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A TOWABLE, MOVING-COIL ACOUSTIC TARGET
FOR LOW FREQUENCY ARRAY CALIBRATION

Introduction Two years ago, the question of how to meet
future needs was considered. The basic

A continuing trend in the development of the requirement was for a unit capable of a source
Navy's surveillance and tactical sonar systems is level in the order of 185 dB//4tPa (at a distance
the ever increasing effort to achieve lower of I meter) in the frequency range from 10 to
frequency detection capabilities. Low frequency 10,000 Hz. Since the existing ceramic trans-
arrays can receive plane waves from targets at ducers could cover 200 to 10,000 Hz with good
great distances. Moreover, ambient noise, reliability in a fairly small package, and could
shipping noise, and self-noise are at higher be easily adapted to almost any tow body, the
levels at the lower frequencies. requirements were eased to 10 to 200 Hz, or

As a result, one of the problems associated roughly 4 to 5 octaves.
with the development of low frequency arrays is
providing calibrated acoustic targets that can State-of-the-art transducer design in
generate enough power to overcome the in- reasonably large sizes (2 tons or less) was limited
creased ambient noise and the losses associated with respect to the requirement as follows:
with distance. These targets are neccessary to
measure the effectiveness of present and Magnetostricuive - severely displacement-
developmental beamforming and other signal limited, not for low frequencies
processing techniques. Since most wide aperture PieZoelectric - enormous size below 50 Hz,
arrays have broadband capabilities, the target narrow operating band
should also have a broadband capability.

Presently there are no high powered sound Hydraulic - 2 to 3 octave operating band
sources that have low frequency as well as Electrodynamic - (moving coil) 175
broadband capabilites. It is possible to connect dB//;tPa limit, only above 20 Hz (existing half-
several units together within a single tow body, ton unit).
but to cover a 10 to 100 Hz band with an
adequate amount of acoustic power requires an The investigation also indicated that single
array of transducers that is prohibitively magnetostrictive, piezoelectric, and hydraulic
massive and expensive, units had been built in 2 ton proportions,

This problem is familiar to the Central Test whereas the largest moving-coil unit was only a
and Evaluation Activity (CTEA) in Fort half-ton. Two questions immediately arose.
Lauderdale, FL, which is tasked with the Test Why not combine several moving-coil units for
and Evaluation of the Navy's operational, increased output, or why not build a larger
developmental, and experimental towed sonar moving-coil unit?
arrays. During the past 10 years, adequate
target generation was provided by the To answer the first question, as many as nine
YELLOWBIRD source, a Marine Resources moving-coil transducers had been combined
Incorporated tow body and transducer; a i-I5- into a single array, and the theoretical 6 dB
3, a Naval Reseach Laboratory (NRL) trans- increase in power output for each doubling of
ducer array in a tow body; and various ceramic the number of transducers had occurred.
transducers incorporated into another tow However, the array is quite massive, does not
body. Until recently, these sources were lend itself to a streamlined tow body, and the
adequate, if not totally reliable, low frequency cutoff remains unchanged.
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To answer the second question, it is generally frequency of the transducer is also a partial
accepted, and shown in appendix B of this function of air pressure. As the pressure in-
document, that doubling the mass of a single creases, the fundamental resonance also in-
transducer by scaling its size does not produce a creases; however, this effect can be ignored it
6 dB increase in power output. the transducer is designed to operate above the

The investigation discussed above still did not reoacfeqnyocuigatheraes
indicate abandonment of the moving-coil depth.
transducer; so further investigations were The third disadvantage of moving-coil
conducted. The following additional reasons for transducers was reported to be that of air
abandoning the transducer were offered: consumptiom, which can occur in three dif-
historically, moving-coil transducers have been ferent ways. First, when the source is lowered to
notoriously delicate for at-sea use, they have operating depth, air from the high pressure
had inherent depth sensitivity, and they often storage tank is released into the transducer;
require a depth compensation device that when the source is retrieved, the air is
requires periodic recharging for use at standard exhausted. This is unavoidable in all but the
operating depths. most complex regulation systems, but it does

Havig ha soe exeriencewit movng- not limit the time at operating depth. Second,
Hvinga somte expeorsuie th moving-s air can be expended during the normal small

coil sorciedseera aruthsuie th polemsan depth excursions that occur because of changes
andibl reizedatseveral tuhs, arallacysan in tow speed or bobbing of the tow ship.

