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C} as demonstrated by ng temporary threshold shifts (T7S) in their audiograms. The impulse vas
duscribed as very loud, but not uncomfertable. With the frequency of the A.R.D. impulse being
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A.R.D. was reliably heard by all five divers as far away as 1006m (1100 vds) at a depth of 3.0m
(10 ft) in 9.1m (30 ft* of water. However, due to severe shrapnel risk from the casing,
:nd—cr;p. and from Yead shot and sand used as ballast, the A.R.D. was determined to be
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The diver Audible Recal) Device (A.R.D.) is a salf-contained amall
explosive device deeigned with a 6.6 sec delay fuse ignited by puliing a
lanyard. It is weighted by both sand and lasd shot, allowing detonatiou
approximately 3m (9.8 ft) unGerwater. At a distance of 7m (22.9 ft) from the
device, detonating at 3m (9.8 ft) undervater, ths peck sound pressure level
(SPL) is 135.3 4B (re 20 uPa) in-watar, equivalent o 5.44 psi. With a
explosion duration of 1.0 msec, the impulse is 2 psiemeec. Five U.S. Navy
divers vere exrosed to this A.R.D. at a peak SPL of 186.2 4B (re 20 uPa)
in-veter, equivalent to an in-air value of 151.2 dB, which is 11.2 dB over the
current 140 dB safe exposure limit for .impulse noise, in-air, eztadbliuvked by
CPNAVINST 5100.23B [18103a(4)]. HNo reduction in hearing sersitivity in all
five diver-subjects wvas observed as deaonstrated by no temporary threshold
shifts (TTS) in their andiograms. Ths impulse wvas described as very loud, but
not uncomfortable. With the frequency of the A.R.D. impt.lse being 200-300 Hz,
there wvas no damage to the lungs or jastrointestinal tract vhich would have
been expucted at lower frequencies around 350 Hz with higher impulse levels
above 1 pesiessec. The A.R.D. was relliadly heard by all five divecs as far
avay as 1006a (1100 yda) at a depth of 3.0m (10 ft) in 9.1m (30 ft) of water.
However, due to severe shrepnel risk from the caiing, end-cap, and from lead
shot and sand used as ballast, thn A.R.D. was determined to dbe hazardous.

KEY WORDS:
NEDU Test Plan 387-123
RAVSEA TASK NO. 87-26
Impulse Noiae
Sound Pressure Laval
Temporary Threshold Shift
Audiogram
Undervater Hesring
Underwater Explonsjons
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KVALUATION OF IMPULSE FOISE PRODUCING
URDERVATER EXPLOSIVE DEVICE ON KEARING IN DIVERS

By
LT J. A. Sterba, M{, USHR

I. IMROQUCGTIQN
A. Effacts of Iapuvlse Noise .n Divers' Hoaring

The Navy Experimental Diving Unit (NEDU) has been tasked by Naval Sea
Systems Command (AAVSEA) to test znd s2valuate the diver Audible Recall Device
(A.R.D.) for safety, sase of use, and genera) user acceptability (1). The
Navy Surfsace Weapon Center (NSWC) has recently conducted very favorable
preliminary fisld testing of the A.R.D. compared to the cur:entl, used M-30
firecracker. In addition, NSWC has also succersfully cowmpleted laboratory
nzfety Costing on the A.R.D. (2). However, the A.R.D. is an impulse noise
producing undervater aiplosive device which may be hazardcue to the diver's
interral organs such as the inner ear hearirg orga:, Xnowu as the cochlea, thsa
lungs and tha gastrointestinal systes. KENU has recently completed the firs:
human diving medical research project on the effect of undervater impulse
noise on divera’' hearing uring a gun-powder actuated undervater tool (3).
According to U.S. Navy safa exposurs limits for impulse noisc (4), éivers
tolerated slightly greater than 10 decibels (dB) adbove the safe expusure limit
of impulse noise without any reduction in hearing sensitivity. The divers'
hearing var acsessed by standard audiometry with a reduction in hearing
sensitivity daing definsd es 2 temporary thraeshold shift of 15 dB or greater
on their audiograsms.

For a complete avaluation of the effect of the A.R.D. on hearing, not
only wvas the overall sound pressure level (SPL) of the A.Kk.D. needed, the
frequency spectrum of the undervater impulse noise vas also iaportant. By
this analysis during unmanned testing wve were able to predict at which
frequencies hearing damsge might occur. PFurthermore, ve could predict vhether
there might be any pulmcnary or gastr intestinal injury relying on both manned
and unmanned research on safe distances from an underwvate  blrst (5, 6).

