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SOURCE LEVELS OF SHALLOW UNDERWATER EXPLCSIONS

Prepared by:
Joel B. Gaapin and Verna K. Shuler

ABSTRACT: A method of estimating source emergy levels for shallow underwater
explosions used as acoustic sources is developed. The method uses ideslised
quasi-theoretical pressure-time records and digital prooessing techniques. The
need for such a method of estimating source levels is discussed in light of the
fact that when the direct arrival pressure pulse is not time-separable from the
surface-reflected arrival, no direct measurement of source level is possible,

Source levels are calculated for 3 1b of TNT at charge depths of 50 and 500 feet
and 1,8 1b of TNT at depths of 60, 300, and 800 feet, The 1,8-1lb reasults apply
to the widely-used underwater sound signals (SUS) Mk 57, Mk 61, and Mk 82 with
appropriate nominal depth settings; the 3-1b charge results correspond to
configurations used in an extensive research study.

The influsnce of depth variation, surfaoce reflections, and resolution bendwidth
has been examined, It is shown that ssemingly mmall variations in burst depth
oan cause variations up to 6.3 ddb for certain narrow-band source levels. The
offect of the surtace reflection, sometimss erroneously included aa part of the
source level, is demonstrated.

Compariasons of the idealised model of this report with Weston's analytical model,
the experimental results of Christian, and the experimental results of Turner and
Scrimger show maximum differenses of 8, 3, and 5 db, respectively, in some
instances,

All discrepancies have not and cannot de resclved without further comparisons with
high-quality broadband measurements of shallov underwater explosions. It 1s
tentatively recommended that shallow scurce levels, where the surface reflection
cannot be separated out, be determined by the method of the present study.

UNDERWATER EXPLOSIONS DIVISION
EXPLOSIONS RESEARCH DEPARTMENT
NAVAL ORDNANCE LABOPATORY
WHITE OAK, MARYLAND
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SOURCE LEVELS OF SHALLOW UNDERWATER EXPLOSIONS

This report is part of a contiauing study of the near-field acoustic cheracteristics
of underwater eaxplosions. Small explosive charges are frequently the sources used
in underwater acoustic experiments, particularly those dealing with long-range
propagation of low-frequency sound. Such acoustic experiments rarely include

direct near-field messurement of the charge output for each shot; source level
values are typically estimated quantities. Since there ias no single, generally
accepted method of estimating source levels at present, different users of
explosion sources scmetimes arrive at significantly different values of this
important parameter.

This re presents idealized acoustic spectra for geveral explosive charge
veight/depth configurations frequently used in underwater acoustics research
studies. These apectra, vhich were derived from quasi-theoretical pressure~time
siguatures, have not yet been adequately validated. Additional work required to
confirm or modify the idealized source level functions is outlined.

This vork was performed on ONR Research Project R 2408 (Project Order 1-0062).

The authors are indebted to Miss Erwine A. Christian for her technical guidance and
discussions of this work,

ROEERT WILLIAMSON, IT
Captain, UEN
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|SAMCE IZVELS OF SHALIUW UNDERWATER EXPLOSIONS

1. INTRODUCTION

1.1 Because of the widaspread use of underwater explosions as acoustic sources
for long-range propagation studies, the problem of the determination of explcsion
source energy levels for underwater explosions bhas become increasingly important in
recent ysars. Transmission loss 1is perhaps the foremost problem in underwater
acoustice renearch, and i1eliable source levels are neaded 1P transmission loss is to
be found from measurements of received signal level. For wany explosion geomctriea,
& more or less direct measurement of the sowurce level is posaible. When the
explosive source is so shallow that the perturbations due to the uvater surface are
not time-separable from the direct effects, no direct measurement of the sowrce
level can be made. An analytical approach, using quasi-theoretical, idealized
oressure~-tine suwrves to determine the ensrgy spectrum, can be ugeful for calawiat.ng
the source lsvels of shallow explosiona. One surk calcuwlaticn L. the standard
troetunit by Weston.

1.7 The work documented in this repert uses idealized pressure-tine curves
vhich comprise a more detalled representation of the free water curves than those
uged by Weston. Using a digital coumputer, and fast Fourler transform techniques,
the energy spectra are deteruined, and moy be integrated in amy desired ansalysir
bandc. This taechnique has been used to determine the source levels at a 100~yard
reference range** for ueversl camditions of interast in order to demonstrate the
method as well as to provide source levels for these conditions. These source
levels are displayed graphically for frequencies up to 500 Rz and tabulated in
octave and 1/3-octave bands for frequencies of 1l Hz to 11 kiz,

1.3 The discussion delov includes a brief treatmwent of underwmter explcsion
phenomenoclogy related to the use of explosions as acoustic sources, as well as a
discussion of the problems encountered in the use of explosive sources. Pertinent
previous vark ¢n explosive souxrce levels iz reviewed and related to the present
calculations. The detalls of the construction of the idealized pressure~-time
curves and the results of the analysis are given. Sowe preliminary couparisons of
the present results with those of previously used techniques have been wmade and
evaluated

2. UNDERWATER EXPLOSION PHENOMENOLOGY

2.1 Many of the problems encountered in dealing vith underwvater explosions as
acoustic sources are due to the complex nature of the explosion phenotwmena, and
consequently, the pressure-time signal. The processes involved are fairly well
understood, The following brief discussion will tcuch only on the points relevant
to the pressure signal produced. The reader is referred to the book by Cole™ and

0 Weston'y Eg_e.rl as good general references.
Refers to references on page 24 and 25.
##* The 100-yard reference range is chosen following Weston (Ref. 1) » Christian

{Ref. 2), and others. The scaling of energy apectra frowm one range to another is
discuzsed by Christian in Ref. 3.

1
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2.2 At the tims of detcmation af an underwvater explosive charge, the explosive
is transfarmed by the dstonation wave intoc a small sphere of gassous explosion
products at high pressure, and a shock wave is propagated outward. The gas globe,
being at a mreamre mush highar than tha surromding madiim. hagina +6 avpand in
size. As the sphare expands, the pressure in the tail of the shook wave is reduced,
ccrresponding to the decreass in pressure in the bLubbls. Tho bubble comtimues to
sxpand until 1{ reaches its maximm extent=-at vhich time ihe traasmitied pressure,
having becoms negative with respect to ambient hydrostatic messure, is at a
minimm. The hydrostatic pressure is now greater than that in the bubble;
consequently, the bubble begins to contract and is carried by momsutum through the
equilibrium volune 0 a very small minimum. A positive pressure milse, the first
bubble pulse, is emitted and the bubble expansion and contraction cycle begins
again and may continue through as wany as ten cycles. Each succeeding cycls takses
& shorter time, and each aucceeding bubbls pulse hes a lowver peak pressure and lees
energy. Pigure 1l shows a typical explosion pressure signal along with a depiction
of the Dubbls size at various stages of the cycls.

