time data obtajned from oscilloscope records
were read manually from photographic films at discrete time increments of equal
value (16-2/3 usec) on the NOL Telereadex. (Fhotographic films were made from the
original Polaroid prints to facilitate the reading of the data on the Telereadex.)
Bach pressure datum point was punched on an IEM card, and these cards were used
vith program PAPFY (reference 13) on the IBM 7090 to compute the pulse and spectral
characteristics mentioned above.

3.3 ARALYSIS OF ANATOG TAPE DATA

The analog tape data were played back on the ROL FR-600 and a Visicorder®* was
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 vere obtained from these records. Onl" +the impulse and energy values reported
herein vere obtained from the digital tape davu; i.e., program KEWGRL. The reason
the pressures and time duratioms were not obtained from the digital data wus that
the sampling rate was too coarse in mary cases to provide accurate peak pressure
values and also that the noise on the pressure-time records made it difficult to
determine (frow program TESTP) the times at which pressures were equal to the ambient
pressure. It should be noted, however, that although the maximumm pressures may
differ by as wuch as £ 10% by the two methods on some shots, the resulting equations
of p, vs W/3/R were essentially ideztical.

L. RESULTS

The shock wave and bubble pulse date are shown in Table II for TNT, HEX-3,
pentolite and Nitramex. Representative pressure-time recards are reproduced in

# The Visicorder (Model 906B} is a paper recorder complete with 12 chanuels of
amplifiers and a wmiltispeed paper drive. It is mamufactured by Honeywell, Inc.,
Denver, Colorado.
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es 2 and 3. The THT and HEX-3 reduced data are plotted in Pigures L through
16, and the equations of the curves in these figures are suwarized in Table III.
The sparse data obtained for peontolite and Nitramex were not sufficient for making
Plots.

In this report, the shock wave is aiso cailed "the first positive phase" since
all integrations of impulse and energy were carried out to the time at which the
shock wave pressures decayed 0 the ambient pressure level. This crossing point is
clearly defined, in coatrast to the shock waves fram shallow water explosions for
vhich 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
errors.

In an attempt to detcrmine the effect of expl.sion depths upon the pressure
pulse characteristics, Y, it was assumed that Y was proportional to the prcduct of
two functions of independent variables: a mm}ticn of only the total charge depth,
Z,, and a function of only reduced range, R/W/3. The latter function had been
determined by the principles of similitude from shallow water explosions and is
assumed to be valid for all depths. The relationship is:

Y= g(z) £ (RAM3) (5.1)

vhere Y is pressure, reduced impulse,I/\\’l/ 3 y reduced energy E/Vl/ 3 , Oor a reduced
time interval between characteristic points in the pulse,T/4l/3, and where Z, =
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 =k-z % (/38 (%.2)

vhere g is a ccastant determined empirically from shallow water explosions, and
vhere k and ¢ are constants determi7&d by the method cf least squares from the
measured values of Y, Z,, and (R/Wl/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 mey still be recorded after the explosion pressures have entered
the negative phe- . The magnitude of this distortion increases with increase in
the shock wave peak pressure level. Hence, for the smaller reduced ranges, all data
recarded 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 éistortion 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 Leak pressures) recorded at reduced ranges
less than about 500 £t/1b1/3 (15-20 psi).

4.1 RESULTS FOR TRT

The results reported here are compared with similar earlier data obtained by
NOL in 1949, 19€3, and 1964 and reporied by Blaik and Christian (reference 8). 1In
addition, some shallow, long-range shots reported by Arons (reference 3) and some
short-range bubdle data {refevences 15 and 16) are compared.