According to NSWC (2) the M-80 firecracksr has uno ficially been used
by the Sesa Air Land (SEAL) divers to acoustically recall divers. However, the
M-80 is 4difficult to use, is very urreliable and has safety end administrative
problems. The proposed replacement, the A.R.D., 1s a hand-heid explosive
device using a 6.6 sec delay fume activated by pulling u lanyard. Thie gives
ample time to throv the device overboard i{nto the water. The A.R.D. is
veightad by both sand and lead shot allowirg it to sink to approximately ten
veat before explosion underwvater.

The A.R.D. is produced by Propellex Coiporatisn (Edwardaville, IL) and

was recently field tested by the Naval Surrace Weapons Center, White Oak
Laboratory, Silver Spring, MD (2). Although no underwater acoustic

1
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meagurement s were ceported, the A.R.D. was noted by SEAIL diver-subijects tu he
louder and mors easily heard from 200 to A00 vards compared to the M-R3,
Closer than 200 yards, the M-80 was obsgerved to bhe louder. It was proposed by
NSWC that due to the 4.R.D.s long duration impulse compared to the short spike
{mpulse of the M-80, the A.R.D.s signal could carry further wrdervater.

An international literature search using Index Medicus, the Undersea
and Hyperbaric Medical Socliety and the Military National Terhnical Information
System falled to uncover any research on the effecta of the M-80 firecracker
un diver's hearing or causing any injury. Anecdotel reports though have
demcnstrated that tlie M-80 can cause severe soft tissue damage 1f explosions
occur while the M-80 s “and heid.

In fileld tes ‘ng ac NSWC and racently at NEDU during offshore diving
operations, there were nu reports of the A.R.D, producing an uncomtortably
ioud explosion, Furthermore, there were no complaints »>f ringing of ths ears
(tinnitis), fullness or pain in the ears or any subjective reduction in
hearing related t~ the use of the A.R.D,

According to current U.S. Navy instructions (4), the safe exposure
| 12mit to impulse noise {s 140 dB which is an in-air va.ue referenced to 20
micro pascals (re 20 uPa). As explained in detall in the Methods Section B,
140 dB in-air is equivalent to 175 dB in-water (re 20 uPa) The objiectives of
this project vere to: (1) determine by unmanned testing, the diastance from
the A.R.D. that will produce the safe exposure limit of 175 dB in-water (re 20
uPa); (2) expose diver-subjects to the A.R.D. at this predetermined distance:
(3) determine i{f there is any reduction in the divers' lLearing sensitivity as
measured by audiometry following exposure to the A.R.D. Any ch:.ge of 15 aB
or greatar will be defined 24 a siznificant temporary threshold shift (T1S);

- 4 4
(4) determine the safe distance where no TTS exists: for all divers; (5)

determine, off-shcre, the maximum distance where all divers can reliably hear
the A.®.T. To represent the noisiest and most arcustically muffled situation,
divers breathed from SCUBA and wore either a X" or 3/16" thick neoprene hood.
The degree of thickness of this wet suit hood does not affect the acoustic
protection of the diver (3). The suit hood muat completely cover the exposed
forehead, thus limiting bone conduction of the undervater noise to allow 5-10
dB of acoustic protection (3).

B. Evaluation ot Shrapnel Risk from the A.R.D.

Although NSWC has found nc evidence for a risk from the }ead shot in
the A.R.I'. acting as shrapnel, both surface and underwvater tests were
conducted at NEDU aassemsing this pocaible shrapnel risk. With a considerable
amoun: of various materials surrounding the gun powder charge such aa plastic,
hardened glu:, cardboard, rubber tubing as well as adjacent sard and lead
shot, extreme caution was used while testing the A.R.D. out of water.

i
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The A.R.D. sinks to appronimately ten feat vnderwater dua td it being
negitively duoyant from LDoth sand and lesd shot. According to th» sagineering
schomatic diagras (}ig. 4, referance 7), the primer and audible output
consisting of pistol gun powdar does not have any sand cr lead shot
immediatoly surrounding the explosive end of the A.R.D. However, the sand anu
lead shot does surround the adjacent internal tudbe containing the .u:e
assembdly which extends right up tn the gun powdar charge. Arsvuming that the
explosion might travel the path of least resistance, it wag predict.d that the
explosion might trarsl into the fuse assemdly and cause sand and shot tc be
propelled out latersa'ly as shrapnel. This shrapnel could de a si nificent
risk to surface personnel as well as the inflatable boats used by some divers
and to divers clcee to an A.2.D. expluding underwater. Therefora, thLe A.K.D.
vas testad on dry land and undervater under t!y supervision o: Explosiva
Ordnance Diaposal (ROD) perscnnel at the EOD lTest Range near NEDU.

