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ELECTROKINETIC LEYDROPHONES

Tiis last technical report is confined to the exploratory
and development work carried out under Contract Nonr-617(00) on
electrokinetic hydrophones. For reasons of classification specific
applications are not discussed. The thecry and properties of electro-
kinetic transducers are discussed in Technical Reports 2 and 3 and in
Referznce 1.

The results of the work which hes been carried out indicate
that the most promising field for electrokinetic hydrophones is in low
and very low frequency applications where flat response is required and
the use of sub-surface preamplifiers is objectionable. Their resistive
output impedance and high mechanical input impedance make possible their
use at great depths without sub-surface preamplifiers. Their long tem
stability and sase of calibration may make them useful as standards in
frequency ranges from as low as 0.1 cps to 1000 cps. The factors which
govern oc limit the performance of electrokinetic hydrophones are
relatively simple but must be fully understood before a sound decision
can be made ags to whether to employ an electrokinetic type of trans-
ducer in a proposed hydrophone application. These factors are discuss-
ed in this report.

A number of electrokinetic hydrophone arrangements were
considered and ceveral types were built and tested. The numerical
and graphical daa on frequency response along with other data on the
hydrophones included in this report were obtained by the U.S.N.
Inderwater Sound Reference Laboratory at Orlando, Florida, at the
request of the Acoustics Branch of the Office of Naval Research.

Performance relations invelving power sensitivity, impedance,
eguivalent noise pressure, depth, equalizer volume, low frequency cut-
off, eivc. are developed and presented as =2lignment charts in Appendix
A. Other notes regarding self-noise and the use of traunsformers are
also included in the Appendices.



2. SUMMARY AND CONCLUSIONS

(a.) Performance Table of Electrokinetic Hydrophones Developed
cn Froject NR 385 407

A table of average characteristics of the hydrophones
which were developed is given below. Where additional testing is
required to fully establish the correctness of an entry it is

merked with an asterisk. The units are the same as those used and

defined in Appendix A.

LF-1  LF-2 S-2
Voltage Sensitiviity (DB} -104 -100 -82.5
Impedance (Reference-Grid) 17K 450K 450K
Power Sensitivity (DB) -102 -112 -9/,
Noise pressure-One Cycle (DB) -52.5 -42.5 -60
Cable Impedance 17X 500 500
Max. Usable Depth (Ft.) 100 20,000% 50
Low Frequency Cut-off {(c.p.s.) 0.1 5-10% 20
Upper useful limit (c.p.s.) 1000 1000 1000

Line transformers are availabie commercially with re-
sponse flat to 0.1 c.p.s. which will match the LF-1 Hydrcphone
to a 500 chm line. 1t is, therefore, practicable to use any of
the above hydrophones with cables several miles in length with-
out sub-surface or cable preamplifiers.

(b.) Stability

It has been fully established by our own tests, by the
U.S.N. Underwater Sound Reference Laboratory tests described in
Section 4 and References 2, 3, 4, 5, and 6, and by commercial
verifications that electrokinetic transducers or hydrophones
constructed as shown in this report hold their calibration for
long cr indefinite periods of time. (There has been nc known
instance of a transducer employing the "Type 4" construction
losing its calibration.)

(c.) Accurscy

Transducer calibrations at low frequencies within the
- .d-band range can resdily be carried out to better than 2% cr
0.25 DB ueing a pistonphone. This procedure gives as great or
greater accuracy than is usually obtained in commercially avail-
able standard hydrophones at low and very low frequencies,
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i. e. from 0.1 cps to 1000 cps.

(d.) Econcmic Factors

0 cxperisace has been obtained thus far in the quantity
production of electrckiretic hydrophones. To answer questions which
may aris~ it is weil ©n point out that no expensive or critical
materi=z’s ave invoived ncr are there any close machining tolerances.
All critical assembly cperations on a production design could be
carried out by semi-skilled labor or by automatic machines. The
electrokinetic hydrophone, therefore, could be adapted to economical
quantity production techniques.

A}

(e.) Future Designs

Many varieties of future designs are possibie. It should
be possible to predict their performance in advance by considering
the factors charted in Appendix A. The hydrophones thus far develop-
ed are relatively small and somewhat low on power sensitivity for
some applications particularly at frequencies above 100 c.p.s. The
sea noise decreases with frequency and the thermal noise as a result
becomes comparatively more troublesome at higher frequencies.

One obvious way to raise the power sensitivity and lower
the thermal noise pressure is to simply design a larger hydrophone
with a larger compressible equalizer volume and multiple parallel
or series connected transducing elements. Thig would appear to be
s perfectly practical solutiomn for hydrophones which are to be buried
under the sea for long periods and. which must operate over long
cables without preamplifiers.

