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Bei’erence:\\(l) P. M. Kerdig, J. Acoust. Soc. Am.,
\\/ 33, 674-676 (ig61)

Mstroct: This meworvandum presents the design ond porformence
chexacteristics of a hydrophone that 1s intended for low
level noise measurements in the frequency range from 100
to 3000 cps. It is constructed of Four bavium titanate
cylinders, eech six inch 0.D. by two inches long by
0.2 inch thick, thet are mounted coexially eand mechanic-
elly isolated from cach other and the end-plates., The
vwhole unit 19 enclosed in e water tight beot. The free-
field voltage wesponse of the hydrophons is sbout -78
.5 db re 1 volt per ghar orer the specified Prequency

range and is omnidirectionel within +1 db in both the Q
vertical and horizontal planes over this some freguency X

renze. The equivelend Loise pressure of the hydrophone
verize from -9) db ve 1 ubar for a 1 cps band at 100 cps
to -102 db gt 3000 cpa.
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Introduction snd Design Considerations

One limitation to the measuremeat of low-ievel, underwater ecoustic
signals in the ocean is the level of ambieat noise of the sea. Therefeore,
if possible, it is desired to desize 2 hydrophone-ampliifier system that
can detect this embient. This memorandum veports on the requivements,
decign and tests pertaining to the hydrophoue of such a system.

A principal requirement of the hydrophore is thet it should have a
£lat vesponse from 100 cps to 3 ke. It should also have no resonance
in this renge, be cessentielly omnidirectiomsl, and have an eguivelent
noise pressure well below 10 db less than the ambient corresponding to
zero sea state. This latter level is the value quoted as frequently pre-
vailing in Dzbob Dsy. The impedsnce, which 1s almost entirely capacitive.
was specified to be about ome megohm abt 20 cps. i

Since a lov equivelent noise pressure s a mejor requirement, on
investigation wns mede of the hydropkone parvenmsters thet determine this
quantity (Reference 1). It was shown thay, for a cylinder, the square of
the equivelent noise pressure veries approximately as the thickness spd
inversely aa the product of the lenzth Ly the cute of the radius. Thise
indicates that the cylinder chould he as large as pesslible and with a
well a8 thin as possible. A six-inck digmeter cylinder which reconates
around 10 ke was comsidered to be about the magimm fessible size. In
order to maintein omnidirectionslity to 3 ko, the length should not ex-
ceed 8 or 10 inches (about A/2). A wall thickness of 0.2 inch was
gelected because 2 talmuer wall might not withstand the hydrostatic pres-
sure of 300 psi maximum. Other Pactors to be comsidered are the loss
tangent and the electromechenical coupling coefficient becsuse the square
o? the equivelent uoise preessure alco veries approximately as the Pirst
power of the former snd inversaly as the sguare of the latter. Barium
titanate was chosen primerily because it wes move resdily aveileble in
this size. Admittedly, this is not the optimum material, but it will
adequately serve for an evaluation of the design and should quite easily
meet the specifiled requirerents.
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Dezign and Constyuction

The comstructiorn of the Wydrophons is ehowm im Figuwre 1. T% consists
of four barium titenate cylinders, eech six inches J. D. by 2 inches long
by 0.2 inch thick, that are mounted ccaxially and mechenizally isolated
frem eech other and the end-plaves. Tae barium titasunste cylindere are
movated on rubber riags whick are supported by pherolic cylinders ond a
phenclic ring betwcen the ends of the cylinders. Since the xubber rings
axre ot completely confimed, Chey should provide effective isclation for
the bariwm titsnate cylinders. There ave three hollow metal pcests on the
inside that serve Two pwposes. Tuey center the phenolic cylinders and
support the twe wetal end plates. The length of these poste ere such that
the rubbar rings ere sligatly compressed wben the bolt on the center post
is tightenmed. The center post 1s juet slightly shorter than the other three
so that the end plstes rest Timly on the cylinder location posts. Under
high hydrostetic pressure, the ceuter post might support the end plates if
the pressure were sufficient to Lend them. A 3/16-inch hole shown in each
of the pherolic cylinders is used to bring the slectric leads from the
barium titanate cylinders %o the inside. Doth electrical coansciions to
tha bavium titenzte cyliader can Be made on the inside bhecsuse a pleted
tad on the iunside leads over the edge at cne point to the outzide of the
cylinder. Tie four cylinders were comiected in series inm order to incresse
both the sersitivity end the impedance cver the velues that would have been
obtatned for parsglliel conmecticne. This enounts to 12 db in the sepsivivity
and a factor of sixteen in the Jlupedsuce.