II. METHODS

A. Ummanned and Manncd T ‘aluation of the Effects of the A.R.D. on Divers'
Hearing

The Naval Coastal Systems Center (NCSC) in Panams City, FL permitted
use of the Acoustic Test Facility (ATF) lor both unmanned and manned testing
of the A.R.D, The A.T.Y. 18 a 6.1m (20 ft) decp fresh wvater pond at 23.8°C
(75°F) water temperature with a certrally placed pool linar allowing both
filtration and chloringtion of the acoustic test pool arex. The gantry and
valkvays wvere structursily outside the pool area rcducing noise artifact. In
both urxaermed and manned testing of the A.R.D., one wide band tourmaline
hvdrophone was used to racord the impulse on a magentic floppy disk. A
Celesco Livdrophone (Model LC-10, Canoga Park, CA) vas used to trigger the
recording ejuipment. During manned tisting, these microphones vere zdjacent
to the divers' head, away from any exhaled buhbles., The SI'L wes immediately
measured and frequency spectral analysis was performed by storing the vaveform
of the impulse on a szorage oacilloscope (Nicolet Model 4094, Madison, WIi).
This frequency information was later analyzed by transferring the Nicolet
floppy disk data to a Hewlstt Fackard computer (Model 32C¢, Corvallils, OR) and
VY veing a WaveTek Function Generator (Model 273, San Diego, CA). The
frequency spectcal snalysis vas genarated by fast fourier transformation (FIFT)
uaing s Hewlett Packard (Model HP 3561A) Signal Analyzer. The purpose of such
rigorous freguency analysis wvas tc determine any high SPL frequency peaks to
help anticipate any effacta ¢n hearing as determined by audiometric testing.

All A.R.D.a vere exploded ¢t the sama depth being held constant at 4m
(13.1 ft) by weightad lines to acoustically avnid the tnermocline at
approciaately 3z (9.8 ft). Bydrophonas and the divers' heads were also
maintained at a constant depch of 4m (13.1 ft). Due to the initial long
distan s (1l9m, 62.3 ft) from the exploding A.R.D.s, the A.R.D.> were fired
outside the pool liner in the pcnd water, with the diver inside .. » pool
liner. Preliminary tests verified that the pnol liner did not aiter the SPL
or the frequency spectral anal-sis of these shota. PFurthermore, orientation
of tne A.R.D. undarvater did not influence peak SPL or freguency sprctrum of
the A.R.D. impulse.
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Five male U.S. Kavy divers vith ages ranging from 26 to 36 were used
as subjects following auvdiological screening and giving informed consent. All
five had recantly completed another acoustic study in vhich each diver
demonstrated highly reproducidble audiograms and hearing in tha normal ranges of
sensitivity. Pricr to this study, a fatiguer stimulus test (8) wvas performed
on the left ear of each subject to screen for the degree of hearing
sensitivity to impulee noise. The fatiguer test is a S min exposure to a 3
kfiz stimulus at 100 4B with a comparison of the pre-exposure hearing threshold
to any temporary threshold shift (TTS) in the audic3jram seen at one half
octave higher thew 3 kHz, l1.e. 4 kHz at dboth one and five minutes after the 3
kHs stimulus (8). Four kHz (4000 Hz) i{s the frequercy where the maximum
reduction in hearing sensitivity would bs expected from broadband impulse
noise.

B. Measurezant of Sound Underwvater

Sound {s measured with sound pressure leval (SPL) measured in decibels
(43). SPL is actually a logarithmic ratjo of the measured sound pressure (Pm)
divided by reference s,und pressure (Pref) in equation [1].

SPL(AB) = 20 log (Pm/Pref) ] [1]

In air, Pref is 20 licrOpIIClll (20 uPa) sound pressure vhich is also
equivalent to 0.0002 dyne/c-‘ sound pressure. In water, the usual reference
is 1 uPa sound pressure. However, with only air impulse noise research and
standarde to follow due to a lack of research in undervater impulse noise, our
undervater SPLs vere referanced to 20 uPa (re 20 uPa) based on 20 x log (20/1)
= 26 dB, in equation [2].