2.3 The time interval betwen the shock wave and first bubble pulse, termed
the first bubble periocd, is a sensitive function of charge weight and depth. If
the effect of the boundaries of the water is nsglected, the first bubble period,
Tl’ is given by the expreasion

shere W is the charge weight, Z is the total hydrostatic head, and K in s
coefficient depending om the explosive composition.*® Some repressntative valuss
of T for given conditions are shown in Tedble 1 (see also Figure 2),

1
Teble 1

First Bubble Period, T,, for TNT (seconds)

Charge Wight Cherge Depth (£y)

_ﬁb.l__ 2 290 2990
1 A1 .02k ,0036
10 2k 050  ,0078
100 51 11 01T

2.4 The functiomal dependence of the various explosion pressure history
parametars is discussed in section 5, below,

2.5 While the axplosion bubble is pulsating, it may experience significant
uptard migration as @ result of buoyancy. Thus, the explosion becomes a moving
source, with succeeding bubble pulses originating at shallower depths. Bubble
nigration has been treated by Bmay’. Calculations cshow that for the charge sizes
and geometries considered in this report, migration is not a significant effect,
For the 3-1b, 60-ft condition, the stroungest migrating conditiom considered in this
report, the bubble migrates about 2 feet ¢o the 2nd bhubble waximm. This is not
considered s wijor influence om the sourcs levels., For larger charges, at noderate
depths, the elfect is more importent.

¥ K nay exhihit & slight dependence on charge depth for sowe explosives.

2
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2.0 The explosion pressure signal is in genersl modified by the effect of
the surface of the watar. The reflected signal generally exhibits a phase
change of 180° with respect to the direct arrival. For shallow explosions,
this reflected signai is not time separable Zrox the direct arrival. Ths relation-
ship o Loe surface reriected pulse to the study of explosive source levels 1is
discussed in the next aectionm.

3. UNDERWATER EXPLOSIONS AS ACOUSTIC SOURCES

3.1 An uaderwmter explosion is a brosdband energy source, with considerable
acoustic energy radiated over a broad range of frequencivns. Explosives are
generally inexpensive and produce a great amount of energy per dollar in any
frequency band of interest. Underwvater explosions may be easily detomated
&t any desired depth, without the need for counecting vires or cables. Explosive
sources are non directional; they radiate a large amount of emargy in all
directions. This is both an sdvantage and a dravback of explosive sources.

The explosion may radiate adequate energy in the desired direction for a particular
application, but the fact that it radiates the¢ same energy in all directions

leads to high reverberation noise levels. Another difficulty is that the explosive
source is not well suited to get repeated "looks' at the target in active sonar
applications. In spite of thease drawbacks, the explosive source has found wide
usage in the acoustics commupity. The prral nuh,jecg of undervater explosions

as acoustic soaurces isg discussed by Weston' and Urick.

3.2 The aource level of an underwater explosive charge gives a measure of
the escoustic snergy in a specifiad frequency band that is radiated by the charge
to a particular point in space: 1t i3 a frequency-domain representation of the
vressure-time function shown in Iigure 1. In many cases, experimental conditions
are such that the boundaries or the medium itself introduce perturbations in
the pressure signal before the bubble pulses have wubsided. Here we are concerted
with such perturbations as those caused by the phase-shifted swiace reflection.
Vhen the surface reflection ia superimposed on the direct arrival, neither direct
calculations of the source level from the measured Iressure Sigadl nor analogue
measurement of the source level ias possible. Because the surface reflection is
not time-separable frow the direct effects of ?ho explosion, some manipulation,
such as the frequency demodulation of Parkins,! is necessary before & true source
level can bs determined from recordings in vhich the rarefantion wvave interferes
with the direct wave. The time-domain treatument discusesed here is snother approach
to the problem of accurately determining source levels of "shallow" explosions.

3.3 In the context of this report, "deep" explosions are those for vhich
the surface reflection arrives after the bubble pulses have subsided. For thege
"deap" explosive sources; there 1s no confusion a3 to vhat is meant by source
level. It involves the total acoustic energy radiated by the charge to some
fixed range (such mae 10C yards). For "sballow" sources, this concept remsins
valid; hovever, any measurements of the source levels of such "shallow" explosions
unavoidably contain energy contributions due to the presence of the surface.

Some worksrs have erroneously modified the above concept of source level to
include surface reflection effects since no direct determination of "shallow"
source levels can otherwise be made.

i
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3.L The time intarvai between arrivals of the direct and surface reflected
wvave is a geomstric function independent of the charge weight. The bubble
periods, and thus the duration of the direct arrival, depend upou the weight
as well as the depth of the charxe. It is the ralationahin o~F ¢he L4155 OO
errival of the surface reflaction to the duration of the direct pulse that
determinss vhether sowrce level measuremnta can be made: vhen the surface
reflection occura after the lest dstectable Dubble period, direct source level
measurenents are possible.

PRI U UUREEr SO ST

3.5 Both 60-foot comditions of this report are those for which no direct
source level measurements ~an be made. For the other, deeper depths (300, 500 ! !
sul 300 feet), the observation point dictates the possiblity of source level i
measurexzants. Under many experimental conditions, ons may not have any latitude
in selecting the observation point (such as when a fixed hydrophone system is
being utilized). ,

3.6 An enalytical wethod to determine "shallow" explosion source lsvels
has been evolved and is the subject of sections 5-7 of this report. The method
is also applied to several cases of “dsep" explosions to provide source levels '
for cases in shich no sppropriste near-field measurements have been made. 4

L, PREVIOIE WORK CN SOURCE LEVELS 1

L.1 The previous work on the close-in energy spectra of uni¢rwater explosions
may de loosely classified into the two following catagories:

1. ‘nalytical troatments based on the Fourier analysis of simple
idecalized pressure waveforas (usually combizations of exponentials) and

2. Analysis of Experimental) Data.
These two types of treatment will be discussed briefly delow and examples provided.
4.2 Analysis of 3imple Wavefarms.

4.2.1 These treatments take advantege of the fect thet tae shock vave
from an undervater explosion has an initially expanential decay. The shock wave
pressure~-time history is treated as an expoasntial pulse,

P(t) = o A (3)

vhere Po, the peak shock wave pressure, and A, the decay constant, are usually

evaluatéed from published empirical relationeships. Treatmonts using omly the

_ shock wave in this manner are highly unrealistic as the energy contribution of the

! bublle pulses is very important. Therefore, bubbls pulses are usually taken *
into account. Typicslly, the bubble pulse is idealized as a double exponential.

