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AN ACOUSTIC MONITORING SYSTEM FOR THE

VIBROSEIS LOW-FREQUENCY UNDERWATER ACOUSTIC SOURCE

Introduction

The Long Range Acoustic Propagation Project (LRAPP) of the Office of
Naval Research, in carrying out its mission, used a low frequency high power
underwater acoustic source known as the VIBROSEIS System. The source consists
of two 1.2-mr diameter opposed air backed pistons driven by a hydraulic ram
between them, and exists in both "shallow" (18.3 m depth) and "deep" (91.5 m
depth) operating configurations. The source, its lifting structure, supply
lines, and tow members are shown in Figure 1.

A requirement for operation of the system in the LRAPT exercises was a
continuous knowledge of the generAted sound pressure level, implying the
necessity of an acoustic monitoring system. In an earlier monitoring system,
the hydrophones were attached to the tow members, 3.7 m from the geometrical
center of the source. The hydrophones were enclosed in foam-filled, open-
ended, steel tubes in an attempt to provide some mechanical protection and
vibration isolation. Results obtained with this system were unsatisfactory

, -.or several reasons: the distance from the acoustic center of the source
(which was not known) to the hydrophone could vary as a function of tow angle;
the foam surrounding the hydrophones acted as a pressure release material,
yielding an erroneous measurement of the sound pressure level []; and large
variations in the received signal level due to surface reflection were caused
by the reliatively large ratio of hydrophone spacing (3.7 m) to depth, especially
in the case of the 5hallow source.

Because of its experience in the design of transducers and measurement
methods to meet unusual requirements, the Undenater Sound Reference Division
was requested to design, fabricate, and install a new VZB1RSEIS acoustic
monitoring system. The system would have to meet all acoustical and mechani-
cal requirements, maintain a constant separation between the acoustic centers
of the source and hydrophone, and miximize the affects of vibration and the

4' surface boundary. An additional task required the USRD to devise an "at
sea" method of calibrating the monitoring system.

Sewvn transducers designat63 USRD type V"8 and all hardware needed to

implement the system were built, tested, and installed aboord the source ship.

Note: Ma•saodpt ubmitted June 17, 1976.
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Methods

The operating acoustical requirements of the monitoring system were not
unusually stringent, i.e., measure sound pressure levels from 170 to 190 dB
re I pPa in the frequency range 5 to 225 Hz, to maximum depths of 137 m.
The operating environment, however, was extremely hostile. The hydrophones
and their associated hardware must be impervious to hydraulic oil, are
subjected to high amplitude vibrations, and must withstand the rough handling
of system deployment and retrieval.

From Figure 1, it can be seen that to maintain a constant separation
between the hydrophone and source, the hydrophone must be attached to the
source structure itself. One question which naturally arises from such a
suggestion is, how close to the source may the hydrophone be placed and yet
remain in the "far field" (Fraunhofer diffraction zone). If standard
criteria for a piston radiator are applied, the source dimensions and the
frequency range of operation indicate the upper portion of the source lifting
structure, a distance of approximately 0.6 m from the source, will provide
a far field mounting point (2,3].

Positioning the monitor Hydrophone

Since the measured sound pressure level requires a reference distaxice
to be meaningful, the problem requiring the most initial attention was
developing a aetbod to uasure the fixed distance between the acoustic centers
of the hydrophone and source. Complicating the problem was the fact that
the location of the source's acoustic center was also unknown. However,
some conclusions as to the probable location of the acoustic center were
drawn from general considerations about the source and how it operates.

, a The source is reasonably symietrical so there was reason to believe the
{ acoustic center lies somewhere along the vertical -enterline of the two

pistons. Additionally, the upper piston is somwh .t claxped by the added
mass of the lifting structure and hydraulic accumulators, the tension of
the tow cables, and the force of the water flow due to the tow angle. This
led to the conclusion that the acoustic canter lies on the vertical center-
line of the source somewhere between tha geopetrical center and the surface
of the lower piston (Figure 1).

Assuming this conclusion to bo correct, a method of zauuring aoousticpath length differences wa usad to detercine the distance bto ent
acoustic center of the source and a fixed hyirophone. Two bi-line hydtcptuazmea
H1 and H s'lwn in Pigure 2, are positioned a known fixed distwce apart,

andca be towed about a bor±zcgtta1 lino pauving tinoq the q ft ica

center of the source and perpeadicula- to th tow dectinn. Sin-e the
acoustic pressure is inversely prortp oal to th di.otnce fo ahe %Wce.