possble ectficaion of he roblms.However, most compensation systems contain
By design, a moving-coil transducer is indeed an accumulator which can recycle the air for

delicate. To achieve optimum performance, it is depth changes up to 100 percent depending
necessary to minimize the piston mass, and to upon the relative volumes of the accumulator
achieve this, designers use structures that are and the compliance chamber, and the maximum
calculated to withstand the dynamic forces of operating depth. Third, air can be expended
transducer operation only. through "pumping" of the regulator by intense,

Dept sesitiitycoms insevralform; i is low frequency sound pressure levels. This can be
ptharl sestivty omtes neer for ms th ainh controlled by placement of the regulator in a

priadrilyas ofc thened for thbetairen the free-flooding chamber whose flooding holes
transduer toiassc and fsaewoth betwenstwo provide sufficient viscous damping to restrict

chambersomviat nie h air passage whshdmnsos the alternating flow of sea water. The

some flow resistance, which causes damping. As operated continu usly fo 10dyse durn one
the external hydrostatic pressure is increased, toweithd cotnulfo r air expend d utrinitial
the depth compensation system equalizes the deoymethnt. i xedd fe nta

internal air prressure, keeping a minimal dif- dely nt

ferential pressure between the inside and outside To summarize the situation, it appeared that
of the transducer. As the pressure of the in- the most effective way to achieve high level, low
ternal air increases, so does its density. This frequency, broadband coverage was to improve
causes increased flow resistance (damping) in upon the moving-coil transducer by extending
the air passage. As a result, transducer output is its low end response, increasing its output
reduced across most of the frequency band. (possibly by increasing size and heat transfer

The ir assge ftenhasa rsonnce characteristics), and improving its reliability

frequency that also affects source output. As thogmreugdcnsuti.
pressure increases, the effect of this resonance A brief discussion of moving-coil theory and
upon flatness of the source frequency response background will be helpful in understanding the
also increases. The fundamental resonance approach finally decided upon.

2
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Background and Theory volume under the piston and the compliance
Figue Ishos atypcal urrnt espnse chamber is a series of small holes in the piston

curve. cu.~ is the resonance frequency created by Dwnwarad tevravl ols imiedb the magnetic.
the spring-mass system consisting of air and structuretand eupwardimtion by the springt
spring compliances and the piston and water srtnes The unipiwdsnd to operte witing
mass. Below resonance, motion is stiffness- reans.Teuiisdigdtoprtewhn
controlled, and response drops off at -12 displacement limits of ±0.6 cm (± 1/4 in.). The

dB/otav. Abve esoance th resons is coil is the same length as the pole piece so that

mas-cotrole, ad aousicoutput is any significant displacement causes a loss of
massotroalledatfo a costitcuretipt efficiency and linearity. Coil heat is dissipated

Theorevtill fla freaonsat curreint inputl principally by convection and conduction
ofthe dvaion insag responsne aet, dpoit higpca through the internal air to the magnet. The
ofrethenc airof pasagersa efre and theg response curve shows the depth sensitivity in the
firequnc custofaefloccursatoaefrequeancyf.h form of reduced output across the frequency

firs pitonfac flxuremod reonace.band and in the resonance effect between 80 and

Displacement limitation is usually in the form 100 Hz.
of physical stops, which may or may not be Figure 4 shows a J-13 transducer (NRL). The

withn te opratng rachof psto trael.response curve is particularly flat out to 3 kHz.
It is shown in appendix B that scaling up the The air passage is through the center of the

size of a transducer offers surprisingly few magnet via holes in the bearing holder. Heat is
advantages over increasing the number of dissipated to the magnet via oil which is con-
transducers, however, to fill a given cylindrical tained by the top and bottom rubber seals. The
space with cylindrical transducers, the use of a lower seals also act as centering springs. The
single large unit offers an advantage over the depth sensitivity characteristic (not available) is
use of an array of smaller units by filling the in the form of a deviation in the 250 Hz
envelope with effective transducer mass. In frequency region.
addition, scaling up transducer dimensions Both configurations have advantages and
reduces the delicacy of certain components and disadvantages. The oil heat dissipation media in
permits the machining of weight-saving the J-13 permits the use of higher currents than
structural design techniques that are impractical air would allow, but in order to repair any part,
in small proportions. the magnet must be demagnetized and com-

Increasing transducer size not only increases pletely disassembled. On the other hand, the
output power, but it also lowers the lowest full piston of the MRI 216 can be lifted out easily
power operating frequency by increasing with little disassembly. The outside air passage
displacement: the pi st on-area/ pi ston-t ravel of the M4R[ 216 makes maximum use of the
product. The effects of these two changes are volume available for magnetic material, but the