U.S. Navy Instruction [OPNAVINST 3100.23B, 18103a.(4)] (4) defines
hazardous noise as sound pressure in air ia excess of 140 dB (re 20 uPa).
Therefore, in order to convert SPL in water (S’Lygter € 20 uPa) to an
equivalent sound pressure leval in air (SPLgy, re 20 ul‘a), one must correct
for the dennity of water (p) and velocity of sound (c) in order to calculate
the izpedance of water (Z) based on equations [3] and [4].

pec = Z [3]

SPLa{y (re 20 uPa) = (SPLyater)?/Z (4]

To corrvct for the impedance difference in water and air, use -quation
[5] below which subtracts 35 dB from SPLygrer to give SPLgyr (3, 19).

SPLyater (re 20 uPa) - 35 dB = SPLgy, (re 20 uPa) (5]

Thus, 175 dB (re 20 uPa) in-water equals 140 dB (re 20 uPa) in-air.
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In a recent atudy uaing an {mpulase noise producing underwater tool
that operates using a gun-powder a-tuated mezlLianism, 185.4 dB (re 20 uPa) wvas
recorded at the diverc' heud (3). Bamed on equation [5] above, this {s
equivalent to 150.4 dB in-aitr (re 20 uPa) which is 10.< dB abtove the hazardous
limit of 140 dB set forth dy U.3. Bavy Instruction (4). However, despite as
many as 40 consecutive shots fired underwater, no accvstic damage to divers'
hearing wvas demonstrated. Based on these findings, manned testing initially
Legan at a safe distance producing 175 dB underwater, which wvas equivalent to
the current 140 dB in-sir hazardcus exposure limit. The A.R.D. was then moved
cleser, by increments of 3 dB, until a level of 185.4 dB underwater was
reached, matching the exposure found safe to livers in the recent undervater
tool project (3).

nearly 204 dB (re 20 uPa), the distance to produce 175 dB was found to be 25m
(82.0 ft). However, due to size limitations of the test pond, we could only
conduct unmanned and manned testing out to 19m (62.3 ft) which was both
calculated and observed to give 177 dB of SPL. Therefcre, our first manned
exposures were done at this distance. After determining that the frequency of
the A.R.D. was primarily in the 200-300 Hz range, wve knewv that the A.R.D.
would not ba damaging to the lungs of divers. From animal resesrch (l12) the
natural oscillation frequency of lung tissue is about 50 Hz, which is far
enough below the 200-300 Hz frequency of the A.R.D.

|
}
E
i By initial unmanned firing of the A.R.D. at lm (3.3 ft), producing
]
}
:
i
]

The criteria for safety of an unprotected swimmer exposed to an

. underwater blast takes into account both SPL in psi and duration in msoc.
These guidelines state that exposure to impulse noise must be less than nr
equal to 2 psiemaec and the peak over pressure must be less than or equal to a
SPL of 100 nal (5, &). Tt ia alan halieved that an wmprotected avimmer could
possibly tolerate up to 10 paiomsec, bdbut animal research has demonstrated
minor amall blood vesse'® davage (petechial hemo:-rhage) in the lungs and
gestro-intestinal tract (6). These injuries were not considered life
th.eatening in the research animals and wvere determined to be accaptable minor
injuries to divers under some operational conditions (6). However, for our

; study, 2 psiemsec was used as the maximum exposure for our divers.

To convert a SPL in dB to units of psi, the tollowing equation, #6, is
used according to Zimmerman and Lavine, 1955 (13).

; psi = Antilog [(SPL rec 20 uPa + 26)/20] x 1.45 x 10-10 (6]
The literature describing the positive deflection of the impulse known

as the A Impulse explains how the area under the A Impulse waveform can be
approximated using Friedlander equation [7] below (17, 18).

[Pressure (PSI) x Duration of A Impulse (msec)]/exponent e or 2.718 =
Impulse (PSIlemsec) {7}

With a SPL of 185.5 dB equal to 5.44 PSI based on equation (6) and a
typical duration of an A.R.D. impulse o 1 msec, the impulse calculates to be
2 PSlemsec based on equation [7].
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Baged or ot~ unmanned testing, the impulse at 7m (22.9 ft) which
laste: 1.0 muec produced 185.5 dB. 7This is alao nearly the value for the
recently evaluated undervater, gun-powder actuated tool which procduced 185.4
dB. This icvel of impulse noiae was alsv proven not to cause eny acoustic
danege to five diver-subjects (3). Therefore, the ninimum diatance *he
diver—-subjects were allowed to be from the A.R.D. was calculated to be 7m
{22.9 ft), aquivalent to 2 psiemsec.