; The time of the peak bubble pressure is taken from expsriment. Such simple

ideslized waverorms have the advantsge of being amenable to soluiion for the !

energy spectrun in closed form. This allows insight into the variation of f

! different apectral parameters with changes in the presgsure-time parameters.
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L.2.2 The major disedrantage of these treatments is that exponentials
do not accurately model the explosion pressure pulse. While an actual
explosion shock wave has an initially exponential decay. after a time nf
roushly 25, tue decay rate lesssns warkedly. The shock wave pressure becomes
negative (relative to hydrostatic pressure) at a time strongly dependent on the
depth of burst and contains a significant amount of energy in the negative
Phase. The bubble pulses, having negative rressure phases both bhefors and
sfter the bubble maxima, are siso not well modeled by exponentials. Nonetheless,
such treatments have proven both practical and conmvenient for determination of
source levels.

4,2.3 The_prime example of this type of work is the well-known
treatuent by Weston.l It should be noted that in his paper Weston presents
tvo methods of determining source levels, an analytical method and one based on
experimental data. He recomumends the uge of his experimental results as the
more accurate method of obtairidng scurce levels., It is apparent, however,
from the nominal explosive conditions shown, that surface reflections were
included in some of his data. For this reason, the following discussion will
consider only the analytical formulation.* Weston considers a pressure
history consisting of a shock wave and two bubble pulses. He chose to
separate his analysis into two parts, the low and the high frequencies. At
lov frequencies, ths shock wave and bubble pulses are replaced by their
respective impulses. In order to correct the residual impilse of his model,
Weston introduces a negative impulse, corresponding to a steady negative
pressure, vhich ceuses the total residual impulse to be zero. At higher
frequencies, Weston shifts to an exponential shock wave followed by two
dowble exponential bubble pulses. He uses a formula for suzming the apectral
contributions of the three pulses which neglects the interference patterns
betwesn the pulses. Weston's anslysis includes wave form variations only
through the bubble periods, and takes no account of the variation in energy
and impulse in the first positive phase (shock wave) with scurce depth.
Weston's analysis is discussed further in section 7. .
L,2,4 Other examples of this type of analysis are given by Brur.bache
and S1itko?. This latter work treats only the shock wave portion of the
pressure time history.

k.3 Analysis of Experimental Data

4,3,1 The determination of source levels by the direct analysis
of experimental pressure-time curves is a widely used procedure. The
ueasured pressure histories are analyzed, either with analog or digital
processing, to yield, more or less directly, the energy spectrum at a
reference range, This method, vhile the most direct, has several drawbacks.
The measurements are rarely made at the chosen reference range. Instead,
various propagation models are used to extrapolate dback to this range.
Models varying from spherical spresding through refractive calculations and
sophisticatec finite amplitude analyses have been used. In addition, the
desired source level is not generally identical with the energy spectrum of
an experimental pressure history, even if recorded at the appropriate range.

~—

¥ When other authors use Weston's source level., it !¢ often not made clear
vhich of his formulations has been used.

5
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The pressure higtory is subject to distortions, such as reflections from the
bottom and swrface of the water vhich are not part of the source level.

In addition, localiged effects such as bulk cavitation may have a profound
effect on a messured spectrum, vhile being relatively unimportent st other
Taiges. rFwinerwore, ibs accurate recoraing of the pressure history

caw.es serious experimental difficulties. High-quality broadband (- O - 20KHZ)
recordings are 4ifficult to achieve. Many exparimenters record, therefore,
only in limited frequency bamds. This makes it very difficult to isolate

the spurious effects mentionsd above, with the consequence that some
experimenters seem to have included such effects in their sourca levels.

4.3.2 A valvable sffart in this direction is the paper by Christienc.

This paper documents the measired spectrs of & large number of charges. The
recordings wre high quality, broadvand; the analysis was digitally performed.
The results vere filtered into octave bands and presented in a scaled
form as & family of curvaes representing all charge weights at source depths
from 300* to 22,000 feet. By reducing the energy by the 4/3 power of the
charge weight, C‘hriatnn collapsed the data frow various charge sizes at
the same depth into a single curve. The recordings were carefully analyzed
to eliminate spurious effects. Since the recardings of the data vas done
directly above the charge, refractive effects were eliminated. Theoretical
considerations were used to separate the effects of charge depth and range
to the measuring hydrophone. Christian's curves have been wvidely used to
provide source levels in situations vhere no close-in measurements have .
been wade, with swmhwcrhru tending to substantiate her resulta, notably

tblevhite and Denhan On the other hand, Turner and Serimgerl? repart
close-in uweasurements that do not agree vith Christien's curves for some
ﬁ'oquencios. 'l'his point is discusud fwother In uction T.k4,

4.3.3 Other work ;lovs these lines has Ofton concerned :I.tulr with
the determination of the source spectrum for a condition of particular 1h
{nterest to the worker, such as Maples and Tharpl3. (hristian and Blaik
. give a good general treatment based on experimental measurements.

L.3.4 Wnile this type of work has proven generally useful, the
direct determination of source levels for very shallov explosions 1s not
possible,as pointed out in section 3. Efforts to demodulate ths measured
spectrum to remove thg effeact of the surface reflection in the frequency
dowain have been made's 15, These efforts have general)y been hampered by
the lack of a realistic model for the surface reflected pressure. The
reflected pressure history is not always, as is often assumed, simply the
mirror image of the diﬁect pressures vith an sppropriate time delay. As
pointed out by Parkins!, scattering at the interface tenis to destroy the
coherency of surface reflacted arrivals. The noise introduced by the
scattering seriously erodes the simple ideal modulation vhen surface rough-
ness is iaportant. A more accurate wodel of the swface reflection procees,
taking surface scattering into account, would be needed for this method to
Prove more generally applicable. In some instances, howver, the simple model
way be acceptable (for example, see paragraph 7.6 and reference 15).

* The 300-and SOO-ft. curves of raference 2 are not based entirely on actual data
at those deyths. The curves are interpolated between the deeper curves and
Stockhausen's shock wave data (reference 10) at hm frequencies and extrapohted
frow the deeper curves at lov frequericies.

6 ' | .
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4.3.5 Efforts to eliminate the surface reflection frow measured
pressure records by digitally processing them and setting all negative pressures
equal to zero, as done in reference 13 is unrealistic in that the energy
contribution of the nemative uresaura phasas Af tha Afrest arrival whish mav
be appreciable st lov frequancies, is eliminated.

L. L Of the above methods, the use of idealized free water pressure-time
curves appears to be the most promising for the determination of shallov
explosive source levels. In the method of the present report, the best
avallabls information on explosive pressure-time histories has deen utilized to
construct quasi-thecretical pressure-time curves for several shallovw explosion
geometries of interest. We feel that these idealized pressure histories
represent an improvement over those methods previously used. The details of
their construction are given in the following section.