6
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4.1.1 TNT Presgures. The first positive phase (shock vu.v7\ peak pressures,
Ppp, are plat?ed Tor TNT in Figure b for reduced ranges of R/WL/3 between 200 and
14,000 ££/1b1/3. A least 7 uares fit to these data showed that the pressures varied
as the reduced range, R/W1/3, to the -1.13 power, as was determined by Arons (refer-
ence 3) from long-range, shallov-water explosions, by Blaik and Christian (reference
8) from long-range, deep explosions, by Vanzant and Deflart (reference 4) from
short-range simulated deep explosions, and by Bebb and by Coles, et al (references
1 and 2) from short-range shallov water explosions. The pressures of references
1, 2, 3, 4, and 8 vere unly about 4% to 8% larger than the present peak pressures,
and for clarity were omitted from Figure 4. In genersl, the peak pressure, froa
the 1-1b charges were lover than those from the 8-1b and 57-1b charges. All pesk
pressures were read from the apparent peaks; i.e., without correction for the finite
asuge size and the 20 kHz recording response. This may account for the slightly
lower pesak pressures, particularly those for the 1-1b char<es.

by i, e i

T R

LR R TR

A similar plot of the first bubble pulse maxiwum pressures, Fp, against R/Wl/3
shovs that the pressures were slightly depth dependent, as vas indicated by a slight
but significant increase in the slope of the curve at a reduced range of about
4000 £t/1b1/3. This effect was not observed in reference £, probably hecause the
TNT measurements vere mede from explosions confined to depths greater than 4000 ft;
i.e., 6000 to 22,000 £, aud because the scatter in the dats was large. If it 1is
assumed that the bubble pesk pressures can be represented by simple powver lavs
involving depth as vell 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 squares, that
k = 3300 and q 1s essentially zero; 1.e., independent of depth, for depths less
than about 4000 ft. For larger depths, however, a significant increase in Py was
observed with increase in charge depth: q = 1/6 vhen § = -1.00. This is shown
in Figure 5 where Pg(R/N1/3) 1s plotited against Z,. Reference 8 data (not shown)
for 1- and 8-1b TNT charges fired between 6000 and 22,000 ft depths are in gnod
general agreement with our data.

A comparison of bubble pressures from 1-1b TRT charges ed at 512-ft depth
(reference 15) and at reduced ranges of 2.85 and 5.60 ﬁ:/]bl 3, shows reference 15
Pressures to be about 5% smaller than ours. Approximetely the same difference was
found with 7eferencc 16 results for 500- and 250-ft depths at a reduced range of
2.84 rt/1m1/3,

From an incompressive approximation of the pulsating bubble, Arons derived
the folloving expression (reference 16) for the minimm pressure of t.e first bubble

negative phase:
P = -5-16 202/3 (r/WY/3)"1-00 (4.3)

By assuming our pressures slso to vary inversely with the reduced range, the effect
of charge depth upon the pressure is shown in Pigure 6 by plotting P (R/Hlﬁi)
against Z,. From a least squares fit to the data for Z, < 4500 ft, :ﬁ: pressure
varied as the total charge depth, Z_, to the 2/3 pover, as was determined by Arons.
The absolute pressure level computed from Arons' equation (k.3) wvas 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 pover. Interestingly enough, the reference 8 pressures,
vhen plotted on the Figure 6 scales, do not shovw this change in slope.
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4.1.2 TNL Impuises. The first positive phase impulse, Ipp, was reduced by
the factor (W Zo and is shown plotted against reduced range in the lower

graph of Pigure 7. The exponent of Z, vas d7tem1ned by applying least square fits
to the data in Bquation 4.2 vhere Y = Ipp/Wl/3 and 8 = -0.97.

Additional unreported data were obtained by NOL from a 1.8-1b TRT charge fired
in the Pacific (reference 19) at 865-ft depth and measured at a horizontal range of
sbout 64OO-ft and 1500-ft depth. The transmission characteristics were such that
the pulse was not refracted, and the reduced impulse of the first positive phase is
shown in Pigure 7 to be in gnod agreement with our data for a reduced range of 6900
ft/lbl 3. Also shown are the reference 8 first positive phase impulses from 1l-lb
and 8-1b TNP charges fired at depths of 6000-22,000 ft. They average about 25%
higher than the values reported here.