C. Audiometric Evaluation

Each diver-gsubject's baseline audiogram was determined by averaging 14
audiograms done beforc commencing any exposures to the A.R.D. As definad by
U.S. Mavy Instruction (4), a significant temporary thrashold shift (TTS) was
defined as a changs of 15 dB from the persons baseline audiocgram. This level
cf significance was follcwed for the present study.

Audiog.ams were performed in a portable audiogram booth with a
sertified audiomctric technician using an automated micrcprocessor endiogram
machine (Tracor Corp., Austin, TX). The audiogram booth was sound tested in
its location of use and found to be within spacifications for conducting
audiograms in accordance with American Netional Standards Institute (ANSI)
standard 53.6-1969 and Naval Medical Cowmand Instructicn (NAVMEDCOMINST
6260.5).

All subjects vere instructed not to use music headphones, or be around
loud muchinery or noisy pudblic places during the study. Prior to each dive,
the subjects were asked if they had any symptoms of difficulty hearing,
tinnitus or any exposure to loud noise. The tympanic membranes .were

L]
theroughly examined using an ctoscope before and after svery dive.

, The diver vas exposed to three A.R.D.s in rapid succession, which is
the most expected in a typical diver recall message. Following the post-dive
audiogram which was within 3 mins of ax - osure to the A.R.D., the subject was
asked if he had any sensations of fullness in the ears, tinnitus, dizziness,
pain in the ears or any rotational movemant or a~y chest or abdominal
discomfort of the eyes foll .wing the three A.%X.D.s fired. Follow-up
audiograms wverc made at two hours following completion of tvhe d.ve due to the
reported delays in the TTS se=en folluwing impulse noise exposure (14 and
Appendix G of 15).

Standard U.S. Navy diving procedures, according to the U.S. Navy
Diving Manual, 1985 ,9), were followed with the diver-subject tethered to a
surface tender. A fully dressed standby diver topside -was immediataly
avallable in cz ' of emergency. All personnel received training in the use of
the A.R.D. Thx tollowing emergency procedures vere rzhearsed; injured diver
with mecnanica: injury, unconscious diver on the surfaces and underwater,
topside abort, diver abort, and A.R.D. misfire (10).
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Communications with the diver was with line pull signals. Prior to
the firing of the A.R.D.s, the recording gear was turned on and the diver was
notified that the A.R.D. would be ignited. The diver was ir the vertical
position and faced the A.R.D,

If there was any post-axposure audiogram showing a TTIS above 20-25 dB,
repeat audiograms were to be done a indicated by the Tent Director. No diver
was aliowed to be exposed to an A.R.J. unless his audiogram returned to within
5 dB of his baseline, coutrol audiocgram. Manned testing was approved by the
diver-subject Human Experimentation Committee at NCSC.

D. Off-Shore Evaluation of Maximum Distance to Hear A.R.D. Underwater

Simultaneously, all five diver-subjects held onto the descent line so
that their heads were ac a depth of 3m (10 ft) in an open ocean area that was
9.14m (30 ft) deep. To produce the noisiest and most acoustically muffled
situation at sea, each diver wore a wet suit hood and breathed from
open-circuit SCUBA. One A.R.D. was exploded in the water, without warning to
the diver-subjects, by igniting the fuse and imrediately dropping it overboard
according to the manufacturer's instructions. The distance started at 61.4m
(100 yds) and was progressively increased by 91.4m (100 yds) increments to
914.4m (1000 yds). Thereafter, 45.7m (50 yds) increments were used to a
maximum distance of 1188.7m (1300 yds). There were no distracting noises from
harbor traffic or heavy machinery. No audiograms were needed during this
phase of the project.