5. CONSTRUCTION OF IDEALIZED PRESSURE-TIME HISTORIES

5.1 ITdealized pressure-time histories for several combinations of
charge weight and depth have been constructed utilizing the best available
information for deeper explosions and extrapolating to the shallowver depths.
The details of this procedure are given below.

The major body of information utilized was reported by Slirkol6.
This report documents the analysis of a large body of deta gathered by the
Naval Ordnance Laboratory (NOL). A total of 56 charges weighing 1, 8 and
SO 1b were fired at depths from 500 to 14,000 feet. Pressure-time records
vere obtained with an LC32 hydrophone located directly above the charge and
185 feet from the swrface. Semi-empirical equations were derived which give
the various parameters of the pressure-time record as functions of depth,
range and charge weight. Theoretical considerations were utilized to
separate the effects of range and charge depth.

5.2 In eddition, information frow other available sources was
incorporated into the theoretical curves used for this study. The various
i" _ parameters used as inputs to the construction of the idealized pressure

histories are indicated in Figure 2, Table 2 gives the functional forms
and sources for these parameters.
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Table 2
FUNCTIONAL DEPENDENCE OF PRESSURE-TIME PARAMETERS

Paremeter Functicnal Dependence Source Ref
P 2,08 x 10* (w1/3/a)1'1’ S1ifko 16 ’
P -7 2t/ W3 S11fko 16
P 3300 wl/ 3/R S11fko 16
P2 .22 Pl . Unpublished

data at NOL
P3 .10 Pl Unpublished
data at NOL
Ph .03 Pl Unpublished
data at NOL
) 5.8 x 1073 (/3 gy -0-22 Arons 18
h r
Tpp «555 Sliftko 16
s Vi I
] .10 8
np . 78" 3.1 lifko. 16
pr 1.10 Slifko 16
T, r b, 34 S11fko 16
<
T, 3.06 Arons, 17
Slifko, and
Carter
'1‘3 2.48 Arons, 17
Slifko, and
Carter
Th 2.31 Arons, 17
/ \ Slifko, and
Carter

All pressures in psi and times are in seconds

* slant range, ft.
= charge weight, 1lbs.
= charge depth + 33, ft.

(3 Lo
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5.3 The ghock wave was constructed mzfg.u*hexponentul vith a decay rate, 9,
as given by the similitude equation of AronsiP, e exponential decay was continued
out to approximately 2d4. The impulse in the first positive phase (shock wave)

and in the first ‘bubble pulse positive phase was calculated from the relations

3ivsn Ly Siifaw'®. e nad no inrormation on the impulse in the later bubble

Pulses and the minjmm pressure of the later negative phases. From inspection

of unpublished data, it was found that the maximum underpressure in the successive
negative phases tended to become smaller. These parameters 4'’d not completely
define the pressure signature, but it was felt that the uncertainties in the later
states would not be of primary importance. The pregsure-time curves were hand

drawn according to the information given in Table 2 ac described above. The

records were digitized by use of the Telereadex and were analyzed digitally using
NOL's CDC 6400 computer.

3.4 The first stage of the digital analysis was checking the digitizeu
wavetroran for compliance with the information inputs. Minor modifications were
made to the first and second positive phases to bring the impulse in these phases
to within 10% of those calculated from Slifko's relationships. The negative
phases were modified so as to produce near zero residual impulse out to the fourth
bubble pulse.

5.9 The analysis was performed using a system of computer codes developeua
at {HOL and known by the acronym, MR, WISARD. The packmge is described in detail
in Reference 19. Using MR, WISARD, the spectra werc computed using the fast
Fourier transform technique of Cooley and 'I‘ukeyeo, with a bandwidth of about
1 Hz. The spectrs vere also integrated in octave and 1/3-octave bande (the bands
used are indicated in Table 3) to facilitate comparison with spectra determined
by analogue methods. The filter bands used vere ideal (not physically realizable)
in that they passed all the energy betvween the limiting ireguencies and no energy
from outside those fregquencies.

5.6 In order to wake comparisons with measured data for the shallow conditvicns
an idealized surface reflection was introduced for some parts of the analyais.
The reflection was assumed to cause a 180° phase shift with no losscs at the
interface. The amplitude of the reflected pulse was adjusted for the difference
in trevel distance between it and the direct arrival. As suggested by Christiau-.,
the surface reflection was put in as a wodification in the time domain, rather
than & wodulation of the energy spectrum. In our particular computationsl scheme,
the effort required to modify the time domain functions was far less than that
needed to correct for surface reflections in the frequency domain.

5.7 These idealized pressure-cime records represent the best available
synthesis of empirical and theoreti.al knowledge available to the authors at this
time. The extrapolation from deeper to relatively shsllow depths represents a
major uncertainty. In the absence of a good theoretical treatment of shallow
explosions, it was felt that the above represented the most promising approach
to the problem. The results and comparisons of the following two sections shed
light on the validity of the entire procedure,




NOLTR T1-160

6. RESULTS

G.1 Tdealized pressure-time curves have been constructed using the methods
detailed in the previous section for several conditions of interest. The MK 61
Signal Undarumter Qoumd (SIB) sharzs sontalas 1.8 1V of eapivsive omiecial (THT)
and {s detonable at 60 #t. and 800 ft. The SUS MK 57-0 and MK 82-0 also contain
1.8 1b of TNT and have nominal firing depths of 800 ft. and 60 or 300 ft., respec-
tively. To obtein source anergy levels for these devices, pressure-time records
for 1.8 1b of TNT detonated at depths of 60, 300 and 800 ft. were constructed.

For the 60-foot condition, no direct measurement of the source level is poasible.
For the 300-foot, 1.8-1b source, with a 100-yard reference range, the angular
Position of the receiver may vary the arrival time of the surface reflection from
being coincident with the direct arrival directly above the charge at tha reference
range t) being betwveen the third an? fourth budbble pulses directly below the
charge. Hence, direct measurement of the source levels will generally appear to
exhibit directivity. The deaper 800-foot, 1.8-1b condition offers no problem

since the direct and surface reflected arrivals are easily time separable. This
condition is included for completeness and for comparison purposes.

6.2 In addition to the 1.8-1b charge weight, & weight of 3 1b was also
treated at depths of detonation of 60 and 500 feet. These conditions were included
because they have been used in important oceanic acoustic experiments. The 500-foot,
3-1b source vhich offers no apparent source directivity 1s inciuded for completeness,
vhile the SO-foot, 3-1b source must be treated by the method developed here for
shallow charges.