*shown in figure 2. Also, it is implied in appendix small holes are restrictive and create depth
B that the single transducer approach provides a sensitivity across the frequency band. The MRI
lower maximum power operating frequency 216 and J-13 anodized aluminum pistons are
than does the multiple unit approach. light and provide good electrical insulation, but

their coefficients of thermal expansion are twice
Figures 3 and 4 show two existing moving-coil that of copper, causing coil stretching and

transducers that have been more successful than rubbing against the magnet walls at moderately
most. Figure 3 shows the Marine Resources high temperatures. Both magnets are encased in
Incorporated N4RI 216, which until recently was air-filled chambers. This limits the dissipation
the largest moving-coil projector in existence. It of heat, especially in the J-13 where heat flow is
has a 30 cm (12 in.) diameter piston and a 320 kg relatively unobstructed between the coil and the
(700 Ib) magnet. The air passage between the magnet.

3
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DIRECTION OF MOTION PISTON

COIL WINDNGS

00OLE PIECE . ET /.

AIR P A R N

REATa FREQUENCY

i/gure,1. Ba, c M - C T n e C r i d s s

4... ..,,..
LU 10,IHI d, /, O

LU 'le ,I,'#/,,,, '/

)/2/lU e ,,,,.,;/ . ;. . .

// DISPLA ;EMENT LIMITATION (PIGHO FEUEC CUOFF

/ / RESONANCE)
.j

OWo12 wo 2 : o- 4o o  8 0o 25, 0

RELATIVE FREOUENCY

Figure 1. Basic Moving-Coil Transducer Construction and Response
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Figure 2. The Effect of Power and Displacement on Source Output

Failure Analysis 5. Nonconcentricity - The coil form may
often become slightly nonconcentric duringAn examination of common failure modes of handling because of its delicate construction,

moving-coil transducers will give some insight causing rubbing in the gap.
into more reliable design.casnrubginteap 6. Piston Skew - A slight amount of skew

1. Coil Burn-Out - The most common in axial piston alignment may cause rubbing
causes of failure result from the user exceeding against the pole piece.
the established operating power limit in an
effort to get "just one more dB." The higher 7. Power Transients - Shipboard power
current can burn out the coil by exceeding the transients coupled through the drive amplifier
temperature limit of the bonding material or may drive the piston against its stops, shocking
wire insulation. and deforming it.

2. Coil Stretch - Coil form expansion with
heat may become excessive, stretching the 8. Fast Depth Change - If operating depth
copper wires, changes too fast for air compensation, the

3. Coil Abrasion - Coil form expansion piston may operate off-center, causing it to

may also cause the coil windings to rub against vibrate against the stops.

the outside pole piece, baring the wire and 9. Seal Failure - Fast changes in depth can
shorting it. also cause seal failures because of excessive

4. Particles - Iron or other particles in the differential pressure between the transducer
magnetic gap may rub against the coil, shorting interior and exterior.
it out.

5
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lead ires operation with the axis oriented horizontally

10. ead ireFailre -Therequires extra lateral support in the suspension
attaching the coil to the transducer housing can and centering systems to offset the forces of
fatigue or snap because of excessive pistonl gravity and buoyancy.
travel during depth changes.

The nose of the tow body is filled with lead to
keep the center of gravity forward for better

Tow Body Considerations towing stability. The acoustic windows are 47
Figure 5 shows the tow bodies of the N4RI 216 percent open, perforated, stainless steel,

and the J-15-3 (which is essentially three 1-13's). allowing an open area that is 3 times the piston
While these bodies do serve their intended area. The magnets and compliance chamber are
purpose, they are quite large compared with the bolted together and have 0-ring seals. Next in
transducer. Transducer design that takes into line are the air bag, regulator, and tank
consideration placement in a tow body should chambers.
improve this situation.

Magnet

The design of the air passage through the

Th mrvdDesign magnet was borrowed from the J-13, but was
The Imrovedmade disproportionately larger to reduce the

The final product of the design effort in- resonance effects.
tegrates (1) the best features of the MRI 216 and The magnet was configured to have the outer
J-13, (2) several previously untried im- pole piece in intimate contact with the water
provements, and (3) tow body design con- rather than to have it encapsulated in an air-
siderations. The design emphasis was on filled canister. This would greatly improve heat
simplicity, rugged construction, and heat transfer from the coil and pole pieces to the sea
dissipation efficiency rather than on power water and is consistent with the emphasis on
efficiency - the philosophy being that power heat dissipation efficiency. The magnet designer
efficiency is less important than total output. was asked to design the magnet with the
Figures 6 and 7 show the tow body and trans- following constraints/requirements.
ducer, each part of which is discussed below.