It is possible that solid-liquid combinations will be
found which will possess increased transducing efficiency. With
present combinations efficiency is slightly over i% with occasional
discs giving up to 26. The term efficiency here refers to the ratio
of the mechanical energy converted to electrical energy to the total
energy absorbed and dissipated. It is somewhat misleading inasmuch
as; by compariscn, an slscuromagnetic moving ccoil device with no
mechanical danmping would be 100% efficient. Yet to functicn in a
hydrophone at comparable depths snd with flat response over the same
frequency ranges mechanical damping would be required to such a degree
that the overall efficiency would become very small, particularly at

frequencies below, say, 10 cps and at great depths.

It is unlikely that the transducing efficiency will be
increased more than a few fcld, because of the thecretical relation
between efficiency and the double layer thickness to pore radius

-3 -
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ratio. From energy consideraticns it can be shown thet for the
same hydrophones described in this report a power sensitivity
improvement of 38.6 DB is the maximum theoretically possible
for an ideal electrokinetic element or any other kind,; other
factors being equal. This figure assumes 100% conversion of
energy w!'ich is most uanlikely or impossible in an electrokinetic
devics.

(f.) Conclusions

It is anticipated that electrokinetic hydrophones
will fill a neec. wherever low or very low frequency pressure
response is a requirement, where sub--surface preamplifiers are
undesirable, cr where low frequency measurements are to be made
at great depths or over long periods. Where greater power
sensitivity is required it may be obtained by the use of
multiple or cylirdrical elements, and larger or more compliant
equalizers. The thermal noise for electrokinetic transducers at
low frequencies, particuliarly below 10 cps, is substantially
lower than that for piezoelectric or ferroelectric transducers
of coughly the same dimensions unless extremely high shunt

resistive components of impedance avre maintained across the latter.

3. MEASUREMENTS WITH A SEALED TRANSDUCER

A Type 4 transducer, Serial No. 9, essentially as
shown in Figure 3-2 of Technical Report No. 2 was tested by the
Onderwater Sound Reference Laboratory. A portion of their results
as reported in Reference 1 are given in this section.

The transducer employed a 3/4" 0.D. by .080" Grade #03
porous porcelain disc in an acetonitrile filied cell. The disc
was partially masked with wax improving the low freguency
response and raising the impedance by roughly 50%. Brass
alminum overlay diaplragms were employed. A wax and tape seal
was employed at the rear joints of the case to last for the
duration of the tests. Tests were made with both 20' and 4!
cables but only the latter are included here as the longer cable
merely attenuated the higher frequencles in a predictable fashion.

Figures 1 and 2 show the iransducers response from
0.3 to 100 c.p.s. and from 1 c.p.s. to 100 KC. (The irregular
responge from 2KC is peculiar to its underwater characteristics
whereas the suddern drop at 30KC appears to be unique to the design
in any media.)

Figure 3 shows the resulta of impedance measurements
made by the U.S.R.L. on the same transducer. (The change in

-4 -
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resistance from 10 to 100KC was not noted in impedance measuie-
ments made by The Beta Corporation. To a certain extent, however,
these measurements depend on the current level becaus~ of polariza-
tion effects.)

The calculated noire voltage per cycle is -145DB re
1 volt flat to a 3DB break point at about 6,500 cps, the noise
falling at 6DB per octave at higher frequencies. This corresponds
to an equivalent noise pressure in one cycle of -42DB re 1 dyne
per centimeter squared at frequencies below 2KC. The above
figures are taken from U.S.R.L. Calibration Memo. No. 744.

4. THE LF-1 HYDROPHONE

The LF-1 Hydrophone was develcped as a pressure
sensitive hydrophone with flat response to 0.1 cps. (A modified
unit was assembled for a special project with response flat to
0.01 cps.) It vas designed to include the decades from 10 cps
to 0.1 cps in a design as such low frequencies are very difficult
to cover with piezoelectric, ferroele. -*c, or electromagnetic
devices.

The LF-1 Hydrophone is shown in section in Figure 4
and as a photograph in Figure 5. Two 2" 0.D. by 0.125" porous
discs are employed in parallel connected cells in this hydroplone.
Inertial effects are somewhat reduced in this opposed arrangement.
The diaphragms are a heavy aluminum foil bonded to a Teflon
impregnated glass cloth base, tre latter being exposed to the
outside. The equalizer is simply a neoprene air filled bellows
exposed to the sea and connected througbh low pressure relief
valves to the air passages in the hydrophone leading to the rear
of the cells. As the hydrophone is lowered the pressure across
the cells is equalized but their rerrs are acoustically isolated
by the velves at any given depth. The LF-1 is designed to operate
at up to 100 feet with the bellows illustrated. Two hundred feet
of Spiral 4 cable were supplied with each LF-1 Hydrophone with one
end sealed into the hydrophone cable gland.

