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NRL Memorandum Report 441b

Sonar Transducer Reliability Improvement Program

NRL Problem 0584

FY81 First Quarter Progress Report

I

1. INTRODUCTION

1.1. PROGRAM OVERVIEW

'The general objective of this program is to perform relevant
engineering development which addresses the operational requirements for
fleet transducers for active sonar, passive sonar, surveillance, counter-
measures and deception devices, navigation, and acoustic communications.
The approach is to develop, test, and evaluate improved transducer design,
materials, components, and piece-parts that will meet specified require-
ments in the operational environment during the entire useful life of the

transducer. Standards will be prepared to ensure that results obtained
during preliminary testing will be obtained consistently in production.
This program should result in improved performance and reliability and
reduced costs through better utilization and a more comprehensive
characterization of materials and design data. The program goals are as

* follows:

B o Reduction in transducer replacement costs

Goal - less than 9% of population replaced each year
with no automatic replacements at overhaul.

i Threshold - less than 18% of population replaced each year.

* Improvement in transducer reliability

Goal - less than 1% of population failures each year.

Threshold - less than 3% of population failures each year.

Improvement in transducer receiving sensitivity

Goal - less than ±1 dB variation from the specified
value over operational frequency band.

Threshold - less than ±2 dB variation from the specified
value over operational frequency band.

The Sonar Transducer Reliability Inprovement Program (STRIP) is a

part of Program Element 64503N. Major task areas with specific objectives
to achieve the program goals have been described in the Program Plan and
include:

• Task Area A - Encapsulation Methods
• Task Area B - High-Voltage Engineering
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*Task Area C - Cables and Connectors
*Task Area D - Transducer Material Standards
*Task Area E - Environmental Test Methods
*Task Area P - Transducer Tests and Evaluation

ETThe FY81 Program Plan for STRIP has been funded at the $1017Kc level.TThe specific tasks and their Principal Investigators for FY81 are listed _

below:

____________TASKS ________ PRZI;CI 'Al INVESTIGATORS

A Encapsulation Methods NRL-US.D C.M. Thompson

CB adokfrHresDeinE/ORF 
aoc 

High-Voltage Engineering NRL-USRD L.P. BrowderI

C2 Standard for 0-Ring Installation AP.l.nivnrwich
of Washington * aditI

C-3 Cable Confjiuration & Materials Contractor
C-4. Cable Specifications ContractorA

-l Alternative Miaterials: Plastics %-?SC K. NiemillerID-2 Pressure Release Materials NUSC CLLeanc
D3 Specificati.on of Elastomers NRL-USRD C.M. Thompson

D-L Transducer Ceramics NRL-USRD A.C. Tims
El1 CUALT 

NOSC J. Wong

1 E-2 ALT Verification 1~CD.J. Steele
I F-1 Failure Modes due to Water TRI P.E. CassidCeramic Stack Joints NOSC C.I. Boha I
F 3 Reliability & Life Prediction TTPI mt

- SpecificationTE sm.i
-4 TR-122 FMA & Improvements NR.-USRD E.W TimE~l

F - ngineering Documentation t4R:.-USRD R.W. Ti=.e

1. D uingAR the frEstqaero Y1 efforts in the various tasks of

STRP hve esutedin rogesstowrd heprogram goals as summarized

Aninvestigation of the effects of temperature on -
teperforriance Of K(33 ceramic stacks has been

initiated. See Section 12.

2
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An evaluation of the TR-122A/B (BQC-l) transducer
has revealed an inability to meet performance I
specifications. A possible solution is indicated.
See Section 14.

• A report entitled "Twenty-Year Life Hydrophones"
has been published. See Section 15.

* Measurements of the relative humidity and water
content of a transducer have shown that a large
majority (-987) of the water is absorbed onto
surfaces. This casts some doubts on previous
calculations of the rate of water permeation 'U
into the transducers. See Section 11.

Composite Unit Accelerated Life Testing (CUALT)
continues on the DT-605 hydrophones (fourth-
year equivalent) and the TR-316 projectors
(second-year equivalent). No new design or
aging problems have been found. See Section 9.

* A report entitled "Reliability and Service Life
Concepts for Sonar Transducer Applications" has
been completed. See Section 13.

* A draft of the Handbook for Connector and Cable
Harness Design has been cumipleted and is being
reviewed. See Section 5. __

New starts for FY81 have been made in Tasks D-3,
D-4, F-2, F-4, and F-5. New efforts will be
made in Tasks C-3, C-4, and F-6 when contract 'U
procedures are completed.

1.3. PLAINS

The annual review for the STRIP will be held on 12 and 13 March 1981,
beginning at 0800, in the Conference Room in Building 226, of the Naval
Research Laboratory in Washington, DC. The objectives of the meeting are: i

To inform the NAVSEA managers, the laboratory
sonar engineers, and the TRF engineers of R&D
being directed toward their problems.

• To inform the present and potential STRIP
principal invstigators of the transducerI .i problems facirg the fleet.

•_To initiate planning for the FY82 STRIP.

3
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NAVSEA has issued time guidelines for preparing work planning
summaries for FY82. The date of 15 May 1981 has been suggested as the M
deadline for firm plans for FY82; therefore, an invitation for proposals
of work to be included in STRIP FY82 will be extended at the annual review
on 13 March 1981. The deadline for proposals will be 17 April 1981. It I

___ is planned that the FY82 STRIP plan will be ready by 13 May 1981.

1 1.4. REPORT ORGANIZATION

The remaining sections of this quarterly report will discuss the I
objectives, progress, and plns for the specific tasks included in the

ISTRIP.