Tow Body I. Outside diameter - 53 cm (21 in.)
2. Magnet material - optimum material

It probably seems a bit unorthodox to design for this type of
the tow body first; however, the availability of transducer
tow bodies that were ideal in size, shape, 3. Gap diameter - optimum flux
strength, and cost (zero) was impossible to and width density-gap volume
ignore. A surplus Mk 41 torpedo hull, 53 cm (21 product
in.) in diameter, was used as the tow body. The 4. Pole piece length - 5 cm (2 in.)
M~k 41 torpedo is especially suitable because of 5. Magnet center hole - 10 cm (4 in.)
its long tapered tail and large surface-area, diameter
shrouded tail fin. The blunt nose has become 6. Maximum weight - 450 kg (1000 Ib)
accepted as a better hydrodynamic design than
the older, round nose. This selection fixed the Thle Alnico V-7 magnet material had been
diameter of all major source components. selected by the three manu fact urers contacted as

The ongcylidrial tw bdy dterinedthe the most appropriate material. The size of the

thenslong cylidraltow. boyn deerine thens piston would be determined by the magnet

trducer conftyiguation Mvingri c l trwens- desiginer's optimum gap diameter and width.
duces ae tpicaly ylidricl; oweer, Total weight was 340 kg (750 [b).

8
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J-15-3 TOW BODY

MRI-216 TOW BODY

Figure 5. J-15-3 and MRI 216 Transducer In Tow Bodies
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The design produced a 40 cm (16 in.) diameter the coil heat along its surface, effectively in-
gap % hich %as 0.6 cm (0.250 in.) %ide. The final creasing the heat dissipation area. The piston
flux density %%as 0.9 %%eber per square meter face was made of two layers of stainless steel
(900() gauss), w hich %%as 90 percent of the spun into a conical shape and sandwiched
predicted value. The Alnico V-7 process limited together with epoxy. A two-point shaft at-
the design length of the magnet; therefore, the tachment was used to reduce piston skewing.
full 450 kg (I(XX) Ib) maximum %eight %as not This was felt to be essential because of
reached. A serious time delay occurred because horizontal operation. The piston was designed
of the scarcity and rapidly rising cost of cobalt to allow the coil lead wires to be routed through
on the "orld m C,,a. obalt is an essential the hollow centering shaft and plastic tubing to
ingredient in the manufacture of all Alnico, but the compliance chamber wall. This proved very
an especially high percentage is used in Alnico successful in eliminating wire fatigue and
V-7. All iron magnet surfaces %ere nickel failure.
plated.

Coil
Piston

The coil was also designed with emphasis on
If the piston %as to be less than 50 cm (20 in.) heat transfer. Instead of using conventional

in diameter, then to produce 185 dB/ /1'Pa at 10 small, round cross-section wire; large, square
H., would require at least a 10 cm (4 in.) piston cross-section wire was used. The benefits were
stroke. This seemed a bit risky at a time %%hen I threefold:
cm strokes %%ere maximum, so that the use of 1. Square wire would increase the copper
tso transducer%, in-line and back-to-back, was density of the coil by reducing the amount of
decided upon. This tsould add only a little more fill-in bonding material, thereby permitting
drag to the tow body anJ would reduce the higher coil current density at the same tem-
stroke requirement down to approximately 5 perature.
cm, still unprecedented, but not as risky'. The 2. Internal heat in the coil could more easily
use of long strokes requires that the pole piece be conducted to the exterior surfaces through
and coil he different lengths. To provide per- the increased copper.
Iectl% linear motion, the difterence tould hae The increased cpe
to be the same as the stroke, or 5 cm. To keep 3. The use of large wire also increased the
the magnet dimensions fairly small, a 5 cm pole copper density as a higher copper-to-insulation
piece and a 7.5 cm coil length "ere decided ratio resulted.
upon. rhis tould allo. for linear motion for a The resulting low impedance coil, ap-
2.5 cm stroke, or 15 dB MPa at 16 H,. To proximately I ohm dc resistance, required high
produce the same lesel at 10 Hi. some harmonic current, low voltage operation. This would
distortion %ould occur since the coil %ould hase reduce the number of high voltage breakdowns
onl> 66 percent of it, findings in the magnetic which normally occur in underwater trans-
gap. Setting the resonance at 10 Hi tould ducers, but would require larger tow-cable
iminini/e the loss in linearit\ and elficienc%. The conductors.
back-to-back placement of the transducers also
sild negate rto% hodv ',ihration. A temperature sensor was embedded in the

hottest part of the coil to set and monitor
The magnetic gap dimensions fixed the piston operational temperatures to prevent coil burn-

diameter at 40 cm (16 in.) %kith a %all thickness out.
o1 530 mm (0.210 in.). Berylium copper %a%
chosen as the coil form material for its thermal Seals
coefficient of expansion. thich is close to that
of copper. Berylium copper %,as also a good The seals are conventional rubber rolling
choice for heat dissipation as it %ould distribute seals, the same type used in the MNRI 216. Since