An LF-1 Hydrophone, Serial No. 1, was shipped to the
Underwater Sound Reference Laboratory on August 4, 1953 at the
request of ONR. Some of the results of their tests as they were
renorted to ONR at intervals are as follows:

Measurements to check the sensitivity of the hydrophone
as a function of pressure (0-50 psig) at 100 cps were made on the
following dates and reported by letter, sach of which stated that:

"No significant change from earlier results was detected.™

23 September 1953
20 October 1953

-5 -
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LF-1 HYDROPHONE
FIGURE 5
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24 November 1953
18 December 1953
20 January 1954

(References 2, 3, 4, 5, 6.)

Reference 2 reported a conductance of 60 micromhos
(16,700 ohms) in the range from 200 cps to 1000 c.p.s. "The
measured parallel capacitance over the same frequency rangs inm
11,490 micromicrofarads". Their preliminary data showed a noise
voltage of -156DB in one cycle re 1 volt at 20C cps aud a
sengsitivity of -950B8. The frequency response curve also given
es preliminary data is shown in Figure 6. Reference 7 confirmed
that the response was focund to be flat over a range from 0.3 to
2 cps hence these points are included in Figure 6.

5. THE LF-2 HYDROPHONE

The LF-2 Hydrophone is shown in section in Figure 7
and as a photograph in Figure 8. In developing this hydrophone
it was desired to evolve an instrument capable, if necessary, of
working to depths of up vo 20,000 feet without sub-surface
preamplifiers and with the best low frequency response found
reasonable to achieve in a pilot desigr.

The section drawing in Figure 7 is almost self-explan-
atory. The transducer unit, which is generally similar to the
"Type 4", is located between the two oil filled cavities, cnly
one of which is exposed acoustically to the sea. The entire
assembly is filled with a viscous compressible oil permitting
hydrostatic equalization throughout. A by-pass capillary with a
very high flcw resistance allows for changes in tre specific
volume of the trapped oil and thus prevents damage of the
diaphragms while acoustically isolating the two chambers. The
S.I.E. Type RI-1714 transformer matches the 150K transducer
impedance to the cable at 500 chms. A surface transformer,
S.I.E. Type TI-1514, matches the 500 ohm line to the first grid
at a 450K level. No grid resistor is used. The transformers
provide response flat from a <DB drop at 5 cps toc well over 1000
cps or less depending on the cable length. The method of employ-
ing a compliant volume of o0il a3 an equalizer for great pressures
is treated quantitatively in Appendix A.

An LF-2 Hydrophone, Ser. 1, was sent to the Lamont
Geological Observatory, Palisades, New York, for hydrostatic
tests to 10,000 psi. The results of the tests are given in
felfzrence 10 and acre summarized Lrielly nere. Tne nydropuone was
sealed in a waver filled tank and connected through a matching
transformer to a Brush recorder. A standard signal was produced
by dropping a lead weight 4" to the flcor and the record tius

4
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produced was observed as the hydrcstatic pressure was changed.
Pressure was then slowly varied in cycles of 0-10C-O psi and
0-10C-1000-100-0 psi with no chasnge in sensitivity being noted.
In a third run pressure was raised to 10,000 psi with stops at
10C,1000, and 7000 psi. At 7000 and 10,000 psi the sensitivity
decreased and the hum pickup increased. This effect continued
down to the low pressures. The instrument was returned and
disassembled in our laboratory. It was found that the large
C-ring seal allowed some water to leak in which caused the
difficulty. A modification of the seal is being made on several
LF-2 Hydrophones to be *testad at great depths.

Tests cn the transformer and the transducer which had
been subjected to 10,000 psi pressured showed no effects of the
high pressure. Thus, there is evidence ilhat transducers of the
construction shown will function catisfactorily to 10,000 psi
pressures.

An LF-2 Hydrophone, Serial No. 6, was tested by the
Underwater Sound Reference Leboratcry and the resulis were
repcrted in Reference 8. Meassurements were made at the 450,000
onm grid winding of the matching surface transformer. The
frequency response data is given in Figure 9. The cut-off at
around 20 cps rather than at 5-10 cps indicates that in this unit
some leakage of the oil exists past the transducer other than
through the capillary causing a decrease in the time constant.
This point will require mors verification as further testc are
conducted cn the hydrophones. U.S.R.L. reported that this
hydrophone withstood repeated exposures to 1000 psig pressures
without changing its sensitivity but it was not tested by them
at 1020 psig.

6. THE S-2 HYDROPHONE

The S-2 Hydrophone is shown in Section in Figure 10
and as a photograph in Figure 11. This experimental hydrophone
was designed to investigate the feasibility of mechanical match-
ing or "pressure multiplication" at shallow depths with an electro-
kinetic cell. The ratio of the effective area of the ronieal
receiving diaphragm to thet of the piston is approximately 8:1
giving a gain of about 18DB. Excluding the cell and the com-
pressible air filled equalizer tube, the entire assembly is filled
with silicone o0il in pressure equilibrium. The combined action
of the two areas and equalizer are discussed in Appendix A.
The cell resistance is softer by a factor of 64 as reflected
to the receiving diaphragm making tne equalization problem morce
difficult in proportion to the realized power gain. An air filled
internal sgualizer of this type becomes stiffer with the square
of the absolute pressure which 1s a distinct disadvantage as it
causes low frequency response to fall off rapidly with depth.
A linear spring equalizer would be a bebter solution where both

- -
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an internal equalizer and mechanical matching are combinsd in
the same design.