•ii: phones is given by

°• P~2



Z -

w 0w

Li

00

I cr

c1 0
>4



'4

r

where P1 and P2 are the sound pressures at hydrophone positions 1 and 2,

and X and X are the distances from the acoustic center to each-of the

hydrophone positions, Rewriting the equation in terms of the output voltages,
E, and the free field voltage sensitivities, M, of the two hydrophones

2M1 1 or X = (1)
2E1 2

where t = 2 M1
M2E

2 2 2 2
From the geometry shown in Figure 2, d 2 S2 + r2 andX 1  - (X2 - S)2 + r .

Solving one equation for r and substituting gives d2 X12 _ X22 + 2sX2"
However, for small values of the angle a, such that sin a - a, s = -2 XI

and therefore,

d2 = 22 _ 2X1X2 + Y, or

d =X2 - X 2

Solving equations (1) and (2) simultaneously, yields

dX andt(3)

X 2  (4)
(l-t)

So the fixed separation between the two hydrophones, d, becomes the only
R reference" distance needed to determine the distance from each of the hydro-
phones to the acoustic center of the source. To insure the validity of the
method, it is only necessary to choose a and d so that a approximates sin a
to within an acceptable error. Thia maylb; accomplished by choosing S,
to be large caomared to R (the distance frow the qa*wtric to the acoustic

center of the source) and by choosi~ng d to be email coapared to S The
sepýration, d, should not, however, be muae so ma•l that very KLt1 path
length difference (s) exists between the hydraphoes as tzaa e rolution
will suffer. It would be convenient to choose S - 50.9 inchae (1l29 m) and
d - 21.0 inchon (0.53 w) simply because th hyde ; hees would ther be at
+3 d9 re 1 yard (+2*2 dO we 1 m) and +6 da re 1 yard (5.2 dB ro I %)- fr'Wz
the ge"otrical center of the source. If S amid 4 are thusly choaen and the
original assuption about the probable 1ocaion of thv ,t cante is

.,correct, it can be shown from the qeastry of Vi9uT* 2. tj•-t -ca and R
are at their maxz-, tke pat-I length diffe* COe Math- of dt..

2u si error by approxv~ty502 3



However, we still have not satisfied the original requirement offixing the position of the monitor hydrophone relative to the acoustic

center of the source. Figure 3 shows the initial geometry modified by
moving the hydrophone farthest from the source H2 to a point on the lifting

structure H3, while retaining the hydrophone closest to the source in the

towed configuration. If the hydrophone outputs are simultaneously sampled
in this configuration, the ratio of the pressures at the two positions may
be represented by

"3 1
P1 x3
P1 -X3

As before, this can be rewritten in terms of the output voltages, S,
and the free-field voltage sensitivities, M,

3M1 X3

X3 t= (5)=

3M1

therforehr
w heredt'

terms of the "references distance , but from equation (3). X1  at-)ndcheref ore "

N3 a td . (6)

"That is, the distance Of the cusit cent.er of the source to the fired
hydrPhone tan be obtaina4 from t1e initial hyIfophoi e epacitxq, 4, tke thee-
field voltage sonaittvities of the hy &4ohrnts, and the ha.rophoe ou4tA-
voltage ratios meffe•t in each t thfe two ýve flttraticna, Both sitg o&

me{rmtt eurota h orebei tb-twd odco n ~

al otersstmi:.,tr.nsi t"wge3

Miimzig ro t otso •: nto Audr .. icooto
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Com~pared to the 3.7 m hydxophonei spacing of the original monitoring system,
~j~i the closer spacing will increaue the separation between the levels of the

direct and surface reflected signals by approximately 10 dB in the case or
the shallow source. The effects of the surface reflected signail are reduced
to insignificance in the case of the deep source.

Attaching the monitor hydrophone to the source helps to solve the
problems of fixing the hydrophone spacing and reducing the effects of the
surface boundary, but substantially adds to the acceleration magnitude
experienced by the device. ricceleration canceling configurations of the
sensor wer.ý eliminsted from -zonsideration because it was felt it would no,
withstand a rigid or semi-rigid mounting. Instead, it. was decidad the
problem could he solved by providing sufficient vibration isolation for th.--ý
hydrophone. That is, the acceleration of the piston surface is proport-ý.n~l
to the generated sound pressure level, so if sufficient isolation iz proVid-ed,
there exists a large difference between the hydrophor.-'s acceleration sensi-
tivity and its sensitivity to acoustic prezssure. This, then, would be
analogous to a large signal to noiae ratio (hydrophone voltage ov.tput due
to acoustic signal/voltage output due to acceleration) and therefore mini-
mize the effects of acceleration.