12
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there wa,- not enough lead time to have seals without expending air. With this system, no air
manufactured to specifications prior to the first is expended during towing if the depth is
use, the closest commercially available shape, maintained within ± 1007, which is easily ac-
half of an inner tube, was used. Since the complished with faired cable. To solve the
differential pressure across the seal cannot problem of air expenditure due to regulator
exceed I psi because of the SCUBA system cycling by sound pressure levels at low
exhaust check valve, there was little danger of a frequencies, the regulator is located in a free-
blowout, flooding chamber in the tail section. The

flooding holes provide enough viscous fluid
Shaft damping to substantially restrict dynamic sound

pressure.
The bronze bushings are supported byPrdcePrfmae

bearing holders that incorporate the flaredPrdcePefmae
passage openings. The shafts, per specification Pefracpedtinco uedorhs
of the bearing manufacturer, are 80 case- Pntefane predaicn cormpue forin iti
hardened stainless steel, chrome plated and aunt a of the moterbasi form.s Takin tofito
intpresioun o ±02 m( .01i . viscous damping, eddy currents, flexural

in pecison.vibration modes, etc., was considered pointless
Springs since such computations are quite time-

consuming and seldom accurate.
The springs used for this application had a The calculation of displacement-limited

total stiffness that produced a transducer operation and idealized transmitting current
resonance frequency of 14 Hz. response (TCR) is straightforward. The in-

teresting quantity will be the total losses, or the
Cooling difference between the theoretical TCR and the

measured value.
The transducer can be operated with air or

fluid cooling between the coil and the magnet Displacement limited output is defined by
pole piece. Both cooling media have been tried Pmax _= co2gOa 4max/ 4 r
and the results are reported in the "Measured where

Perfomanc" secion.p.., = sound pressure level

Compliance Chamber co= angular frequency
Q0=density of water

*The compliance chamber was designed to be a =piston radius
open to both transducers, giving a resonance 4m., = piston travel limit

frequency of 14 Hz at an internal pressurer=ditnefotasuc.
equivalent to a depth of 90 m (300 ft). The It is evident that displacement-limited output
combined air and spring components produce a pressure increases with w-, or at a rate of 12
resonance frequency of 20 Hz at a depth of 90 dB/octave.

M. The design displacement of the transducer is
Air Compensation System set by the coil, which is 7.5 cm (3 in.) long, and

the magnet gap, which is 5 cm (2 in.) long,
The air system consists of a cone-shaped air .Alowing for a total displacement of 2.5 cm

tank which fits perfectly into the tail section of a (I in.) peak-to-peak for undistorted output.
Mk 41 torpedo, a spherical air bag, and a For the SEAHORSE (single transducer),
standard two-stage SCUBA regulator. The air p = 183 dB//4ePa,'m at 20 Hz
bag compensates for small changes in depth and

13
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Pmax = 171 dB//PPa/m at 10 Hz. a 0.5 m (20 in.) long chamber would resonate at

17 Hz, a 2 m (80 in.) chamber at I1 Hz. The
For) p t peak disp6lasuming, ameans to calculate these predictions are given in

in.)) peak-to-peak displacement, appendix A.

Pma, = 172 dB//IAPa/m at 20 HzapedxA
P maN = 172 dB//Pa/m at 20 Hz. Figure 9 shows the response of a SEAHORSE

transducer that employed a 1.2 m (48 in.)

For the J-13 (assuming a 1.25 cm (1/2 in.)) compliance chamber. The TCR is 6 dB higher
peak-to-peak displacement, because the coil consisted of four layers of

Pmax = 164 dB//IPa/m at 40 Hz smaller wire, resulting in twice as many turns.
The TCR is less uniform, because a thin ex-

Pmax = 152 dB//MPa/m at 20 Hz. perimental piston dome was used. The figure

The TCR is defined by shows the lower resonance frequency attributed
to compliance chamber length.Pr= F~oa 2/4Mtr,

where Maximum Acoustic Output

F = force = B/i
M = total mass Figure 10 shows the maximum sound pressure

r = a distance of I meter levels attainable by the three projectors. The
B = flux density SEAHORSE level is based upon a 50 ampere (34
1= length of coil wire dBa) current drive level. This drive level has
i= lamp. been maintained for 2 hours in tests run at

For the-SEAHORSE, NRL's Leesburg, FL, facility.