6.3 To sumarize, the five conditions celculated were 1.8 1b at 60, 300, and
800-foot depths and 3 lbs at 60 and 500-foot depths. Two reprssentative pressure-
time curves for 3 1b at 60 feet and 1.8 1b at 800 feet, are shown in Figures 3
and i,

6.4 Energy spectra were computed for the five conditions and are shown in
Figures 5-9. These spectra were computed with a resolution bandwidth of
approximately 1 Hz. PEach spectrum shows & cowplex pattern of peaks and mulls, the
primary features of vhich way be related easzily to the time dommin characteristics.
The highest peak occurs at the bubble fundamentsl frequency*, and succeeding peaks
at approximately higher harmonics of this frequency. The dominance of the first
bubble pulse in the shape of the spectrum is due to the fact that the first bubble
Pulse contains significantly more energy than the folloving pulses. The later
Pulses do have an effect on the spectrum, as they introduce secondary interference
patterns (vhich are conspicuous at the lover harmonics) and shift the peak locations
at higher frequencies.

6.5 Although the source level at a range of 100 yards is fully defined by the
detailed narrow-band spectra of Figures 5-9, many workers in ocean acoustics use
frequency bands of 1/3-octave and 1 octave in their analyses. We have, therefore,
integrated the energy spectra in these energy bands, and present the results below.

6.6 Table 3 gives the energy distribution for 1/3-octave bands and Table 4
gives it for the octave bands for the five conditions that have been studied. These

* The reciprocal of the time of the first bubble pulse.
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valuas are graphically displayed in Figures 10-1L. The energy rises from low
values at lov frequency, to s maximm near the bubble pulse fundamentsl frequency.
It falls off thereafter, and at higher frequencies appromches the & db/octave
falloff predicted for exponentisl waves. This is due to the dowinance of the
shock wvave at high frequencies. The relative smoothness of the octave band energy
18 due £n the fast thet ¢h; i;lsgialiun vands are generally vide enough to average
out the peaks and nulls present in the detailed spectrum (1 He bandwidths) of
Figures 5-9. The 1/3 octave analysis shovs some indication of the detailed
siructure of the spectrum. It should be pointed out that the apparent irregularity
of the 1/3-octave spectra does not represent spurious behavior. The lov frequency
analysis bands are generally narrow vith respect to the features of the detailed
spectira, and may contain a pesk, a null or any combination of peaks and nulls.
Therefore, the energy may change in a seemingly sporadic way fyrom band to band.

At higher frequencies, as the bands become wider, they encompass a& number of peaks
snd nulls of the spectrum. When the energy is integrated in these bands, the
adrupt changes are smoothed out, and the spectrum approaches the smooth behavior
of the octave spectra. Hence, the apparent irregularity of the spectra in
1/3-cctave bands is seen to he caused by the relationship of the analysis bendc
ured to the features of the detailed spectrum. The fluctuations are raal, anc
represent genuine fluctuation in the source level with freguency.

6.7 In the figures showing the )./3-and octave band spectra, the data points
have been coanected with straight lines. Th’s has bean done: for convenience in
demonstreting the varistion in energy from band to band. It is important to note
that these figures may not generally be used to interpolate betwsen bands. For
example, suppose we wish to ietermine the source level for a 60-*t 3-1b TNT charge
at 25 Hz, The detailed spectrum of Figure - shovws a null at this frequency, with
energy of about & db, The 1/3-octave energy calculation at 25 Hz in Figure 10 is
19.5 db. Both these numbers are correct, the forwer giving the energy at 25 Hz
for an approximate 1l Hz bandwidth, and the latter, the average energy in a
1/3-0octave band with a geometric msan frequency of 25 He. These numbers would be
expected to be different, dus to the difference in the physical quantities
represented. Again, though they dirfer greatly, both numbers are valid. In regiomns
of relatively slov variation in the octave spectrum, say for frequencies at least
twice the bubble fundamental, linear interpclation may give an indication of the
energy to be expected in an octave band centered at the given frequsncy. This
would only be a rough spproximation. Linsar interpolation at lower frequencies,
hovever, would be extremely dubious.

6.8 If one were using the octave spectrum of Figure 10 in an attempt to
determine the energy at 25 Hz--regardless of whether he is interested in a dand of
1-Rz, l-octave or 1/3-octave, he would not be adle to extract from this figure the
informetion desired. He might erroneously interpolate linearly between the bands
centered at 16 Hz and 31,5 Hz to obtaln 21 db--a value having no resl meaning.
Froo the exercise in this and the previous paragraph, three different values far
energy at 25 Hz have been obtained, The first two, 4 db and 19.5 db, refer to the
energy in a 1-Hz band centered at 25 Kz and the energy in a 1/3-octave band
centered at 25 Hz, respectively. The 21 db et 25 Hz of this parsgraph has no
correct interpretation. It is clear that the source level for a particular
application must be carefully determined and interpreted in terms of the appropriate
bandwidth analysis used.
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TABLE 3

SOURCE LEVELS IN 1/3-OCTAVE BANDS-IZLNGY IN db re 1 erg/ CJT!Z/

0z

Rei.ge 100 yds

1.8 b at

3 1b et 500!

1.8 1b at 60’ 1b at 60'

_300°

1.8 1b at 800"

Band (Hz
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6.9 Fffect of Small Variations in Burst Depth

6.9.1 It is a fact of experimental life that explosions often do not
detonate at precisely their nominal depths. The depth span to be expected for SUS
charges are 70-70 feet for a nominal 80-£% burst2l, and 700-Q00 faat far a nominel
OoUU=ft burstc<s<), Approximately the same Dercentage variation in burst depth
would probebly occur with other nominal depth settings. These seemingly small
variations in burst depth may have s 3ignificant effect on the source level in
certain of the 1/3-octave and octave bands. In the time domain, the primary effect
of depth variations is a e in the bubble periods and other characteristic
times, wvhich all vary as Z-5/0, where Z is the charge depth + 33 rt, (see Table 2).

The varistion of the minimum pressure in the firat negative phese is considered a
second order effect.

6.9.2 1In the frequency domein, the location of the peak at the bubble
fundamental is shifted, and the energy at the peak decreases with increasing burst
depth, Figure 15 shovs the detailed spectra for 1.8 1bs of TNT at burst depths of
T00, 800, and 900 feet. The bubble fundamental frequencies for these depths are
L6, 51, and 56 Hz, respectively. The pattern of variation around the first peak
in the spectrum is generally repeated at the succeeding peaks, but the varistion is
increasingly mesked by the secondary interference patterns. The consistent
variation of energy with burst depth near the bubble fundamental may be discerned
in the 1/3-octave band analysis. The differences in energy, AE, between the source
level at 800 feet and that 700, 750, 850, and 900 feet are tabulated in Table S.

Up to about 50 Hz, the 1/3-octave band levels display a fairly consistent variation
with depth, the energy level decreasing for increasing burst depth. Above this
frequency, the pattern of variation seems more random, Table 6 gives a eimilar
tabulation for & nominal 60-foot burst of a 1.8-1b THT charge. The bubdble
fundemental frequency (~8 Hz for a 60-ft depth) is too low to be of practical
importance in wost applications. The variations depicted, then, are all for
frequencies considerably above the fundamental, and have the sames apparently random
character as the higher frequency variations of Table 5.