Y

A Type S-2 Hydrophone, Serial No. 4, was tested by
tha Underwater Sound Reference Laboratory and the results are
reported in Reference 9. Data obtained in thsse tests are
shown in Figure 12. Ths frequency response characteristics
of the "multiplier" are evident.

The nse of mechanical matching devices is discussed
further in Appendix A.
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APPENDIX A

DESIGN AND PERFORMANCE RELATIONSHIPS
WITH ALIGNMENT CHARTS

(1) General:

Inasmuch as sisctrokinetic nydrophones are best adapied
to the measurement and detection of sound pressures at low fre-
quencies and at great depths, (without the use of preamplifiers)
it is desirable to relate the various quantities governing their
performance and size in such applications without reference to
thelr particular configuration or design. It will be shown that
for a given power sensitivity or equivalent noise pressure, and
low frequency (3DB) break point, a limitation is immediately
impcsed on an equalization stiffness factor "JE". This and the
operating depth may be related to the required minimum velume of
a liquid or gas required if a compressible volume is to be the
means chosen for equalization of the hydrcstatic pressure.

In other words, it is possible to determine the basic
design constants including minimum size for an electrokinetic
hydrophone directly from the performance i‘equiremenus without
detailed consideration of the size or number ¢f the transducing
elements or porous plugs and without making any assumptions as to
whether or not mechanical impedance matching mears are to be used.

Relations are also given and charted to determine the
minimum gas or oil equalization volumes required. Other means of
equalization incorporating stiff diaphragms or linear springs may
also be used; their volumetric stiffness being simply "JE".

High frequency response is determined by the particular
design and construction of the hydrophone and other facteors vhich
will not be coneidered in this Appendix.

(2) Voltage Sensitivity, Impedence, Power Sensitivity, and
Equivalent Noise Pressure:

The sensitivity of a hydrophone can best be expressed
in terms of either its power sensitivity or its equivalent noise
pressure in a one cycle bandwidth.

It is evident that when a transformer is used the
voltage sensitivity or impedance can be changed at will within the
limitations imposed by the transformer. This problem should,
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therefore, be treated separately. Inasmuch, however, as flutter
noise and cther noise arising in the surface amplifier may impose
a limitatior on the minimum veltage sensitivity, and since data
op hydrophones ave olften given in tetms of vollags ssmsitivity,
il is convenient to be able tv simply relate these gquantities

on a chart. The following definitions will be used:

Sy - (4/P), the open_cirecuit voltage sensitivity
in volts per dyne/Cm~.

= 20 log (H/P) or yoltage sensitivity in DB
re 1 volt per dyne/Cm“.

8 = Output impedance or resistence im ohms at
the same level at which Sy is determined.

2
St = 25,000 (H/P)” x 1/R, the power sensjtivity

ggv;n in milliwatts for a 10 dyne per Cr<. sound
pressure.

S_ = 10 log S} or pover sensiiivity inDB re 1l
m1iiwatt for 10 dynes per Om<.

From the above definitions we obtain the well known relation:
Sp = Sy - 10 log R + 44

This relation is included in the "Py" alignment charts.

(2) Noise Pressure:

The thermal noise per cycle obtained from the formula
for Johnson noise and arbitrarily defined at 25°C is:

\.27 % \C5|o \Fﬁi'

from the definition of power sensitivity we may cobtain:

e

i

H I -
P - 5 oco
N 57 (R
Substituting the noise voltage "e" for the signal voltage "H" we
obtain the equivalent noise pressure in one cycle:

-10-

A

e "W;‘h Fe¥i o
KB o P ER R

A



I} i —-10
F?\l = V25,002 !‘2-‘;*\0
\ s;
P

Expressing P& as a logarithm:

Py = 10 log S} - 154

PN = - Sp - 154
From Equa“ion (1):
Py = -Sy + 10 log R-198 (2)

The above relation is also included cn the #Py® Chart.
It should be recalled that it only applies at mid-band freguenciasg
and at 25°C. In hydrophones, however, srrors due to temperature
are small becsuse of the limited range involved.

The total noise pressure varles with the noise pressure
per cycle times the aquare root of the bandwidth. Its allowable
magnitnde for a given set of conditions as to sea noise or signal
rressure in combination with the frequency response limits define
the performance requirements for a hydrophone.