E. Determination of Shrapnel Risk from the A.R.D.
(1) Dry Land Testing

The A.R.D. was positicned horizontally two feet off the ground
using a 2" x 4" goft pine wooden board to hold only the handle of the A.R.D.
Thia allowed nearly a full 360° exposure for shrapnel to be discharged., A
circular perimeter of heavy gauge plastic (visqueer, 0.006 inches thick)
eupported by 2" x 4" boards surrounded the A.R.D. by approximately a four foot
radius. This acted to document any shrapnel pieces exploding from the A.R.D.
A 100 yd long lanyard allowed the A.R.D. to be fired from a safe distance,

The explosive end of the A.R.D. 1s capped by a thickness of 0.8
cm of hardened glue and cardboard. To document whether this piece acts as a

s bullet, shooting straight out the A.R.D., the A.R.D. was fired over a pond.

‘ This was to safely witness the end cap landing on the cslm waters of the

: pouid. The A.R.D. was positioned at the pond's edge at a 45° angle and

. surrounded by sandbags allowing only the end cap to act as shrapnel. Even

' though this sandbagging acted to tamp the A.R.D., it was felt to be the safest

) and most reliable way to test for end cap shrapnel.
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(2) Umnterwvater Testing

Since high velocity shrapnei may injure a nearby diver, the
A.E.D. was tested undervatsr. A plastic bucket was sutmerged underwater and
an A.R.D. wvas susponded in the center of the bucket after igniting the fuse.
The bucket was then re-examined for evidence of imbedded shrapnel. Previous
d4dzy land tasting of one unlighted A.K.D. tapad to an ignited A.R.D.
demonstrated to MSWC that thera is no sympathetic ignition risk (2). However,
this has not been done underwvater. We therefors taped two A.R.D.s together
and after igni‘ing ocaly ¢..¢ fuse threw bethk into the water. If the second
A.R.D. did not explods sympathetically it was intanded to attempt to ignite it
after imnersion underweter for another 30 sec.

It is alsc possible that irmersaion of an A.2.D. will flood the
fuse assembly and prevent i: from deing ignited. A.R.D.s were therefore
pre-imme.sed for twe min bafore actempting to ignite the fuse.

All dry land and undervater testing was rigoroualy controlled for
safety. An EOD representative supervised all testing, using standard ROD
proceduras and VAF radio commmications.

TII.REAULIS
4. FPre-dive Audiometric Evaluation

Table 1 demonstrates hiearing within the normal range of sensitivity
according to Ward, 1963 (8).

AJDIOGRAM AT 4 kHz (dB)

Post-Fatiguer
Subject Pre-Fatiguer 1 Min (Change) 5 Min {Change)
T.K. 40 64 (24) 54 (14)
M.GC. 36 55 (19) 50 (14)
S.P. 30 47 - (17) 40 (10)
S.S. 30 ‘ 46 (16) 40 (10)
J.N. 34 55 (21) 48 _(14)
Mean £ S.D. 34.0 = 4,2 53.4 £ 7.3 (19.4+£3.2) 46.4 £ 6.2 (12.4£2.2)

Resgults of Fatiguer Stimulation Test. Stimulus was 100 dB at 3 kHz

for 5 min in the left ear, a=5 subjects. Pre- and post-fatiguer
hearing thresholds were measured at 4 kHz with post-fatiguer hearing
threshold measured at 1 and 5 min. Comparison of pre and post-fatiguer
hearing thresholds shown as (change). Mean + S.D.
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B. Unmanned A.R.D. Bvaluazion

Table 3 illustrates 'mmanned teating SPL values:

TABLE 3 |
Diatance (m) SPL (re 20 uPe)x3.D..(n valua)
1.0 203.8 = 1.63, (u=9)
7.0 185.5 ¢ C.75, (umS)
9.4 183.3 & 1.54, (n=4)
10.0 182.0  1.21, (n=8)
13.0 179.2 ¢ 0.51, (n=3)
19.0 | 175.5 £ 0.95, (n=3)

C. Namnned A.R.D. Bvaluation

Table 4 illustrates manned testing SPL values.

TABLE 4
Diatance (3) . ~ SPL (re 20 uPa)2§.D..(n value)
7.0 " 186.2 £ 1.79, (n=8)
8.5 184.4 + 1.54, (na?)
12.0 180.8 = 1.36, (n=7)
17.0 177.2 £ 1.38, (n=S)
19.0 177.2 £ 1.21, (um10)

The FYT aualysis of the A.R.D. positive waveform impulse demonstrated
a relatively broad band of noise with the major SPUL frequencies between
200-300 hz. If both the positive and the foilowing small negative waveforms
are btoth analyzsd, the overall peak SkL frequencies are cluscered around 170
Hz.