6.9.3 The variation in source level caused by the sbove variations in depth
may be as high as 6.1 db (in the 20 Hz 1/3-octave band) for the 300 foot nominal
depth, and as wuch as 2.5 db (in the 31.5 Hz 1/3 octave band) for the 60-foot
nominal depth. These variastions may be quite significant in some applications.
The implication here is that the depth of burst must be accurately determined in
order for the source level to be given with remsonable accuracy. Merely using the
noninal depth may lead to considerable, seemingly disproportionate, errors
(6 ab represents a factor of 4 in energy).

6.10 Surface Reflections

G.10.1 As mentioned above, apperertly some workers have erronecusly included
surface reflections as part >f the source level. The effect of Sh\rrace reflections
on the energy spectrum hes been described in detail by Christien<®. Briefly, the
effect 13 to impose a modulatiocn, due to the reflectirn, on the spectrum of the
direct arrival.

¢.10.2 As an axample of this, take the casze of a 3-1b TRT cherge detonated at
50 feet., The maximum time jelay between the direct and surface reflected arrivals
is 24 msec. This maximu delay ic obtained when iLhe measurement iz made directly
beneath the charge. Since this mexiram reflection time is shorter than the length
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TABLE 6
DEPTH VARIATICN FOR A (0-FOOT, 1.8-LB SUURLE

AE (g = Dgo) (db re 1 erg/cu?/Hz)

Range 100 yds
1/3-Octave Band Source Depth
Center Frequency S07 557 657 707
12.5 -.8 b A .T
16 .9 .5 .0 b :
20 --l‘ -.7 og '01 ‘!
25 -.5 .0 «.6 -1.8
31.5 1.4 1.2 1.2 ~1l.1 '
4'4-0 -8 01 --u .0 | ‘
50 2.2 1.1 1.5 1.5 { 1‘
63 -.5 -.5 -1.0 -1.7 ; f
80 .6 1.1 .6 .3 i
100 -2 -.3 -9 -2 ;o
125 .7 .3 .2 .2 o
160 T A -1 .0
200 .u .3 '-2 '.3 1
250 o 2 -1 -.3 1
315 .3 .1 -.3 -k d
l‘w -5 02 "-1 ’u3
500 ol‘ o3 --1 '02
630 -3 02 oo 'cl
800 .3 .2 .0 .1 .
1000 7] .3 ~.1 -.3
]
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of the pulse train, the reflection is not separabls from the direct arrival.

Pigure 16 shows the detailed spectra for the ideal pulse vith no reflection and

vith a reflaction at 2\ msec. As may be seen, the reflection imposes a modulation

on the free water spectrum, with nulls at approximately integral multiples of the

inverse of the surface rafiantion ti== b . ‘Ine effect of this
(m = 41,7 He)

modulation on the 1/3-octave band spectra is shown in Figure 17. The srrors
introduced by including the surface reflection as part of the source lavel are
large and seemingly random. For example, the surface reflection adds about 4 db at
20 Az, and subtracts about 5 db at UC Hz. No simple correction of a constant
number of db will suffice. This example indicates the rimary importance of
eliminating the surface reflection vhen a source level is to be obtained from a
tegsured presaure-time history.

6.11 1In the folloving section, some preliminary comparisons of the results
of the present study vith previous calculations and measured date are presented.

7. COMPARISONS WITH PREVIOUS WORK

7.1 In order to establish the validity of the shallow (60 foot) source levels
of the present study, the theorstical model should be compared with approprieate
megsurements., Of course, a surface reflection would have to be added to the
idealized pulse in order to make such compariscns. For such a comparison to be
realistic, however, experimental conditions (e.g., accurate charge and receiver
locations, equipment response characteristics) must be lmown in greater detail than
is reported for available published data. Ffforts to obtain existing wipublished
data for snalysis and comparison have been unsuccessful up to the time of this
writing.

7.2 In the absence of such shallov dats, compariasons with desper date have
been wade. These comparisons verily the accuracy of the method used in this study,
except (as indicated above) for the vital extrapolation of semi-empirical pressure
time relations from deep (>500 feet) to shallow depths, as discussed in sectiorn 5.
The extrapolation has been partially evaluated by comparisons with data at a 300
foot charge depth, but further cowparisons will be necessary.

T.3 The present results are compared with those of Ch.ristnne in Figures
18 through 20. ‘The 300 and 500 foot curves sre from reference 2, vhile the 800
foot source level curve is previously unpublished data25. The idealized source
spactra have been integrated in the same octave bends and scaled in the same
manner as dome by Christian. The meximun difference shown on these three figures
is ~ 2,5 @b with a mean absolute difference of ~. 1 db. Considering that Christian's
300-and 500-foot curves are axtrapolations that apparently fail to ellov
sufficient energy contributions from the bulbbl~ phases¥, the results dereived frow
thils study are belleved to be more torrect for these shallower conditions than the
published ones. Agreenent between the present stuly and Christian's 800-foot data
is excellent (Figure 20).

7.4 The data of Turner and Scrimgerlz offer further valuable comparisons.
Their source level data for 1 1b of pentolite at depths of 295 and 555 feet have
been coupared wvith the idealized results of this study, and this comparison is

* See footnote on pege §,
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presented in Table 7. The energy spectra of the idealized pressure records were 1
couputed after adjusting the pressure and tiwe scales to those of a 1l-lb TNT charge
at the same ranges and depths. No allowmnce for the different explcsive
compositions was included in the calculation. For both test conditions, Turner
and Scrimger ehow more esnerze ot 2o¥ [Tequeucies and less at high frequencies than i
the present results. This is the same general pattern as shown in their pubdblished |
compariason with Christian's source level curves, though the magnitude of the
differences are reduced in the present study. At 295.fset, the maximum deviation
in Table 7 is 2.6 db, (The mean absolute devistion is 1.6 db.) This is
congiderably bett.er than the 555-foot comparison, vhich has & paximum deviation of
nearly 5 db. {The mean absolute deviation is 2.6 db.) Part of these differences 1
way be attributable to the fact that pentolite has about 20% more shock wave L
energy than TNT but the major differences, especially at 555 feet, are unexplained. .
Differences i, processing techniques, such as recording, range correcticn,
digitization and couwputer ana‘.ysis techrniques are possible sources of thesge La.rge
- deviations.