The iasert at the hottom of Figure 7 shows the reference 4 firsti positive phase
impulses obtained from 8.5 and 4.8 gram pentolite charges fired in a fresh water
filled tank pressurized to simulate ocean depths of 1150 to 9000 ft. The impulses
are Abrt 25% higher than our dsta for THT extrapolated to reduced ranges of 1-10
rt/1p1/3,

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

The first bubble pulse impulse was reduced by the factor (W-/ 3/z,,2/ %) and 1s
shown plotted against reduced range in the upper graph of Figure 7. The exponent
of Zy vas similarly determined from Bquatica 4.2; however, in this case, the value
of g was assumed to be ~1.00. Reference 8 first bubble pulse reduced impulses are
also plotied in Figure 7. An extrapolation of our curve to the large reduced ranges
shovs reference 8 values to be about 20% 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-f¢ and 250-ft depths. /Extrapclating the impulse curve
for our data to thie reduced range of 2.84 rt/1bl/3 gives impulse values equal to
the reference 16 iwpulses. A similar comparison with reference 15 impulses is algost
equally good for a 512-ft charge depth and reduced ranwges of 2.84 and 5.69 ft/1bl/3.

The bubble impulse and the bubble maximum pressu e were calculated for a 1-1b
charge for Z, = R + 219 ft from Arons' inccmpressible bubble theory (reference 17).
The calcuhte? izpulses were vithin 15% of our curve Jor reducii ranges less than
10,000 ££/1b1/3, and & similar deviation was obtained for the calculated bubble
Pressures for reduced ranges less than 4,000 ft/1bl/3.

4.1.3 TNP Energy Plux Densities. The energy, Epp, in the first positive phase
for, m}yl well as HBX-3) is shown in Pigure 8. The data were reGuced by the factor
91/3/2‘ ; the exponent of Z, vas determined by a least squares fit to Equation 4.2
vith exponent B taken as -2.07. The energies of reference 8 are shown for compari-
son; they are about 25% higher than the corresponding values of this report.

Also shown in Pigure 8 is an unreported eaerlgy value of the first positive
rhase measured at & reduced range of 6900 £t/1b1/3 (reference 19). This value is in
g00d agreewent vith our data. The referance 3 shock wave energies averaged about
10§ less than our curve in Pigure 8 for reduced ranges between 100 and 1000 ft/lbl/ 3.
B0 energy valuss vere reported in reference 4.
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4.1.4 NP Pulse Durations. Figure 2 shows the notations used for the various
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 vith Z,, the total
charge depth. (The shock wave rise times are not included here, since the slov
response of the recording and playback system masked the true rise timee. The
actual rise times are less than the 55 t 5 microseconds recorded on all shots.)

Az a result of the hydrophone relaxation effect, the recorded values of Typ were
too small and the recorded durations of Tpp, “gg, and Tgpp were too large at the
sualler reduced ranges.

These figures show that the reduced first bubble pex-io7 1, /ML/3, and the
. reduced duration cf the first bubble negative phase, -’3, varied as the total
charge depth to tie =5/ power for all explosion deptbs between 500 and 15,00 ft.
The equation for T /w 3 in reference 8 obtained for 1- and 8-1b THT charg'.s for
charge depths from 8500 to 22,000 ft is identical to that reported here. /.iso the
equation for ¥ /wl/ is in good agreement with values reported in referenc:s 5, 8,
15, and 16 for non-migrating TNT bubbles.

The reduced duration of the first bubble rise tine, .‘I'B/\fl/ 3 varted as the
-0.93 power of Z, over the entire range of depths (rigure 10 hovevar, because of
f the short durations at the greater depths, the precision of measuremen' is only fair.

The reduced durations of the first positive phase, Tpp/\il/ 3, and >f the first
bubble phase, Tppp/Wl/3, also varied as the total charge lepth to the -5/6 pawer,
but only for charge depths less than about 4500 ft. Por larger depth;, a signifi-
cant departure from the -5/6 slope was observed for these tvo duraticis. The curves
drawn by eye through the cluster of durations /ror exylosion depths of 4500, TOO0O,
and 14,000 ft show a slope of -2/5 for TPP/H and -3/5 for Typp/W /3. the cor-
responding reduced durations* of references 6 and 8 in the depth int/rval of 5000-
22,000 ft are in good agreement. It should be noted that 4500 £t is the depth for
vhich significant changes in the first bubble pressures occurred.