Alter the pazts cf the hydrophone were all assembled, the wnit wes erp-
eclosed in g tight-fitting rubber boot and sealed at both ends with the boot
clazps. ‘This was accomplished by meens of a special boot jig in which the
rubber boot was inserted dm such a manuer that both enda of the boot were
soaled to provide an alrvight space beitween the outside of the boot ard the
inside of the boob jlg cylinder. An opening to this space was provided so
thet it could be evacusted, thus axpsading the ruvber boot emough to elip
the hydrorhone iato the normelly undersize boot. A genercus guantity of
de-zusoed castor oil was poured into the space dbeitween the hydrophone and
the excess cestor oil was squeexed out 50 that the xubber boot msde intimate
comtact with the ceramic cylinders. Finally, the euds of the yubber boot
werz scaled with boot clLamps.

Tests and Measurements

The hydrophone was celibrated at the Ileck Moshannon Calibration Station.
The free-1i2ld voltage respounse and directlonal patterns in planes covtaining
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the cylinder axis (verticael), =né planes pormal o this exis (horizontal)
were obtained. These are showa in Mgures 2 to 8, inclusive. The promivent
dip ir the response at 420 cps, shown in Figure 2, is almost certainly due
to the properties of the mediun end its boundaries, and eppeers to be in no
way & characteristic of the hydrophone bacause the frequency at waich this
dip occurred veried over s frequency rapge of several hundred cps as the
hydrophone ard projector (vith fixed ssparstion and depth) were moved to
differont positions ir the well.

Except for the praminent dip, the response is essentislly flat with a
mean value of asbout =78 db r2 1 vo . per rbar. One db was added to the
measured value to allow for the calculated loss in the cable vwhich had a
capacity of sbout 1270 uuF.

The directivity patterns show that the hydrophope is ommidirscetional
within + 1 & in both horizontal and verticel planes over the required
frequency range (100 cps to 3 ke). The vertical petterns at 5 end 10 ke
are presented mereoly to show the degree of dirvectionality occurring above
3 ke.

Admittance mezswrements were mude om each of the barium titanate
asyiinders in air before assembly in order to determine the electromechanical
coupling coefficient end the dieleciric comstant. The measurements were
made with the bridge circuit chown in Figure 9 which is simply a doublt
admittcometer. The varigble condenser is fivst adjusted to produce a mull
in the resding of Vo et a frequency well below resonznce. The setting of

this verisble condemser gives epprovimately the clamped admittance (the
confuctance 18 quite low). Without chenging thils setting, the frequency
of the signel is now ocwept through resonrence. mereadjngofvo is pro=-

portional to the motional admibtence and lts moximm velue gives the
digmeter of the admittance circle. This is given by

The Q msy be determined from the frequency of maximm motional admittance
F_ and tke two guedrantal frequencies F, and Fa for which

vy h
D
L y
Iym| Vv 2 .
The Q is given by
R AN
FZ‘FJ.
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Finally, the electromechanical coupling ceefliclen®, is givea gpdrotimotely
o x'g

L2
SR b
q 3,

-

waeye Bc i3 the claped s @eeptante & resonanRce.
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Figure 9
Bridge Circuit for Measuring Rydrophore Parscaters.
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The dielectyric copstant may be cusmputed from the dimensions of the
barivm titascite cylinder smd the mecsured cepaeity. Aversges cblginzd
fron the four elementa were used fov couputing equivaient noise pressure
and sepsitivity.

These data may nov be uzed to coupube tha fres-fileld voltege reapouse
of the hydvophone which is giveuw by

/ e 2
/ bxa kc

~ 2
M, =30 Ee \
where & = rading = 7.63 em
-
kcz = {electromochenical coupling eoef.)® = .0300
T = Yourg's modulus = o x 10t é;yma/cma
£ = gdielsctric constert = 1050 .

Mz Pactor 300 couverts volteges in e.t.u. to volts.

Te expression above gives the geusitivity of a single eylinder snd

gince four of ihese sye comnected in cerles, the hydrophone sensitivity
will be four times as zuch cr 20 log % & greater. This result turped out

o 52 «Th.5 éb ve I volt per u bar, which conpaves favorsbly wiith the
measured value of epprozimetely -70 db re 1 volt per u ber.

Admittance measuwrenante were elco usde over the frequency range, 100 cpo
t0 3 ke, using & simflar civcudt vhich is shown in Figure 10. A 10,000 cha
steandeard meeistaor wos phaced in chunt with the hydroghone in order to bring
the equivalernt shont resistance of the cowbination down to the velues Ob-
tainable on thes varlakle vesisteor now pleced in porallel with the varisble
csordenser. When the varisble condsnscy and resistor are adjusted tc give
e woll indication of V_, their settings are equivelent to that of the
hydrophone shunted by ne 10 X resistor. Fyem these dats, coamputations of
the cexiesn resistance were made for use in computing the equivelent noise
pressure.