(3) The Equalization Factor "Jg", Noise Pressure, and Low
Fcregquericy Response:

Although no specific configurations need to be defined
in deriving the final relstions which follow, a simplified
schematic arrangement showing a piston type "pressure multiplier"
for mechnanical impedance matching will assist in following the
reascning involved. Such an arcrangement is shown in Figure 13.

We first assume an 1deal arrangement wherein all the
energy absorbed from the sea is dissipated or converted in the
porous plug of area "Ap" and thickness "t" by the flow of the
polar liquid through the plug. In previous technical reports it
was shown that only the resist.ve mechanical impedance of the plug

nead he soneidered.

In the derivation which follows only the sound pressures
are considered, the equalized hydrostatic pressure being neglected.

It can be readily shown by derivation or from energy
conaiderations in Figure 13 thawus

P\, = PN/,
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Hence:
P, = P\ /N,

In the above P; is the sound pressure acting on the
recaiving diaphragm of area Ag, V; is the input voiuws rate ot
Agk vhere % is the velocity of the diaphragm shaft and piston,
P> is the pressure acting on the porous plug and V> is the
velumetric rate of flow through the porous plug of the polar
liquid.

Since the piston and the receiving diaphragm move
tngether:

where Ap is the piston area.

The pressura P, is therefore greater than P by the
2 1

area ratioc:
N
Py = Pn =
Ae

The electrical resistance of the porous plug is given
in terms of Ko, the overall conductivity of the liquid filled
plug as fcllows: i:

If the disc sersitivity, (H/P)D is increased by the
area ratio to obtain the hydrophone power sensitivity we may write
the power sensitivity using the above relations as:

/- _ t_\_?. Ag"— Ko A
59 = Zb)ooo< P){)( Ao S

From this relation, it would appear that the power
sensitivity might be incressed indefinitely. It is svidsnt,
however, that the receiving diaphragm must have a neutral positior
and a restoring force to 1limit its travel under changes in
pressure. In practice this force or pressure is determined by
the equalizer necessary to prevent destruction of the transducing
cell by the large hydrostatic pressure. It is convenient to
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define an equalization factor Jg which is the ratio of the
rectoring pressure Lo & corresponding change in volume or AgX.
X is the corresponding displacement of the diaphragm.

Therefore:

—
\ 2 _ TR
~ g = - AL .

= A X Ag X

Where P, is the restoring pressure and Fg is the equivalent
restoving force on the piston.

The viscous damping force con the pisteon is given by:
. 1_ L]
b Ap -‘&L\/ A ’EQ—\’

where k, is the flow conductance of the liquid filled plug.

The low frcquency time constant is simply the ratio of
the damping constant to the restoring constant:

2
- YA AN Fr )= % 0 A b
= ™\ p "2~ EAR
and the low frequency 3DB break point ny below which the response

drops 6DB per octave is given by: _J 1
AD—QJ.V & AR\
[

| -
n,= =

21T T 2T YL A?/

)

Substituting for the area ratio squared in the above relation for
power sensitivity:

6 / 2_'“ nL_ [ Ko H)L]
= 25,000 ) =)
P | \IE. v\ P s

In Technical reports Nos. 1 and 2, it was shown that
the sensitivity (H/P), the electrical conductivity Ko and the
flow conductivity k, are all properties of a given 1iquid-solid
combination and are independent of the size or thickness of the

plug. The combination -
Wo (H

P

as & dimensionless parameter represents the transducer efficiency
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or ratio of ensrgy converted to that absorbed.

It may, therefore, be implied that for a given linuid-solid
combinations:

(a) For a given requirement as to power sensitivity
or nolse pressure and low frequeicy reaponse;
the maximum allowable vslue of J., is determined
and the equalization requirements are established.

(b) The above relationship is independent of the
size or thickness of the porous piug, the number
of plugs employed, or the type of impedance '
matching device employed, if any. :

(c) Mechanical impedance matching means permit a &
choice to be made as to whether to use a large
plug area, a multiplicity of plugs, or a small
plug with mechanical amplificetion. The
fundamental equalization requirements are,
however, unaffected.

The Jg Chart relaticns depend on the electrokinetic >
parameters (H/P), ky, and Ko. Each of these is subject o é
considerable variations but the variations tend to cancel the

way that they are combined to represent ‘he conversion efficiency ?}

of the liquid filled solid. Taking data from Figure 4-17 in i

Technical Report No. 3 at 25°C, for Grade #03 porcelain and %g

scetonitrile: s
Ko = 8 x 107 mhos/Cm

H/P = 4.9x10~° volts/dyne/Cu?.

BEE PO U e S

kv = 1.63x10~8 Cmé/dyne Sec.
(Efficiency = 1.2%)

Using the above values in the relation for power
gsensitivity derived in 3.0 we obtain:

‘SP = =10 hog Je 1o lgn -73.6

where Jp is in psi per In3.