Ptcr = 149 dB//pPa. The SEAHORSE has been operated with two
transducers back-to-back as originally con-

For the MRI 216, ceived. Levels were 6 ± I dB higher than for the

Ptcr = 160 dB//MPa. single unit. Work is in progress to improve heat
dissipation by filling the air gap between the coil

For the J-13, and the magnet with thermally conductive fluid.

Ptcr = 165 dB//MPa. The most promising fluid appears to be

Maximum power output is determined by the ferrofluid, which is a colloidal suspension of

rate of heat dissipation from the coil and the iron in an ester base. The presence of iron

maximum allowable operating temperature of causes the fluid to remain in the gap area,

the coil. This quantity is normally determined precluding the need for seals. Preliminary
measurements show that the transducer can be

experimentally since heat dissipation due to operated at the 70 ampere (27 dBa) drive level
conduction, radiation, and convection is very while maintaining coil temperature below
difficult to predict. 100°C. The present 50 ampere drive level creates

Measured Performance operating temperatures of 2000 C.

Figure I I shows the ultimate capability of a
Transmitted Current Response fluid-cooled, two-transducer SEAHORSE.

Included in the figure are maximum sound
Figure 8 shows the measured and predicted pressure characteristics of several other

TCR's for the SEAHORSE (XU-1702) trans- projectors currently in use.
ducer as well as for the MRI 216 and the J-13.
This particular SEAHORSE transducer was Depth Sensitivity
designed to resonate at a frequency of 13 Hz at a
depth of 15 m (50 ft. This configuration in- Figure 12 shows the depth sensitivity down to
cluded a I m (40 in.) long compliance chamber; 45 m 1150 ft) for the most recent single-

14
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Figure 12. Depth Sensitivity, 20 Ampere Drive Level, XU-1702H

transducer XU-1702H. The 17 Hz resonance SEAHORSE (single-transducer version) is 226.8
occurring at 15 m (50 ft) is predictable; kg (500 Ib) lighter, output is doubled, tow body
however, prediction also shows 26 Hz resonance cross-sectional area (normal to flow) is halved,
15 30 m (100 ft), and 31 Hz resonance at 45 m and length is the same.
(150 ft). The 30 m (100 ft) curve indicates the 2. The improved coil design using square
presence of a second low frequency resonance wire and a berylium coil form has improved the
which may have shifted slightly in the 45 m SEAHORSE power-handling capability.

charcteisti. Sspet istheairbag nd ts . Placement of the magnet pole pieces in direct
coupling to the compliance chamber and the cnatwt h e ae a loipoe
water. This phenomenon will be examined heat dissipation.
during FY81.

4. The sandwich construction used in the
Even more interesting is the absence of a mid- dome has resulted in a lightened, stiffer dome

band response deviation, characteristic of the which reduces total mass and extends high
resonant air passage effect in the MIRI 216 and frequency response.
J-13. 5. "The large air passage has eliminated mid-

Direcivityband resonance anomalies.
6. The integration of transducer and tow

Figure 13 shows the high frequency directivity body designs has resulted in a source having
of a single-transducer SEAHORSE. The superior towing characteristics.
unit,shown in figure 14, is omnidirectional up to 7. Rugged construction, although costly in
600 Hz. The dual transducer unit is shown in piston mass, has paid off in improved
figure 15. reliability.

8. Also aiding reliability is the inclusion of
Conclsionstemperature sensors imbedded in the moving

coil, allowing continuous monitoring of the coil
I. Compared with its predecessor, the thermal condition.

"YELLOWBIRD" (MIR! 216), the

17
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Figure 14. Single-Transducer SEAHORSE

Filture 15. Dual-Transducer SEAHORSE
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3. Ferrofluid cooling, already mentioned,
Future Plans which should significantly improve heat dis-

sipation capability
NUSC's Fort Lauderdale detachment houses 4. Flat, teflon coated wire, which will in-

an ongoing moving-coil transducer development crease coil electrical impedance for lower drive
program, motivated largely by the results of currents, improve radial heat dissipation ef-
SEAHORSE development. During FY81, effort ficiency, and boost coil copper density
will be applied in the following areas: 5. Restructuring the traditional transducer

1. Composite materials (boron-tungsten- configuration for resonance-free, low mass,
epoxy, graphite/epxoy, etc.) to lighten and high breakup frequency, and highly reliable
strengthen transducer moving components operation

2. Rare earth-cobalt magnet materials, which 6. Study and implementation of techniques
offer 4 to 5 times the energy product of the best that will reduce inefficiency due to eddy
Alnico magnets currents generated within the iron pole pieces.