The sfmittence mcasuremsnts, especielly the coaductences, ave quite
intevesting because they show in & very striking menner the reletive con-
tributions from the dlelectric losses eud thet due to the acouvstic loed
{zmotional copductance).
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Bridge Cireuit forx Ldmitience Mecsurenenis. e

It is poszsible o compuise the motiornal conductsnce Pram the
equivelsut cireult shown in Refergace 1. TRie resistomce
R is giveu by

R o= B &4
ZVvoEC

where C is the motional cupacity. 7The motional conductance is given by

: 4 3
2 o a {c .
o Bt S £ 2 s
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i1 computing G t ie sinplest if oune Pirst considers the hydrophone

a3 3 single cylirfer and then. since it actually coneiste of four siwilar

cylinders comnected in serie:z, divide the result by 16 to obiain the
Gionel comductance of the kydyophona.

These coaputations were uale fJor & rapge of fregquencies covering ihs
rarze frasm 100 eps 4o 3 ke. The results eve shovn in Teble I ard im

Figave 1l.
PABLE T
! Uonductance - whos
Fraguency ‘
: cpe pe N . g
| “mot (cele. Catr Coater Got * Oair
- e ) -’ »«"'-
“ 100 3.3% x 10 12 Oh x 10 6 0 x 10 9 Oh x 107°
P |
250 1.31 x 1070 .12 .12 .12
500 2.10 x 10~ 2k .26 .24
1000 3.36x 10"8 .53 .61 .58
2000 5.37 ¥ 10~7 1.20 1.66 1.7k {
3000 2.72 % 10‘6 1.93 3.82 4.63

Since the motiomel conduclaxce of the hydvophone ia air may be
ueglected, It Pollowe thot the veluss iu the last ecolunm chould e the
seme g2 thoge in the fourth. IL is slsc noted that the woticrel condust-
ence 15 cuite Insignificant at low froquencies bubt since i veries as the
fourth pover of the fraguency, it ectually execesds the elamped (dve to
dielectric loases) conductancs at 3 ke. These mesulta eave aleo chowm in

Figure 11.
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Folloving {2 = suumiacy of the rost gignificsut hydrophone charscter-
ictics, all of which cppeoer to meet the design requirements over the desived
freguesey range of 100 cya to 3 ke.

1. Free-field voltage response - Approximately -78 db re 1. volt
ubumrthefmqmncyrangeotl&cpstoBk.wT& il
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&. Divecticnaility - Ommidirecvicael within * 1 @ in both rorizcatel
end. versical viaves for frequencies up to 3 ke.

3. Eodwvalent noise presgure lewel - Varies fvom -01 to -102 éb
2 1 u bexr for g L cps dand frca 100 cpe to I ke, respectively, which is
about 52 to 38 & below the wwbicnt noise levels of zsa utate C.

4. Fydvophcme fmpedsnce - The impedecce is essectially that dve to
& cgpacity of Q.ULLT p Pared of which about 0.001 pfarad is due to the
csble.

In convidering the ovar-all problom of measuwring low level siguels,
it wes lsexned thol the egulvalent noise pressure of the smplifior was
gbcut 30 b kigher then that of the hydvcphone wisn the ippub to the
amplifier simdated that of the hydrophone. Thais would indicafe that the
system will just bavely measuve levels 10 db balow zero see stete. Thesae
are geveral thinge thel might heve been doze, or can be done, to iagrove
this sitwation. The use of PZTL with its higher -oupling coefPicient
would iacrecse ke seasitcivity in the order of 4 d&b. Thore ere other
paremeters that would influsnce this slightly. Since the explifier csn
Prebebly handle an impoedance obout 10 siwes a8 grest without increasing
whe poise vubpul; It may be possible to ipcresse the signel-to-uvoise lavel
by incregeing both eznsitivity and iviocdsnce, which eve roleted. The

present berivm titonsle cylindera could be plieted botk cutside end inside

‘A
|

iz two or 1wore sections that are separated from eseh other. Now comnecthing

all these cections ia serdes will imcrease the lnpedonce and raize the
cersitlvity. DHoue of these solultiouns, however, apply to the present Lydro
shene, bubt could be imcorporated in the next oue that is econsiructed.

However, there iz ous
et is to feed its ouiput
i wonld aleo irerasse the

thet the nolse level will be significently increased

2gent hydrophon: and

a gedin of gbout 10 db.
& pot necessarily mean
-
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