1.5 Several aliitional samples of data available at NOL have been a.nalyzcd
for couparison with the iflealized -pectra. ' These data are part 5t another -
cnollectlcn reported by Christian and others in a classified report and will be
referred to as Squaw shots. Three samples of data from charges at & nominal depth
of ROO feet are compared vith the present results in Figure 21. The actual depths
vere 335, 907, and 575 feet. The recordings were made at ranges of 1200, 1000,
and 266 yards respectively from the three shouzx., The sourcec were Mk 61 SUS charges
(1.2 1b of TNT ). The three records were scaled -o an 800-foot source depth by
adjusting the time 3cale; cspherical spreading wans used to correct to & LO0-yard
reference range. The energy was computed in I /3-octave. bands. The source levels
for these three Squav shots and for the idealized 800-foot curve (in 1/3-octave
bands) are shown in Figure 21. HNote that the scatter among the three Squaw shotc
is on the order of 1 to 2 db. The differences putween the Squaw shots and the

. idealized curve are generally less than 2 db up to about 500 Hz. The differences
above 500 Hz have not been resolved at this time, but ocur assumption of simple
spherical spreading to correct for range differences probably accounts for them.
The general pattern of irregularity shown in the unte is well wmodelled by the
1dealized curve. _ The dsshed curve also shown in Figu.n 21 is discussed in section
7.9 velow,

7.6 A fourth Squav shot was selected to provide a more ohsliow comparison.
This was another Mk €1 SUS detonated at 300 feet. The broac <w: . pressure-time
record ghows a su.rra.ce reflected arrival at 24.7 msec after . - . ‘acv arrival,
For comparison, a 180° phase shifted surface reflection was fr‘ .iu.ced into the
ideslized pressure-time curve at 2L.7 msec. Both theorstical :na meagured pressure
histories were analyzed in l/3-octave bands and ere shown in Fi .ce 22. The :
agreement again is good; the general pattern of peaks and nulis is especially close.
Considering the crude nature of the swrface reflection model used, the sgreement is
excellent. This is an indication that the extrapolation of our idealized wvaveform
parameters from > 50C to 300-ft source depth is a valid procedure. The further
extrapolation, to & 60-foot source depth, remains uncertain.

7.7 Since the calculation of Weston has long been the standard one for source
levels, a comparison between the present results. and those of Weston {s included
here. Before presenting this comparison, some comments regarding the difrerencea
betveen the two studies are in order,

18
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TABLE 7

E COMPARISON OF TURNER AND SCRDMGMR'S KESULTS (Ref. 12) WITH THE A
] PRESENT STUDY 2
E' (Energy in db re 1 erg/cw®/Hz)
P Range 100 yds
E 1 1o at 295 11b at 555
} Freq. Band Ref 12 Present Study A Ret )2 Present Study 4
20-L0 17.6 16.4 1.2 13.0 8.7 4.3
: 40-80 1.7 12.5 2.2 17.7 14.C 3.7
80-160 12.4 10.1 2.3 13.6 9.0 4.6

: 160-370 9.4 6.8 2.6 9.9 6.2 3.7
P 370-640 6.0 4.1 1.9 6.4 4.3 2.1
: 640-1280 -9 .3 -1.2 -.5 1.2 -1.7
' 1280-2560 -~ 4.8 -3.6 -1.2 -4.8 -3.4 -1.4

2560-5120 . =10.1 -8.7 -L.b -10.0 -8.6 -1.4

5120-10240 -15.0 -1L.4 -.6 -14.9 -1h.4 -5

Mean absolute deviation : 1.6 2.6

19
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7.8 As mentioned above, in the low frequency region, Weston uses an impulse
formuls to calculate the snergy spectrum., Both the shock wave positive impulse
and that of the first two bubble pulses are included, with e negative impulse equal
to their sum added to achieve ~ci'c residual total impulse. The formulas used far
the Immilss o205 4h2 Yestl avalilable sl inet time, Dul Tust be examired carerully
11 the light of subsequent work. Weston uses the shock wave positive impulse
foruwula reported by Aronsl8. This formuls wee synthesized from experimental
rezerds of large -harges (25-76 Lb) [ired in shallow water. Since the time of
errival of the surface reflection was very short in relation to the duratiocn of
the shock wave positive phase, the impulse could not be deternined for the entire
shock wave phase of the pulse, Although the point is not made clear by Arons,
comparizon o tie formula with that ceported by Aro.c in refernnce 2€ indicates
tha. the {mpulse represe.ited by Arons' formule is integrated out to only 6.78, as
wz tuttomary at that time. Arons and vennie2T indicate that the impulse at G.7Te
1; some hing less than £0% o7 the total liipulse of the shock wave for a 250-foot
deew shot. In addition, the results of Arons shov no depth variation in the
impulse, since all of Arons' dsta were frow approxiumtely the same depth. The
shock wave impulse formula of S1ifko, ms used in this study, represents the total
lwpulse of the first positive phase (out to the first zero pressure crossing), and
indicates a significant depth variation. The ratio of Slifko's to Arons' impulse
formula as a function of charge depth is shown in Figure 23.* Shallower than 500
feet, Slifko's formuia represents ar extrapolation from his weaswred data. This
extrapolation, while uncertain, is probably a more remsonsble indication of the
lupulse at shallow depths than Arons' formula on two counts:

1. Arons' formula represents the impulse out to only £.78 vhile S1ifko's

5 for the entire shock wave positive phase, and
Ar "2. zlg{l;on:?kn: depthh variation into account vhile Arons does not.
on's an s formtlas agiee =t 00-ft depth. At more shallow
Slifko gives more iwpulse; at deeper depths, hl:: impulse. The 1.,.13:'“"
formula used by Weston for the first bubble pulse impulse is also quite
different frow that used in the present study®*, One would expect
inm:;:ex;bhheiffounco- between Weston's analysis and the present study
v frequency region. It is felt that the waveforms of the present

study allov & wore complete and accurate representation of spect
ral ener
content than the approximations of Weston. P nerey

7.9 In order to make comparisons, Weston's analytical calculation has been
repeated for the 1.8-1b SUS charge at depths of 60 and 800 feet. The results have
been integrated in 1/3~octave bands and are coupared with the corresponding present
results. The 1/3-octave band differences are indicated in Table 8; the detailed
spectra are compared in Figures 24 and 25. For 1.8-1b et 60 ft conditiom, the
present results indicate considerably more energy--as uwuch as 8 db in the very low
frequency bands. This 1s largely due to the different impulse formulas used. In
high frequency bands, Weston chows 2 to 3 db more energy for the 60-1% source.