These frequanc'es would be expected to produce a ITS on the audicgram
approximately 1/2 octave higher which would be demonstrated at the 500 Hz
level on the audiogram. However, wve paver demonstrated any significant TTIS as
close es m (22.9 ft) in any of the five diver-sudbjects either immediately
after A.R.D. exposure or two hours later. All subjects described the 186.2 dB
peak SPL at 7m (22.9 ft) as very loud, frequently causing an involuntary
contraction of their anal sphincter muscles. Aiso, their eyes would blink and
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their face masks would be compressed sharply on their face. There was no
uncomfortable sensations in the chest, similar to whut has been described with
much lover frequency TNT explosions underwvater. o divers had any fullness,
tisnitua or pain in theily ears, nor did they have any gastrointestinal
symptoas. The ctological exam of the tympanic membrane was also normal for
all subjects followving exposure to the A.R.D.s.

D. Off-Shore Evaluation of Maximum Distance to Hear the A.R.D.

Wearing wet suft hoods, all five divers reproducibly heard the A.R.D.s
to a distance of 1006m (1100 yds). A few divers could reproducibly hear the
A.R.D. as far as 1143m (1250 yds).

Overall, 235 A.R.D.s vere tested vith no misfires or improperly
fuactioning fuses.

E. Shrapnel Risk Evaluation

In surface testing of the A.R.D., extensive shrapnel fragmentation
from the cardbcard and plastic housing uvccurred nearly 360° around the A.R.D,
Sand and lead shot primarily exploded laterally and behind the A.R.D. as
predicted. All fragments including rand and lead shkot easily penstrated the
heavy plastic perimeter and were found imbadded into the soft pine 2" x 4"
posts. Pieces of cardboard and hot aelt glue were found up to 5Cm (164 ft)
avay. The 80l1id glue and cardboard end cap wvas propelled straight out the
A.E.D., curving off to either side, landing as far awvay as 50 to 60m (164 to
197 ft). Underwvater tests demonstrated pieces of the A.R.D. housing and a
metal fragment embedded inte the torn plastic of the underwater bucket.
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Synipatlistic teating did ast initiats the ightad A.R.D., which was
heavily damaged. Despite significant damage, though, the second A.R.D. was
able to be jijnited using the fuse even though it was left underwater up to two
min after the first dectonation. After pre-scaking four A.R.D.s underwvater for
two min only two of them could uc ienited and exploded.

IV. DISCUSSION

Thia study empirically demonstrated that man can tolerare three rapid
impulses, each up to 186.2 4B (re 20 uPa) in-water without any evidence of
hearing damage. This reconfirms our earlier study demonstrating no effect on
hearing from underwvater exposure to 185.4 dB (re 20 uPa) in-water from an
undervater tool (3). Tho conversion of 186.2 dB in-water in this study tc an
equivalent value of 151.2 dB in-air is valid and represents 11.2 dB above the
current safe exposanre limit tc impulse noise in-air (4). However, still very
little is known about the mechanism(s) of underwater hearing in man. In a
recent review of underwater hearing in man (16), Smith very thoroughly
revieved the current theories of underwater hearing including both the bone
conduction and tympanic membrane pathways of hearing. However, further




research is needed to understand undervater hearing beZore piedictive modeling
can help to determine safe exposura limits based not onl, upon SPL and irmpulse
duration, btut also the frequencies of underwater noise that may be most
harsiful to man's hearing.

The A.R.D. minimum safe distance wvas predatermined to be Tm (22.9 ft) by
both unmanned testing snd current ctandards for exposure to an undervater
blast (S, 6) and also verified medically safe by manned testing. The reliable
maxisum distance for all five diver-subjects to reproducibly hear the A.R.D.
in open water ¢f approximately 10m (32.8 ft) depth in the absence of any
distrecting harbor noisss vas determined to be 1006m (1100 yda). However, the
shrapnel riak of this device on the surface and potentially underwater to the
neardy diver is very severe. The amcunt of explosives can probably dbe reduced
and the materials be relocated to move any potentizl shrapnel awvay from the
explosive to greatly improve the safety of this recall device. An air
containing rescnator near the explosive section similar to the Canadian
Thunderflash diver recall device could remove the lead ballast avay from the
explorive charge.

It certainly is possihle that someone will drop a lighted A.R.D. while
on-board a rolling inflatable boat or mischievously tcss an A.R.D. near
someone on the surface, resulting in dsmage to the boat or severe injuries to
personnel. Therefore, based on the results of this study, this A.R.D. vas
determined to be hazardous.