. ks previously derived:




And combining the abcve:

‘:th = \O Ezofa \)E;“"C) gLOEﬂYf\L_ - 30.4

The above relation is given charted on the enclosed

(4) Equalization Volume:

Once the required Jg value nas b
consideration must be given to the means of ori. Such
means may consist of a compressible oil volume, a compressible
gas volume, a stiff diaphragm, a bellows backed by a linear
spring, a compressed gas tank with regulating and escepe valves
or others. Some means of preventing the hydrostatic pressure
from appesiing scross the clscicukinetic cell diaphragms which
contain the highly purified polar liquid is unavoidable if good
low frequency response is to be obtained at appreciable depths.
For operation at a given depth two requirements must be met.
Jr must be equal to or less than the required value and the
difference pressure across the cell must be small, generally less
than 5 psi.

To minimize sealing problems and accomplish a low
differential across the cell two means of equalization suggest
themselves. One is to use a vclume of gas behind the cell or
receiving diaphragm which is compressed on descent to equalize
the outside pressure and provide compliance. The other is to use
a volume of oil. One method is the use of fixed and variable
volumes where the fixed volume is in pressure contact with the
rear diaphragm of the transducer, and a variabie vclume is
exposed to the sea and acoustically isolated by a capillary or
relief valves from the fixed volume and rear diaphragm. For e
gas the variabla volume will be generally larger than the fixed
volume whereas the converse is true for liquids. In either case
as the fluid is compressed the value for Jg will increase, hence
the design must be based on the meximum cperating depth.

It will be convenient to consider total volume at
atmospheric pressure as this factor "V;" most directly affects
the size. Vp is the sum of the fixed volume and the variable
volume at atmospheric pressure.

(a.) Gas Vclumes:
For a given fixed volume of gas Vp at pressure (PA ld)
the value of Jg is given by:

_ ¥q (Pas Pu)

NN N \’/F'
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where P, is atmospheric pressure, Py is the head pressure due
to the éepth in the water and ), is the specific heat ratio
or 1-4 for air or nitrogen. 3

The minimum variable volume is that which will
compress to zero at a pressure (PA + PH)’ hence fcr constant
tamperature:

‘Fik(j\/c 4-\\/\,\) = (~F%q * F>¥;> \\/F7

Since the total volume Vq is the sum of Vp plus Vy we may derive
from the a' )ve:

N = A?’A (Pt Pu)

Tha c¢have relation may be written as:

(P +34)°
T 78.5 4

vhere Vy 1s in cubic inches, Py is in feet of water and Jp is in
psi/In3. In logs:

10 log Vp = 20 log (Py + 34) -10 log Jg-10 log 78.5 {4)

The above relation is given in the Vq chart for gases
enclosed. It is equally applicable where a single compressible
volume of gas is used, i.e. as opposed to a fixed and a variable
volume.

It is evident that because of the square relation the
required volume increases extremely rapidly with depth. It may
be demonstrated that beyond 4,000 feet a liguid equalizer is
smaller whereas at shallow depths a gas equalizer requires less
volume.

(b.) Liquid Volumes:

For liquids: N/
$) L_(B'V

e =
v a Ve
where 8 O is the adiabatic bulk moculus of the liguid at the
operating hydrostatic pressure. Where the density and sound
velocity are kmown the following relation may be used:
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The fixed volume required is:

\\//Ff - ‘?5;2;1551'

<
\)t
In computing Uhe variabie voluwie the relaticn bslow
may be used:
Pu Ve
\\/ \\/I - -

Actually the value of Bp chosen for use in the above
equation should be based on the compression at the given depth.
Sincs for liguids the varichle volume is substantially smalier
thun the fixed voliume, it may be approximated by using the
isothermal bulk modulus &t the depth in question. It is
generally necessary to allow a safety factor in design for
thermal expansion and contraction. Then:

\\/-r = \v/f: + Ve = }{\_115'7 /,_)g_'¥'ii4\\/F //ES1F
Vo = ¥ dg (B +‘PH§

Unfortunately, By is a function of the depth of Py
and dependent on the particular liquid used. It has been found
that silicone oils are not only inert and excellent insulators,
but are also "soft" with low bulk modulii. Their low temperature -
viscosity coefficients are also advantageous.

A chart has been prepared to enable ¥, to be determined

for 0.65 and 1000 centistoke siiiccne olls with 0ils of intermediate
viscosities falling betweenn the two. Since:

Nt de /Je = Vg
)Loa N o= ,Qo_cj.\/r JE _/onje (5)

the aligmment chartv for 'g for oils permiis Vp to be determined.
tai

and:

The value of J, Vn is ob ned from:
_ = ( 1
Vrle X (B + PHB (6)
- 17 -
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which, for a given oil is a function of depth. The correction
for cdapth fcr the two olls mentioned is given as a graph on one
arm of the Vp alignment chart.