For an 800-ft source Weston's formulation gives much more energy at very low
frequencies--again due largely to the different impulse formulas; at higher
freguencies, Weston shows 1 to 3 db more energv. The differences for both burst
depth:s are significant. To resolve this discrepancy, comparisons wvith deta are
needed. As noted above, we have no suitable €0- £t data for comparisong. For the

.03
* The factor (—?7;) nas been neglected in this ratio.
Wi’

#% Weston's equation 7 contains & typographical error. The expunent of W should be
2/3.
20
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TABIF 8

1/ 3-0;.'I.‘AVE BAND COMPARISON OF CALCULATIONE USING WPATON'S

ARALYTICAL FORMULATION WITE THOSE OF THE PRESENT STUDY
Range 100 yds 2
& (Ppresent results ~ Bigston 17 %0 Te 1 org/cm" /Hz,

1/3-0Octave band

center frequency 1.8 1b at 60' 1.8 1b at 800'
12,5 8.0 =5.4
16 2.3 4.9
20 L.2 -2.1
25 2.1 2.4
31.5 -.1 5.2
4o .8 2.3
50 -1,0 1.0
63 -1l.1 2.2
8o -2.2 0.9

100 -2.5 «0.7
125 =2.h -1.1
160 -2.4 1.1
200 -2,6 -2.k
250 2.4 -2.6
315 -2.3 «3.0
Loo 2,1 -1.7
500 -2.2 «1.5
630 -2.2 -1.3
800 -2.4 -1.1
1000 -2,2 -0.%7
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800-ft source, Weston's valuss have been plotted in Figure 21, along with the
three Squawv shots and the 1dealized 800-foot source level curves of the present
study. This tigure indicates that *henever the tvwc quasi-theoretical source level
wurves 1iffer significantly, Weston's analytical curve shovs less satisfactory
ngicenent wit: the measured lata. This, together with the generally satisfactory
couparisons with available data, is some indication that the source levels of this
study represent an improvement aver Weston's analytical formulstion.

8. SWMARY AND CONCLUSIONS

8.1 The computational wethods developed in this study can be used to estimste
acoustic source levels for small charges (weighing up to a fev lb) detonated at
depth: down to about 1000 ft. Results for very shallow sources (e.g. 60 ft) will
remain less reliable than those for deeper sources until we acguire suitable data
to compare with the idealized shallov-burst model. The quasi-theoretical pressure-
time histories and their corresponding energy levels reported here are believed to
be the best estimates available at this time.

8.2 Detailed plots (analysis bandwidth aprroximately 1 Hz) of idealized source
spectra at 100 yards range are shown in Figures 5-3 for the following configurations:
3-1b charges at 60 and 500-ft detonation depths, and 1.8-1b charges at 60, 300, and
800- £t detonation depths. Estimated source lsvels in 1/3-octeve and l-octave
bandwidths are summarized in Tables 3 and 4, respectively. The 1.8-1b results
apprly to underwater sound signals (SUS charges) Mk 57, Mk 61, and Mk 82 with
appropriate depth settings; the 3-1b charge resulte correspond to test conditions
used in an extensive research study.

8.3 In some instances considerable difference was found between the
thearetical source levels presented here and previous measurements. For example,
although overall agreement with the data of Christian (Refs. 2 and 25) wus good,
deviations of up to 3 db occurred in certain frequency bands (parsgraph 7.3, 7.5,
T.6). Significant differences frow Christian's data can be resolved, since all
necessary information about methods used in date recording and processing is
available at this Laboratory. Unfortunately, the same is not true for the data of
Turner and Scrimger (Ref. 12). As shown in Table 7, the theoretical sypectrum
levels differ aignificantly frow the data of Ref. 12 for lov frequencies--almost
5 db in tw~ cazes. These deviations may be real, or they may be due largely to
data recording and processing differences shich can easily introduce variations of
several db shen the analysis bandwidth is narrowv relative o the spectral pattern.

8.4 In some instances, wide discrepancies (up to ~ 8 db) exist between the
source level estimates of the present study and calculations using the analytical
model of Westonl. It has been ahown that an inadequate formuls for the shock wave
impulse was uwsed in Weztorn's low frequency model, and a less realistic model of the
explosion wave form than that of the present study was used et higher frequencies.
Limited comparisons with available deta indicate the present computational method
yields more accurate source level estimate: than Weston's analytical model .or the
800-1t source.

8.5 The analysis bandwidth used is an important parsmeter in source level
definition. Because of the oacillatory character of explosion spectra, analyces
in 1 Hz, 1/3-octave and octave bands may yield far “iffer.rt source level values
at the same center frequency.
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8.0 Feemingly small variations in burst depth can cause significant
variations in narrow-band source level. For example, experimental variation about
the 300-ft nominal depth setting for a 1.8-1b SUS may produce as much as 6.3 ab
esuree 18vél dilference {in the #U Hz 1/3-octave band) for depth /ariations of
TOO to 900 ft. To avoid this discrepancy, the depth of an explosive s.urce must
be ageurately determined, and & source lavel for that Jderth Z2eterminsd. lNo simple
correction for lepit: varistion can generally be appliad to the source l.vel tn

account for depth variation.

3.7 The effect of the swface reflection, sometimes erroneously included =3
Part of the source level, has been Jemonst:ated in one instance (paragrapt 6.10"
to produce errors in the source level at different .requeacies of as wuch es *+4 and
-5 db. Since, for shallow sources, the surface rellection cannot be separsted
from the direct arrivel, Zirect measurement of these source levels is not possible.
(The source level is not necessarily identical to the measured energy spectrum.
The latter may include surface reflections and other locel effects; the former
shculd not.) Furthermore, no simple correction of a onstant number of db will
correct the measured spectrum to the correct source level values at all frequencies.

9. RECOMMENDATIONS FOR FURTHER WOPRK

9.1 PMurther comparisons of the results of this and other calculations with
shallov date must be made. These comparisons would evaluate the extrapolation of
shock wave parameters at thes shallov depths used in this study, as well as determine
vhich approach is best suited for the estimation of shallov charge source levels.
Suitable dsta would consist of broadband (~ O - 20K Hr.} pressure-time records,
recorded at close range (preferrably near 100 yards). These would allov the
details of the surface raflection to be analyzed end included in the cealculations
for couparisons (similar to the procedure of parsgraph 7.6). KRarrov bend
recordings make the sanalysis of tiwme dorain characteristics difficult. Such shallow
data may be aveilable at other facilities. If not, suitable field work should be
planned to gather the needed data.

9.2 In order to evaluate the effect of different analyais techniques, seversl
samples of data should be processed through different analysis systems, digital,
analog and hybrid digital-snalog, and the results compered. Since cur analysis
capability is digital, we woull be eager to exchange data vith facilities using
other techniques.

9.3 In the absence of the above additional comparisons, we tentstively
recommend that shallow explosive gource levels, vhere the surface reflection cannot
be separated out, be determined by the method of the present study. As direct
measurement of these source levels is impossible, we feel that the promising
comparisons of section T lndicate that this method ylelds the most accurate
availatle estimates for such shallow sources. Clnse-in pressure measwrensnts are
still needed in particular applications so that the actual source depth may be
determined, and the errar introduced by source depth varistion eliminated.
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