20
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Appendix A

EQUATIONS DESCRIBING MOVING-COIL
TRANSDUCER OPERATION

The basic equations describing moving-coil transducer operation are given below.
For simple harmonic motion:

Deflection Amplitude:

F 1
( K 9 (A-i),/[ I_ ( !y [2d!-1

where
deflection amplitude

F = driving force (sinusoidal)
K = spring constant
w= operating frequency

Wn = resonance frequency
d = damping factor.

Acoustic power radiated from a small source:

P,. - U2Rr (A-2)

where
PA = acoustic power

U = velocity amplitude
Rr = acoustic (radiation) resistance.

Radiation resistance for a piston in a small housing radiating into a solid angle:

Rr Q0 (A-3)

where
0 = density of sea water
a = piston radius
c = velocity of sound.

The relationship between acoustic power and pressure at low frequencies:

p2

PA= Q 4,r, (A4)

where
r = distance from source at which pressure is measured
p = pressure.

A-1
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The force on a current-carrying conductor in a magnetic field:

F = BIi, (A-5)

where
B = magnetic flux density
I = length of coil wire
i = current.

Combining equations (A-2), (A-3), and (A-4), we obtain

SUw 0oa 2

4r (A-6)

To examine the relationship between current and pressure, it is necessary to

evaluate equation (A-I) in three separate frequency regions

Below resonance frequency [ (W)« 1],tn

F
4(t) - K (A-7)

U(w) K _ Fdt (A-8)
to2 F 0 a2

P - 4Kr (stiffness controlled). (A-9)

At resonance frequency [ (Wn)2 = 1 ],

I( M F
2dK (A- 10)

U(w) = oF

-2dK (A-Il)

P= 4dor (damping controlled), (A-12)

where do = damping ( do )
Wn

Above resonance frequency [Con )2> I ]

F(w) - (A-13)

u(w) - F (A-14)

Wm

FQoa'
P - 4mr (mass controlled). (A-15)

A-2
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Applying equation (A-5), we obtain

p _ W2B1Qoa2
Below resonance: P- = B a(A- 16)i - 4Kr (-6

At resonance: P = WB 0°a2  (A-17)i - 4dor "(-7

Above resonance: P - B 0 a2  (A- 18)i - 4mr

The quantity p/i describes the transducer acoustic output response to a constant
current input. It is called the transmitting current response (TCR). The response
described by these expressions is shown in figure 1.

Expression (A-16) shows the response increasing with w2 or at a rate of 12 dB per
octave. The response at resonance, according to equation (A-17), is determined by
the damping, do. Above resonance, equation (A-18) indicates a flat response, the
level of which is determined by flux density, coil wire length, sea water density,
piston radius, and total mass.

Figure 1 shows some common disturbances in the theoretical response. At low
frequencies, limiting the travel of the piston results in a 12 dB per octave slope. This
is shown by applying the relationship between travel and velocity (equation (A-19))
to equation (A-6):

U=co4. (A-19)

Therefore,
p w2

0 a2,
r =2(A-20)

4r

which states that for constant travel, pressure will increase with the square of
frequency.

The notch followed by a peak in the middle of the response is characteristic of a
resonance mechanism occurring within the transducer, on its exterior, or in the path
between the transducer and the receiver. The most common cause of this deviation
is the resonance air path between the volume of air contained under the piston face
and the volume of air contained in the compliance chamber (discussed later).

The disturbance at the high end of the response is caused by the piston dome
"breaking up," or reaching the first mode of flexural vibration.

The transducer is normally operated in the frequency range between the fun-
damental resonance and the breakup frequency. Through careful design this range
can be as great as 6 to 7 octaves of frequency. The fundamental resonance is
determined by

Wn = F9(A-21)

A-3
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where
M =total mass

C = total mechanical compliance.

Total mass consists of the mass of the vibrating part of the transducer assembly and
the mass of the water load on the dome. The water load, M, has been determined
to be

M, = 1.93 (Q,,a 3) , (A-22)

where
a = piston radius.

The piston assembly mass, M. varies with design, but usually falls within

Qoa 3 < Mo P< 2Q,,a 3 . (A-23)

Total compliance is comprised of the compliance of the spring assembly used to
center the coil in the magnetic gap and the compliance of the contained air. Ex-
pression (A-21 ) then becomes

f = 2"- CaCs

Ca+Cs (A-24)

where

Ca = mechanical compliance of the contained air
C, = mechanical compliance of the centering spring assembly,

which resolves into

f+
2 MC, MICa (A-25)

or

f = Vf -+f2 , (A-26)a S

where

fa = resonance frequency due to air compliance,
f, = resonance frequency due to spring compliance.