(5) Summarv of Symbols, Definitions and Units Used on Alignment
Charts:

SV = Cpen Circuit voltage sensitivity in DB re 1 3
volt per dyne/ Cm?. :

Sp = Power sensitivity in DB re 1 milliwatt at 10
dynes/Cm=<.

%

PN = Equivalen} noise pressure per cycle in DB re 3
1 dyne/Cm“.

R = Output resistance in ohms.

N, = Low frequency break point, (where sensitivity £
drops 3DB) in c.p.s. £

Jp = Equalization stiffress factor in psi per Ind. 3
at receiving surface. %

PH -~ Head or depth in feet of water. §

VT - Totai voiume of equalization fluid at etmospheric o

pressure in cubic inches.

(6) Use of the Alignment Charts and Evamples:

(a) The Py Chart:

St ."m-‘/md;f)ﬁ-\q- 3

Agsume for example that a requirement for the LF-2
hydrophone be that it provide a sensitivity of at least minus
100DB at a grid level open circuit impedance at 450K. The line
drawn on the Py chart shows the required power sensitivity to be
~112DB and the noise pressure per cycle to be -42.5DB. (Actually
the cell ocucput in the LF-2 transformed tc a 500 ohm line level
and again to 450K in a surface transformer.)

(v) The Jp Chart:
Connect -42DB for Py to 5 c.p.s. the low frequency
limit of the LF-2 hydrophone at maximum depth or 20,000 feet. A

value of 30,000 is obtuined for JE.

"W‘ﬁ" B ‘.wé@muzwwmv WAl e

| et
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{c) The VT Chart {Liguids):

Assuming the use of a compressible volume of 1000 ctsk
cil in the LF-2, a vaiue of 320,000 is obtained for JpVm at 20,000
feet which corresponds to a volume Vp of approximately 11 cubic
inches. Actually a compressible volume cf 15 cubic inches of
200 centistoke oil was used giving a safety factor to allow for
the stiffness of the diaphragm of the cell which adds about 1
c.p.s. to the low frequency limit.

(d) The Vq Chart (Gases):

Fcr the LF-1 assume that a Py of -52.5DB was maximum
and response down to 0.1 cps was requicred at 1CO foet deptihs.
Jg is therefore 60 or 500 times less than that for the LF-2.

Using the Vo chart for gases at a Py of 100 feet and a
J.. of 60, the value for Vp is found to be four ?A) cubic inches.

il the actual hydrophone a fixed volume of 1 cubic inch and a 3
varisble volume of 4% cubic inches was used so that o = S Ln. .
This hydrophone used two paraliel 2" OD x 1/8" plugs. The
contribution of the diaphragms is small at 100' becsuse of their
largsr diameter, hence the safety factor aliowed for the volumes

is ample.

{7} Conclusions:

At depths of less than 1000 feet gas volumes or other
types of equalizers should be used. At depths of over 4000' only
liquid filled equalizers should be considered. Whether or not
mechanical or electrical impedance matching devices should be
used will depend on other factors.

Equations have been derived which relate the performance
parameters for a low frequency hydrophone to the principal factor
controlling its size at various depths when an electrokinetic
transducer is employed. The parameters are based on the use of
Grade #02 porcelain and acetonitrile which form one of the most
efficient material combinations known at the present time.
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APPENDIX B

SELF-NOISE AT LOW FREQUENCIES

The question ofter erises as tc how the thermal
self--noise in an elsctrokinetic hydrophone compares with thet
of a piezoelectric or ceramic hydrophone which has "uno" parallel
resistive compenent,. The thermal noise in a piezoelectric or
ceramic hydrophcne is apt to be negligible at high frequencies
but mey be quite large at low frequencies. A shunt resistive
component will always exist. (If it didn't the hydrcplione
would measure to zero frequency.) As its value increases the
noise pover incresgses, but this is more than offset by the
increased attenuation due to the presence of the capacity
acrese the nolse source.

In Figure 16 the thermal noise equivalent circuits
are given for both electrokinetic and piezolectric or
ferroelectric transducers st low frequencies.

In each circuit E; is the voltage proportional to
the applisd pressure P, the sensitivity being S. In each
circuit the noise voltage is represented by a voltage source
Enp in series with the resistance. External shunt resistance in
the electrokinetic circuit can be neglected or accounted for in
the value of Ry, the output resistance of the transducer.

Since the noise voltage in one cycle e, for the
electrokinetic elenent may be written simply as w yRe where
K is the proper constant for a given temperature it is evident
that the equivalent noise pressure for it will be:

ne Se SDe
The piezoelectric circuit is somewhat more complicated.