One p:tentially serious theoretical risk not addressed is the effect cof
such a otrong impulsc on a diver decompressing or near the no-decompression
limits. The pressure wave traveling through the diver's ticsues may
precipitate decompression sickness by coalescing asymptomatic small bubhles
super saturated tissues. Presently, 1o research axists to support or refute
this serious possidilicy.

V. COX LUSION

The A.R.D. was demonstrated not to cause any acoustic, pulmonary or
gastrointestinal damage to divers as close as 7m (22.9 ft) from this
undervater explosion. Severe shrapnel risk exists making this recall device
very hagardous. 4 short period of water immersion will render some A.R.D.'s
unusahlae. Changes vhick could improve the safety of this device include
reducing the amount of explosive, and moving the explosive section farther
from potentia! shrapnel, possibly by using an air containing resonacor section
betvsen the explosive and the ballast.

12




1.

ki 18

10.

11.

12.

13.

14,

NAVBEA-00C3 Inter-o¢fice Memorandum, dtd 27 APR 87 describing RAVSEA TASK
#87-26: Audiblae llecall Device.

BSNC Spael Lettar of 73 APR 37 giving a brief background summary and
preliminary test results of the diver audible recall device.

Sterdba, J.A. Bvalustion of an Impulse Noise Producing Undervater Tool on
Hearing in Divers, Wavy Experimental Diving Unit Report No. 5-87, June
19187.

OPRAVINST 3100.235 ([18103a.(4)].

Christian, E.A. and J.B. Caspin; Svimmer Saf¢ Standoffs from Underwater
Rxplosions. n3AP Projlact Fo. PHP-11-73, WOLX 80, 1 July 1974. Requesta
for this publicatinn referred to Naval Ordnance Laboratory (NOL), Code 240.

Guspin, J.B. Safe Swimmer Renges from Bottom Biplosions. Navai Surface
Woapons Center, Ressarch and Technology Departmemt Coda R14, 31 1UC 83.

Specificaticn Control Drawing of Devica, Recail, ALudibdle, Dwg. Ko.
5917474, FSCM No. 53711, HSWC, White Oak Laboratory, 3ilver Spring, MD.
Point of contact: Mr. Josesph Nahas.

Ward, W.E. Auditory Fatigve and Mesking. In: HNods

U.S. Navy Diving Msnual, Vol. X, Air Diving, RAVSEA 0994-LP-001-9010,
Revision 1, June 1985. '

Sterdba, J.A. Ths Bffecta of the Audidle Recall Device on the Hearing in
Divers. NEDU Tent Plan Number 87-13, June 1987.

Mittleman, J. Stud Gun Sound Presstre Level Study: Experimental and
Theoretical Work. NCSC Report NCSL 297-7¢, 1976.

Platcher, E.R., Yelverton, J.T., and D.R. Richmon:. The Thorace-Abdominal
Systen's Reaponse to Undervater Blast. lovelace ! 'mdation for Medical
Education and Research Report No. LF-55, SEP 76.

Zimmerman and Lavine. (onveraion Factora and Tablea, 2nd edition.
Industrial Research Sarvice, Inc., Dover, N.H., 195S5.

Henderson, D., Salvi, R.J. and R.P. Hamernik. The Bqual Energy BRypothesis
and Impact Noise. From the Symposium on Noise-Induced Hearing Losa.
Committee on Hearing, Biocacoustics and Biomechanics (CHABA), Clearvater,
FL, Abstract #13, 1 FEB 87.

13




15. Starba, J.A. The Effects of Ramset Undarwnter Marine Tocl Model 200 HD on
the Rearing of Divers Wearing SCUBA With cnd Without a Hood. Teot Plan
#36-36, Havy Experimental D'ving Unit, December 1986.

16. Saith, P.7. On the Rffects of Exposure to Intense Foise in Water on
Hearing. Nav Sud Med Res Lad Report 923, August 27, 198S.

i7. Kaib, J. 8pectral Analysis of Blast Overpressure Pulse. Technical
Proceecings of Biast Overpreescre Workshop, 2%-26 May 1982. ARRADCOM,
Dovar, N.J.

18. Bffects of Ruclear Weapons, DAPANI9-3, 1962.

19. Urtek, R.J. Principals of Underwater Sound, 3rd Bdition, pg. 11, McGrav
Riil, New York, 1983. ,

14