Shallow water (Z, = 75 ft) shock wave time constants we 7e 2 shown (n reference
3 to increase with {norease /reduced range at a rate (}/wl/3)0.22 71- reduced
ranges as large as 2000 f£t/1b1/3. Our reduced time constants#* (8/wl/3), however,
were independent of reduced range; the measured valuas, after correction rar the
20 ¥Hz response, were 170, 160, and 150 micrOSe\./lb fo* the 1-, 8-, and lg
TNT charges, respectively, in the reduced range interva.l of 500 to 14,000 rt/lb /3.
The spreading of the profile (reference 3) with increase in range is appa.rently
counteracted by a compression of the profile with increase in charge depth. This
can be shown from Bquation 4.2, vhere a selection of a reasonable value for 8 results
in 3 being the negative of that value. The best fit to our 3ata is obtained vhen

= B =5 0.10.

. Equation 4.2 and what little other dsta was reported (reference 18 and 19) vere
used to determine the effect of reduced range upon the durations of the first poasi-
tive phase, Tpp. The effect was negligible: £ wvas less than 0.05 vhen g was assured

. to be -5/6. However, as more data become available, especially measurements 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 peak pressure to decay
to 36.8% of its pesk value, as for exponential pulses, although our pulses
approach a linear decay for the very large depths.
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and depth dependence will be obtained.

4.2 RESULPS FOR HBX~3

Table I lists the HBX-3 shots fired. Although the shallowest shot was at 1200
£t, the reduced ranges varied fram 500 to 14,000 ££/1%1/3. Fo earlier deep HEX-3
data are available, so comparisons are made only with shsllow explosion data, and
one set of close-in measurements made at 500-ft depth.

4.2.1 HBX-3 Pressures. In Pigure 11, the HBX-3 first_ positive phase (shock
wave) pesk 7sures are plotted against reduced range (R/Wi/3) between 500 and
14,000 (f*t:/g;i 3). A least squares fit* to the data shows that a slope of -1.lk
is maintained to 14,000-ft depths. The same value of slope was reported in refer-
ence 20 from several series of HBX-3 charges fired at reduced ranges of only 1.65
to 21.5 rt/1b1/3 ot sbout 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 vere 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, &s summarized in reference 21. There, the pesk pressure
of HBX-3 averaged 3% higher than that of TNT.

As in the case of THI, the first bubble maximm pressure, Py, can be expressed
by Equation 4.2. If 8 is assumed to be -1.00, the method of least squares applied
to the data gives k = 2100 and q essentially zero (independert of charge depth) for
Z, less than about 4000 ft. For Z, > 4000 ft, hovever, the pressure increases with
increase in ¢ depth and @ = 0.15 when 8 = -1.00. This is shown in Pigure 12
vhere Pp-(R/W!/3) 1s plotted against 2.

Reference 15 reports bubble maximum pressures frcm 1.71.1: HBX-3 charges fired at
& 512-ft depth and reduced ranges of 2.85 and 5.69 rt/1b1/3. fThe reference 15 pres-
sures vere about 5% smaller than our values obtained from the appropriate equation

in Table III for the above reduced ranges. While the absolute 1aiues differ , the
ratio of the first bubble maximum pressures for TP to those for HBX-3 is essentially
the same here (0.62) and in reference 15 (0.64).

The effect of depth upon the first bubdble minimm pressure, P.{pn, vas determined
from Bquation 4.2, with 8 = - 1.0. In Figure 13, the pressure, reduced by (Wl/3/R),
is plotted against Z,. A least squares fit to the data for Z, S 3000 ft gives 1/2
for the exponent of 2, and -16.5 for the proportionality comstant k. At the shal-
lower devths, the scatter is toc great and the data too few to fit a line as was
dope for TRT in Figure 5. Hovever, if the two 8-1b and one 50-1b data points were
eliminated because of relaxation effects, an extension of the curve (dashed line)
would provide a geod fit to the remmining deate including that from reference 15.

h.2.2 HBX-3 lses. 1In Pigure 14, the HBX-3 first positive phase impulse,
reduced by (wfzo » is plotted against reduced range between values of 4LOO and
14,000 ££/1b1/3. The parameters k and g vere determined from Equation 4.2 assuming
an exponent of -0.97 for the reduced range; these sre shown in Table III.

¥ The very small pressures at R/':ll/ 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 which aver-
aged 2L% greater (reference 21). When the line in Figure 1l is extrapolated to the
short ranges and shallow depths for which the impulse equation in reference 20
applied, the agreement is to within & few percent if the differences in impulse
due to integration times are taken into account.