A-4



TR 6369

The acoustical compliance of air is

C) = V2YP + h (A-27)
where

V, = contained air volume at atmospheric pressure
P, = atmospheric pressure
y = ratio of the specific heats of air
h = depth in feet.

M t

To perform the air resonance calculation, the acoustical mass - is used in the
expression ,

2n M ]
A (V"/ yP(1+ -) (A-28)

where Ap is the area of the piston.

The resonance frequency due to the spring is

I
f =t(A-29)

where K, is the stiffness of the spring.

Therefore, combining equations (A-26), (A-28), and (A-29), we get

2 n MIV M
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Appendix B

EFFECT OF SCALING UP TRANSDUCER DIMENSIONS

With regard to the effect on performance of scaling up transducer dimensions, it
has been shown that doubling the number of transducers will increase the total TCR
by 6 dB. Assume a doubling in the volumetric dimensions of a single transducer so
that

a' 2''a (B-1)

h'= 2' , (B-2)

where a = radius
h = cylindrical height

so that

2na '2h' = 4na2h (B-3)

V' = 2V, (B-4)

where V = volume.

To evaluate the effect on pressure,

p B/iQoa2 (B-5)

4mr
will be used.

Magnetic flux density will remain unchanged if magnetic air gap volume and
magnetic material volume are both doubled.

Water load mass will be

M'w = 1.93Q oa' 3 = 1.93 (2''a)3 = 2M,, . (B-6)

Piston mass will also follow and total mass can be assumed to double. The change
in (i) is determined by assuming the same number of turns but with scaled-up wire
size. This would permit the traditional two layers of windings to fill the air gap, and
current will be scaled up with cross section to maintain the same maximum current
density.*

irla = 2-'ima,. (B-7)

The length of the coil would increase with circumference or radius, a:

I' = 2'"1 . (B-8)

*This is a highly simplified approach to current scaling, however. several other analyses
involving pole piece eddy current calculations and total dissipated power calculations in-
dicate a similar scaling factor.

B-I
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When rewritten, equation (B-5) becomes

, B(2')I (2 )iQ (2 )2 a 2  = 22 Pma x

4(2)mtr

S1.56 Pma,, (B-9)

To equal the power of the two of the smaller transducers, a scaling factor of 3 is
necessary:

p" =3 p = 2p. (B-10)

If weight is not a problem, this solution offers the advantage of smaller size since
the largest dimension is only 1.45 times that of the smaller unit rather than double,
as in the dual unit.

Equation (A-20), below, is the expression for sound pressure level, p, as a func-
tion of angular frequency, w; piston travel, 4; piston radius, a; and media density,
Qo:

W24QOa 2

P = 4r (A-20)

where r is the distance at which the sound pressure level is measured.

The lowest frequency, w,, at which maximum acoustic power can be produced
occurs when

P = Pmax (B-Il)
and

= .max (B-12)

PmaX is determined by equation (B-9), above, and occurs when drive current cannot
be increased without exceeding the safe transducer operating temperature. 4 ma,
occurs when the piston travel approaches the physical stops.

Rewriting equation (A-20), we obtain

2 [ Pmaxr ]'

oma=Qa Lpma,,o]

Using the scaled-up transducer, we obtain the lowest frequency, w,, at which Pma,
may be generated:

P= 2 pma'r 2-=2"-2, = 0.707w, (B-13)
2' a [2' 4ma\Qo I

The same value of w ' occurs when two of the smaller transducers are operated
simultaneously.

B-2
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Appendix C

GLOSSARY OF SYMBOLS

Symbol Meaning Units

a piston radius m (meter)
Ar piston area M2
B magnetic flux density teber/m 2

c tare velocity m/sec
C total mechanical compliance m/netton
Ci, mechanical compliance of air m/netton
CaA acoustical compliance of air m5/newton
C mechanical compliance of spring rn/newton
d damping factor kg/m/sec
d,, damping
F driving force (rms) newton
fa resonance frequency, air Hz
f. resonance frequency, spring Hz
h depth m
i current ampere
K spring constant newton/m
I length of coil wire m
m mass kg
NIP mechanical piston assembly mass kg
MI  total mechanical mass kg
M w  mechanical water load mass kg
p sound pressure level (rms) dB
P acoustic power radiated newton/m 2

P, atmospheric pressure newton/m 2

Pi.r transmitting current response dB//MP.
r distance from transducer m

Rr acoustic radiation resistance kg/sec
U particle velocity m/sec
VII volume m3
Y ratio of specific heats of air
4 displacement m
4 ma% piston travel limit
QI, density of water kg/m
w angular frequency radian, sec
Wn = Wo resonance angular frequency radian, sec

C-I ,'C-2
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