The vibration mount wast meet several requirements to provide the

necessary isolation. Tho compliance- in the plane of the vibration must be

large to achieve the necessary low frequency of mechanical resonan-izeb, yetI
the compl.iance in the plane perpendicular to the, vibration must be small to
prevent appreciable diaplacement of the h'vdrophone by the force of the wate~r
flow. The mount mast also cotunteract any torque applied to the hydrophane -

These requiremxnts were satisfied by fabricatinig and attaching a
vebbed neoprene rubbar mount to each end of the hydrophone, The accele-ratioll
responses ~fthe hydrophone in air ivith the mount "blockad" and with the
mount free to move are shown in tho curvas of F'igure 4. Th-, =u-it provides
the poorest ivol--tioih at the frequency wter-a, its compliance resonat-ts with
the nasa of the hydrophone, 12 St., but even at thals frequency it can be
shown froma the =aximm displacement of the piatons that the %v'A)tage gensrited
by acceleration willl be kopproximaitaly 40 dS below the acoustically generatod

At Sea Callbraticn

1, A coxa~arisoa calibration or1 ap unkmnc¶ hydrophone can be made by
Rasaauring 1thM 4ifferance in output betveen the unknown hydrop~hon. ard a
hyrrphne of knowr Lreceiviu? sensitivity when both are avposed to the
V&:38 Gourd "reasura lava. Th"is sixwple technique %3y be ax lie in stirfyin

the reTieato ."tst tibaincpbxt o h onitorirnq*yt-- 4he syte1tx;ýurad*V>IY ;:RDtyo 4 eipol
caibatr miisOzvmkr te -.--x- dagamofF~ur 58V

Two rdrphms, ne he clibotin 'tznard*and=e he uakown
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phone. aTh gain of the system monitoring the unknown hydrophone nay then
be varied until it indicates the same sound pressure 1,evel as the standard.
Teprocedure should be repeated over a range of sound pressure levels in

the frequency range of interest -C, insuxre sys 'tem lirsoaxity. Thus, the
system can be calibrated for each hydrophone/receive cable pair by noting
the system gain required to match 'the signal level of the unknown hydrophone
with that of the standard.

Hardware and Instrumentation

The VIBROSBIS monitoring syst;em designed- and constructed by the USED
consists of three main components: the monitoring hydrophones, a specially
designed transducer vibration mount and tow cable assembly, and the cali-
bration system..

Monitoring Hydroj~honas

The monitoririg hydrophones were TISRD type P58. The tranotdncer sexisor
element is a 38 mim (1.5 in.) diameter radially poled piezoelectric, lead
zirconate-titanate sphere with a wall thicknese of 3.2 mm (0.125 in.).
This sensor is encapsulated in B. P. Goodrich "Rho C" compound 35075 inside
a steel expanded metal frame, strengthened at each end with steel rings.
Each ring has two threaded mounting studs. Figure 6 is a photograph of the
P58.

Seven of these transducers were constructed, one as the calibration
stondard hydrophone and six as VIB1ROSSIS monitoring hydrophones. The
monitoring hydrophone open circuit free field voltage sensitivities variad
from -194.0 to -194.5 dB re 1 V/lIPa from unit to unit in the froquency range
2 to 250 Hz, measured at the end of 6.1 mn of cable. There is no change in
sensitivity with pressures up to 2.068 I4Pa (207 mn depths), and the hydrophonis
are oiVn-directional in this frequency range.

Each of the six monitoring hydrophones were constructed with 6.1 mn of
cable terminated by underwater connectors to be compatible witht the VIBROSEIS
receive system.

The durability of the hydrophone design was proven by their amuccessful
use without failure during ten months of sea exercises.. severhl failiuwes of
the hydrophone female cable connector resulted because it is' matkod 11- a
bulkhead connector mounted on one leg of the liftin~g strooture * This exposes
the connector to the full alterna~ting accelarAtion of the top piston of the
VIEROSEIS source# estimated to be up to 4 gla peak, causing fatique failure
of the cable leads where they are soldered to th~e piu sockets inside the
molded female con-nector. The problem was solved by aliirinatiag the relative
motion between the cable and the connector.

-AI
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A~ .~'iVibration Mounts and Tow Cable Assembly

To obtain the best isolation of mechanical vibration from the V.XBRSSIS

soukroe to the mounted hydrophone, a high compliance vibration mount was
designed. This vibration mount consists of two neoprene webs each molded
to an iirir and outer stainless steel ring. The hydrophone is attached to
the innez rings at the top and bottom by the hydrophone mounting studs with
wingnuts for eai~y installation. Figure 7 shows the hydrophone as attached
to the vibration mc.unt. Figure 8 shows the '>ydrophone vibration mount
assembly with its outer rings bolted to a mounting bracket to be attached

* to the rear leg of the VIBROSEIS source lifting structure leg. The position
of the hydrophone vibration mount assembly was chosen from a structural
standpoint to be protected from damage during deployment and retrieval of
the source.