The impulse of the first bubble positive phase, Ig, reduced by wt/ 3/z 2[5, 1s
also plotted in Figure 1h against reduced range. Again, k and g vere obtained from
Equation 4.2, assuming 8 = -1.00, and are given in Ta 2}5 III. This line was extra-
polated to tie very short ranges (2.85 and 5.69 ﬁ:/lb ) of the reference 15 shots
fired at 512-ft depth. Even at this great extrapolation, the reference 15 impulses
were only 3% higher thar our values.

It 15 interesting to note that vwhile the HBX-3 bubble pulse impulse is about
20% greater than the TNT values, the H3X-3 bubble pulse maximum pressures are only
about 2/3 of the TRT 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 and
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 emergy of the first positive
phase for HBX-3 plotted against reduced range is shown in Figure 8, vhich also
shows the TRT energy. As done for TRT, t?e beﬁ fit to Equation 4.2 was one in
vhich the HBX-3 energy was reduced by (wl ). However, in this case the
exponent of the reduced range was assumed to e -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 g:ives for short range shallow data & value for
HBX-3 of 1.28 relative to TNT.

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

b.2.4 HBX-3 Pulse Durations. Reduced pulse durations are shown {n Figures 15
and 16 as functions of depth¥,

The range of depths is not as large as that for TRT and considerably fewer data
wWwere obtained. Howvever, the scatter in the data for the first bubble period, T,
and for the dquration of the negative phase Typ, was small snd a least squares fit
provided s slope of -5/6 down to depths of 1C,000 ft. The first bubble period coef-
ficient of 5.35 was 2.4% less than the reference 15 value obtained from 1-1b charges
detonated at & 512-ft Gepth.

The reduced values of the f t positive phase Tep and thke bubdble positive phase
duration Tppp 81s0 varied as ZO" for depths dowm to about 5000 ft. For depths

# fThree pressure-time records were obtained from 1k,000-ft HBX-3 shots. However,
for lack of sonic ranging data, the depths “or these three values were determined
from the experimental bubble perind equation. The depths thus calculated were
used only with the Tpp, Tgpp, and Tppp data.
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greater than 5000 ft, a departure from this slope was observed similar to that for
TNT; the absolute magnitudes of the slopes were slichtly larger than the correspond-
ing ones for TNT.

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

The increase in time constant with increase in range was again counteracted by
& corresponding decrease with increase in depth; the reduced time cons s were
independent of depth and range and were 200, 182, and 182 microsec/1bl/3 for the 1,
8, aid 50-1b charges, respectively.

4.3 XITRAMEX /5D mu'm
tramex and Pentolite pressure pilse measurements are included in Table II.

No graphs and equations are presented since only four 80-1b Nitramex charges were
fired at depths between 2800 and 10,300 ft and only three 1-1b pentolite charges
were fired between 550- and 6600-ft depths. The results of these shots are compared
with the THT results at corresponding conditions. Since the scatter in the Nitramex
data is large, the Nitramex results are not considered reliable.

4.3.1 KNitramex Comparison with TXT. The values of the Nitramex shock wave and
bubble pulse characteristics are, in general, considerably smaller thar those for
TRT. The first positive phase pesk pressures averaged about 70% of the TNT pressures
and the first bubble peak pressures averaged about 60% of the corresponding TNT pres-
sures. The absolute value of the bubble minimum pressure averaged about 77% of the
TNT pressure. The first positive phase impulse and the first bubble impulse were
comparable to the TNT 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 TNT energy for the longer ranges and was comparable for
the shorter reduced ranges. The Nitramex reduced durations, however, are in fair
agreewent with the corresponding TNT values; in general, the Nitramex reduced dura-
tions fall within the scatter of the TRT data, Tprp being slightly higher and TENT
slightly lover. The average value of the first bubble reriod coelficient, K;, was
abaut 4.2%, or 2.3% less than for TNT.