From the equivalent circuit we may write the voltage at comporent
of E, due to a pressure P as e, Where:

2
SoRp W C
e _ = — =
P+ (wcRe)

The noise voltage component of E, in one cycle is the

voltage np produceZ at the output terminals due to the thermal
voltage E . This may be writter as:
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From the above we obtain the equivalent ncise pressure
in one cycle appearing across the output terminals:
\
(= <\ Rp
ri - = =t
P7s.RpwrC
For comparison vwe ratio the noise pressure of the
plezcelectric to the electrokinetic:

Fn Se ([ R |

Tnp o e N Rp
Pne, SP V Qe RPC&IQ

NowR C is the reciprocal of the low cut-off frequency of the

pilegoelectric device, hence the ratio may he reqritten as:

Se \{_—— Ny

Prp _ De \Rp N
Prne SPfRin

where n is the frequency in c.p.s. and is the measured or known
cut-off frequency of the crystal. To ellminate the value R_,
frequantly unknown, we msy write: ___ _ ‘ P

Frp Se N
Pne SP N VRQ_Q

A numerical example will illustrate the utility of the
above equation. Assume it is desired to compare the equivalent
noise pressurs per cycle of an electrokinetic hydrophone such as
the LF-). with an impedance of 17K and a sensitivity of, sey,
-103DB with a plezoelectric or ceramic hydrophons which has a
cepacity of .005 mfd, a sensitivity of -93DB and which cuts off
at 10 c.p.s. The relation then becomes:

’F)YWIz_ ~ \ OO
Pne &

In this typical example the equivalent noise pressures per cycle
are equal st 100 cps. It is, however, worse by a factor of ten
for the piezoelectric device at 10 cps in spite of ita 10DR
groater sensitivity. It is evident that the importsnce of the
compatrison depends on the anticipated level of sea noise.
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TRANSFORMER NOTES

A1l tvansformers used on this project were procured
from the Southwestern Industrial Electronics Co., P. 0. Rox
13058, Houston 19, Texss. Data on certain of these trans{ormers
ara given beiow:

(2.) TI-1514 Primary 500/125 CT, secoadary 450,000 CT.
Primary inductance at 10 MV is $.7 henries. Primary D. C.
resistance 60 ohms. Secondary D. C. resistance; 19,000 ohms.
These transzformers are flat fror 5 to 10GO0 cps. Thsy were used
as surface input transformers for the LF-2 and S-2 hydrophones.
They employ double Mr-metal and electrostatic shields.

(b.) RI-1714 ie the epoxy impregnated equivalent of the
RI-1201. Primary 500/125 C.T. used %o match cahle. Sscondary
157,000 C.T. used to match transducer. Primary inductance at

10 MV is 8 henries. Primary D. C. reaistance 100 chms. Secondary

D. C. resistance 9,50C ohms. Single Mu-metal and electrostatic
shields. Tasted in the LF-2 Hydrophone at pressures up to
10,000 psi. Response 5-1000 cps. (The RI-1201 was used in the
S-2 Hydrophone.)

(c.) EKO0-1429 output transformer. Impedances 20,000 CT/5C0C
to 1000 CT/250 ohms. Turns ratio 4.5:1. Primary inductance
32,000 henries. Response 2 DB from G.1 to 7.500 cps. Hum
bucking coil construction with two Mu-metal and cne copper
nested shields. Size 3% x 3" x 33". Wt. 3% 1bs. Theze
transformers were not actually tested in service with the LF-1
Hydrophones but shculd e perfectly suitable for underwater and
surface use to match a long low impedance cable at frequencies
down to 0.1 cps.

(d.) Ro. 1546 Experimental ‘ransformers. The RI-171/ and
TI-151/ transfcrmer combinaticn matches a 150K transducer to a
500 ohm line and in turn to a 450K level at the grid winding.
This is a good combination except that the cut-off frequency
is at 5 cps. The overall vcltage gain is about 4.6DB. The
problem of maintaining the sams gain in a2 similar combination to
work to 1 cps waa not solved. The self-capacity of a high
impedance winding suitable for 1 cps operation severly limits the
high frequency response.

The 1546 transformers were made with dual primary and
secondary windings to obtein different winding combinstions.
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Tests were made using a 150X source and a cathode follawer grid
circuit wiih two 1545 transformers matching to a network
representing a 20,000 foot cable. The dummy cable consisted

of two series 100 ohms resistors with a 1 mfd capacitor shunting
their junction to the other wire and forming a "T". With

“his arrcangement 1t was found possible to achieve unity gain
from 4DB points at 1 cps and 50C cps. With another connection
and a 6DB loss in gain the resvonse was down DB at 1 cps. and
3DB at 500 cps. No loss occurred at 500 cps, when the transformers
were directly connscted ie without the dummy cable. The
arrangement with unity gain employed a 24.6/1 and 1/24.6 turne
ratics. In conclusion it was demonstrated that unity gain could
be obtained with a 20,000 foot ceble from a 150K transducer to a
150K grid level betwesn 4PB points at 1 cps and 500 cps.
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