To perform the hydrophone tow tests previously described and shown in
Figure 2, a tow cable assembly w~a devised. This assembly consisted of two
"L" shaped outriggers bolted to the VIBROSEIS source at the bottom of the
port and starboard lifting structure legs. This provided tow points on a
line perpendicular to the VIBROSEIS nource centerline and assured a constant
distance between the hydrophones and the source geometric center (S in
Figures 2 and 3). Figure 9 shows the starboard outrigger (A), tow iable (B),
and hydrophone H l (C), which is attach~sd to the tow cable end straps by its
mounting studs. The tow points and the tow cable lengths were chosen from
the viewpoint of deployment and retrieval so that the tow assembly would

* freely trail behind the source in the water and not become fouled in the
source structure. Several tow tests were effectively carried out using the.

0 tow cable assembly. From the resulting hydr phone output data, the tow
geometry was effectively maintained.

P calibration system

The calibration system provides the capability of shipboard calibration
of the VIBROSEIS monitoring hydrophones, receive cable# and measurement
and control system as an operating system at sea.

The primary component of this system is the USRD type G40 shipboard
calibrator. This device consists of a water-filled cilinder, "pn at the
top, with a moving coil type projector at the bottom. The water-filled tube
provides a calibration chamber into which the standard hydrophone and monitor
hydrophone can be placed for system calibration. The c-alibrator provides for
isolation from ship deck vibration and the effects of roll and pitch. It
also has the capability of reproducing sound pressure levels up to 190 dB

J re 1 pPa, simulating actual high levels to which the monitor hydrophones and
receive system will be subjected. Figure 10 shows the G40 calibrator as
used with the calibration system.

To provide mobility on deck and allow placement near the VIOWMSE
jsource monitor hydrophone to be calibr~tte4, thd G40 callbrator was fitted

with large casters and foot operated jacks to aecuro it in piac.-

13
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I

Successful calibrations of the monitor hydrophones and associated
system were carried out at sea in the frequency range of 10 Hz to 250 H;.
The calibration system provided a unique advantage in that reca itirations
of the monitor hydrophones were readily accomplished when modifications
to the measurement and control system were made affecting system gain.

Results

The hydrophones, vibration mounts, receive cables, and the calibratot
were installed aboard the source ship, the NV AMERICAN DELTA II, and the
measurements required to meet the problem objectives were made.

Toobtain dataC. f= U sp.man 4 r~ k yiedn a .g the
hydrophone outputs were sampled several times at chosen frequencies between
5 and 250 Hz so that mean and standard deviation values for t and t' could
be obtained at each frequency point. Taking a minimum of eight samples
at each frequency, mean values for t and t' were 0.734 and 1.207, respect-
ively with corresponding standard deviations of 0.036 and 0.055. Using
equation (6), these values yield a separation, X3 , of 1.26 m (49.72 inches)
or 2.0 dB re 1 m (2.8 dB re 1 yard).

One requirement of the method used was that the outputs of the tow
hydrophones be sampled simultaneously in each of the two towed configurations.

I! In practice, this reqirement could not be met by the measurement system in
use, and it is uncertain how much this affected the somewhat larger than
expected deviations.

It can be shown (from the physical dimensions of the source and the

geometry of Figure 3) that in order to meet the original assumption about
the probable location of the source's acoustic center, the fixed sep4ration
between the hydrophone and the acoustic center, X3 st be between 1.04 m

(40.8 inches), the distance f.rm the hydrophons to the geomtric center C.,

and 1.3 m (51.4 inches), the distance from the hydxophwot to the outer
surfaso of the lowr piston. Our meaeured value of 2.0 dli re I m would tend
to indicate that the acoustic center is very near the surfaco of the ler .
piston; that is, the uWar piston ia appoxaching a "claPeW $' Iavt ioa.
In practice this does, in fact, seez to be true.

NO'

it -oyaW* has baan deysignod and intlezwntod toat4at n r

source 10vw1 and- calibrata a 10V audio- frquty o'4 soau'ce Auk%W the

of the Acoustic center. of the siurce. rtinýsitd th~m\ eftioc-ta en. iourC* lvelI
nbsuepst b- r w -surfa )naaY, and provie4: vibrat4:n ieoWtioa

-"..to tha so"rcew--u,,U..t4

1. ..11.. ..' ' . /- : : .- 1.: , .. , .
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