4.3.2 Pentolite Comparizon with TRT. The three values of Pentolite first
positive phase peak pressure are in very good agreement with the shal? »w water Pento-
lite and TNT Qata of reference 3. The three data points are within tne scatter of
our TNT data, and no significant difference can be obtained. (Reference 21 gives
Pentolite as having an 8% higher value than TNT at short ranges.) The Pentolite
bubble maximnm pressure, both impulses, and the first positive phase energy were
roughly 25% greater than the corresponding 1-1b TNT deta. All reduced durations
were within the scatter of the TNT plots, and the average value of the first period
ccefficient, K;, was 4.40. The reference 5 valuc of K; was 4.47 for 6000-ft depths.

5. SUMMARY AND CONCLUSIORS

An attempt has been made t0 determine the effects of reduced range and of the
depth of an explosion upon the pressure pulse characteristics from data measured at
ranges nearly =qual to the charge depths. %The following equation was used for each
pressure pulse characteristic:




o
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The similitude zcaling laws of reduced range for shallov water explosions were used
to find the parameters for all depths of explosion. The perameters in the above
equation and the limits of the independent variabies are given in Table III for each
pressure puise characteristic weasured. Ir general, good agreement was obtained by
extrapolating the characteristics dependent on depth and reduced range to correspond-
ing data obtained from shallow water explosions at short and lcng ranges, from short
range measuresents at intermediate and large depths and for an isolated case of
intermediatz charge depth and long range. Kowever, for a better check on the vali-
dity of the relationships developed for the dependence on depth and reduced range,
pressure seasurements 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
veasurements, only the shock wave peak pressures, Ppp, were independent of depth and
only the pulse durations were independent of reduced range. The absolute magnitudes
of the bubble minimm pressure, Py,,, and of the bubble peak pressure, Py, (only for
Z, > 4000 ft) increased with increase in depth; all other characteristics measured
decreagsed 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 minimum pressure. At a depth of about 4500 ft, a
change occurs in the effect of depth upon the bubble minimum and peak pressures, and
upon the durations of the first positive phase and of the first bhubble positive
pha.se;' The effect og depth counteracts that of the reduced range so thet the shock
wave ‘time constants are constant for all depths and reduced ranges for this case
vhere Z, m R + 210. Comparisons of the HBX-3 pressure pulse characteristics with
those of TNT vwere in good general agreement with similar comparisons wade in shallow
vater, and at a S500-ft depth.
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TABLE III
EMPIRICAL EQUATIONS FOR PRESSURE PULSE CHARACTERISTICS*

Characteristic ¥ =k Zoa (R/\l]'/3)B
(W in 1bs; R and Z in £t)

Y k a 8 Limits of Variable
Ine
R I (B.'%) 20,300 0  -1.13 14,000 = RA3 > 200
in
lbs
2a. PB = 3,300 0 -1.00 4,000 2Z 2 500
in o
lbs
2. Py = 875 1/6 -1.00 15,000 2 Z_ 2 4,000
in [o]
. P sbs -T7 1/3 -1.00 14,000 = Z_ = 4,500
* Patn 2 - 3 -l ’ o T 43
3b. P-in (——;—) -4.8 2/3 -1.00 4,500 2 Zo 2 500
in

k. Iﬂ,/wl/ 3 (—1—:-'—‘—‘;75) k.7 -1/3 -0.97 14,000 2 R/w"/ 3 2 500
5. xn/v1/3 (—12-'—5;73-) 38.5 -2/5 -1.00 8,000 = RM3 2 500
6. nﬂ,/‘wl/ 3 (—21“&;75) 8,100 -1/5 -2.07 14,000 = RAM3 2 500
(—Si;-ﬁ) 9.55¢  -5/6 0 k,500 22 50

To. vm,/wl/ 3 (—l—'ig-/-g) 0.0145 -2/5 © 22,000 = Z_ 2 ,500

8. T.?/V1/3 (—'—‘-’-;75) 3.10 -5/6 ) 14,000 = Z_ 2 500

% See E 2 and text for definitions of characteristics Y.
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TABLE III (continued)

Y k a -] Limits of Variable
/3 sec /
Tm/\’l -5 110 -5/6 o0 4,500 2 2_ = 500
'm/"l/3 (I\:_:{%-) 0.155 -3/5 0 22,000 2 Z_ = 4,500
/3 sec

1’1/"1 ;’—17-3-) k 316 -5/6 o} 11&,000 2 ZO z 500

v /3 [ses 1.25  -0.93 O 14,000 2 Z_ 2 500

BRT "'173 y . ’ o

KBX-3

Pop (—n’—;) 23,500 0 1.1k 14,000 2 B3 2 woo
in

P 1bs 2,100 0 -1.00 4,000 2 2 2 500

B 1n2 ’ . ) >

P ibs 600 0.15 -1.00 15,000 2 Z2_ = 4,000

B i.n2 °

P ibs -16.% 1/2 -1.00 14,000 = Z_ = 3,000

min 1!12 ° . ’ o »

1”/\11/ 3 (—;%’i%s 17.9 -1/3 -0.97 14,000 = RAY/3 2 500
n ° 8

IB/H]‘/ 3 (—1%‘-—'%—/—3- 16.0 2/5 -1.00 14,000 = RAM3 2 500
in *lbs

gﬂ,/ul/ 3 (;—21—“;1-‘{7-3-\ 7,310 /5 -2.06  1k,000 x A3 2 500
n *ivg

/3 sec
Top/M =5 0.5 -5/6 0 5,000 2 Z_ 2 1,000
3%
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TABLE ISI (continued)

EMPIRICA” EQUATIONS FOR PRESSURE PULSE CHARACTERISTICS

Y k 3 B Linits of Varisble

/3 sec
18b. tpp/‘ul . 0.0438 -1/2 0O 14,000 = Z_ = 5,000
19. 1”/\11/3 (—‘-‘-‘—;75) 3.55 -5/6 0 10,000 2 2 2z 1,000

/3 [sec
20a. Tyt 208 1.7« -5/6 o0 5,000 2 Z_ 2 1,000

200. 1“?/\11/ 3 (—‘—‘;75) 0.b2 -2/3 0O 14,000 2 Z_ > 5,000
i /3 sec
; 21. 11/H1 173 5.35 -5/6 0 10,000 z Z_ = 1,000

/3 sec
22, rm/‘ul et 1.60 -0.90 0 14,000 > Z_ 2 1,000
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APPENDIX A
ENERGY SPECTRA

s 1A A0 o b e “'35 ﬁ:‘éﬁ

Energy spectra of the pressure pulses are of interest in determining hov the 2
reduced range and depth affect the distribution of the energy with respect to fre- .
quency. The energy spectra of the first positive phase and of the total pressure B
pulse (through one or more bubble periods) have been reported for our dats 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 same wvariable.

Reference 1l spectra of the first positive phase shov that the maximum velues
occurred at the lowvest frequencies, and this energy value for the 500-ft shots was
about 10 dB larger than for the 14,000-ft shots. The spectra for all depths »f
explosion decreased with increasing depth, converged at & reduced frequency of about
1500 Hz-1bl/3 and diverged mgain as the frequency increased further. At the high-
est frequency (~ 20 kllz-lbl/gst the energy of the shallovest shots was again about
10 dB larger than that for the 14,000-ft shots. A similer sffect was observed in
reference 14 for the spectra of the total pressure pulse, except that the maximm
(pesk) in the spectrum for each depth occurred at the respective bubble frequency

of the first bubble oscillation.

The reference 1k and 22 energy spectra and, Weston's energy spectra (reference

33 of shallow wvater data, were reduced by the square of the impulse; i.e., by

3/82, determined from shallow water explosions. In viev of the redwced range
and depth dependence upon the i se dete ed in this report, all energy spectra®
should be reduced by the factor W*/3/R2.2.2/3. Such a reduction results in & coin-
cidence of all maximm (peak) energy ievels at the lov frequency end also in a
coincidence of all spectra at the high frequency end (about 20 kfz-1wl 3) of the
spectrum, for both types of pulses. Also, the spectrs for the first positive phase
diverge at the mid-frequencies so that the gpectrum 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 maximm 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
11 in reference 14 with adjustments in energy level for the effect of depth. The
non-conformance 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 t7 be -1.00,
as Weston assumed. Although the hubble impulse is proportiomsl to Z°'2 5, the
energy spectra of the total pulse is more nearly proportional to (Z, -1/ 332 since
the energy in the first positive phase predominates over most of the frequency

range {references 21 and 22).
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