I4
I
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2. TASK A - ENCAPSULATION THODS
C.,M. nomnson NPJL-US2RD

ni- 2. 1. BACKGRONWD

A material to be used for filling a sonar transducer must meet a
wide variety of specifications. The requirements imposed by the

electrical nature of the device include high resistivity, high
dielectric constant, as well as resistance to corona and arc discharges.

-l The water environment of the transducer necessitates low water solubility
and other attractive solutfdn properties. In addition, the fluid must
maintain its electrical and other properties in the presence of any water

4 which permeates the covering. The acoustic requirements are a close

acoustic impedance match with seawater and resistance to cavitation at
high drive levels. Other obyious properties include compatibility with
other components, stability to degradation, and suitable surface
tension and viscosity.

with such a wide varie:y of requirements, it is not surprising that
compromises have to be made. The most commonly used fluid for many years

=w has been castor oil. This use is iAn spite of its high viscosity. Each
of the fluids proposed, so fir, as a replacement has serious drawbacks.
Silicone oils tend to creep into and wet all of the surfaces of the
transducer. This greatly conplicates bonding the components together.
Polyalkylene glycol (PAG) ha:; the disadvantages of a high water solubility
and low electrical resistivity. The various hydrocarbon liquids have too
low an acoustic impedance and are frequently iicompatible with the various
plastics and rubbers in the transducer. Furthar research is necessary
to find and qualify fill-fluids which represen: the best match to all the
requirements imposed upon it.

Transducer encapsulants have long presented a source of transducer
-failure. The necessity that the encapsulants De resistant to water, have
a sufficiently long pot-life for de-gassing, bond well to the other
components, and have high strength has proved :o present a very difficult
problem. Many other requirements also apply in special cases. The best
choice for a polyurethane encapsulant to date has been a toluene
diisocyanate (TDI)-polytetramethylene glycol (?T M) prepolymer which is
chain extended with a 4,4'-me;hylene-bisorthochloroaniline (MOCA). This
encapsulant has a long pot-life, good strength, and good water resistance.
However, there is serious concern for the health hazards of both the AOCA
and the TDI residue in the prepolymers.

2.2. OBJECTI VES

The objectives of this task are:

To evaluate alternative transducer fill-fluids

including fluids specifically for use in towed
arrays and to produce specifications for those

fluids found suitable.

5
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To define the relative importan e of the properties
of transducer encapsulants and -:o produce a non-
hazardous replacement for curre:tly used materials.

2.3. PROGRESS

2.3.1. During this quarter, efforts have be. :n directed at preparing a
Request for Proposal (RFP) for designing and producing a hazard-free,
non-proprietary encapsulant for sonar transducer use. This RFP will
request development of a polyurethane wit h t -e following properties
specified (ranked in approximate order of imnortance):

• Low water degradationI • Long pot-life

_- " Low mix visicosity

• Hazard-free

High adhesion

- Low water permeation

- High streng:h (toughness or tear)

. Density nea= 1,000 Kg/

__ - Sound speed near 1550 m/s

- Transparent
- Short cure-cycle

* Low acoustic attenuation

- Maintenance of properties at lew temperature
W1

Once a non-proprietary formulation ha been developed, a compositional
specification will be written which may be -sed by any transducer
manufacturer.

In-house work on reduced-bazard curinj agents has been stymied
because of a lack of supply aources for these materials.

2.3.2. Work has begun under an NRL-funded f.1 research problem on
modification of commercial polyether fluids. Several of these materials -

would make very good sonar transducer fill-fluids except for a few
unfortunate properties-such as high water solubility and low electrical
resistivity. From a chemical standpoint, both of these properties area result of the terminal alcohol group(s) in these compounds. Therefore,
this research project approaches the substi.utiou of hydrogen or alkoxy

groups in the polyethers, PAG, and PTMG. A; these materials are -=

synthesized, they will transition to the STRIP for testing of their
critical transducer-related properties.

6
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2.3.3. Additional data have been taken on transducer and towed-line
fill-fluids for inclusion in the 'qandbook of Sonar Transducer Passive
M1terials", which will be published as NRL Memorandum Report 4311 during
the second quarter of FY81. This has included density or compatibility
determinations on castor oil, several silicone oils, and Nopar 12 -

(a candidate towed-line fluid). Data sheets of six of the more commonly
= used fill-fluids have been taken from the handbook and are presented for

information in the following. It should be noted that even for these
commonly used fluids there are many properties unknown or only partially
characterized. This, in itself, proiuces many of the problems
encountered in transducer 'csign.

2.4. PLANS

- Publish a report of transducer fluid properties with a
more detailed discussion of fluid selection criteria
(2nd Qtr, F81).

• Perform testing on modified PAG and PTMG. (2nd Qtr, FY81).

Publish a report on water permeation in sonar transducers
and the effect this has on operation and lifetime
(cooperative between Tasks A-i and F-i).

Publish RFP on encapsulants (27 Feb 1981).

- Award contract on encapsulants (30 Apr 1981).

7
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i~ MATERIAL: TrI~rasyl Phosphate (TCI')

CHEMICAL DESCRIPTION: (at 3 C01 4 0) 3 PO

ADVANTAGES - Fair acoustic impedance match, high density for covert operation, low viscosity

DISADVANTAGES - H irginal volume resistivity, compatible with a limited number of elastomers *151)

VOLUMiE ELECTRICA1 RESISTIVITY (fl-rn) 2X10 *1(601

VAPOR PRESSURE (Pa)

VISCOSITY (CENTIPOtSE) 80fat 20%C

DENSITY (Kg/rn 3, 1184.21 0 .63T *1511

SOUNDO SPEED (elm) 1586.1 -3.50T *(531

ACOUJSTIC ATTENUATION 0d1lcrn)

CAVITATION LEVEL (dB/luPa)

VOLLNIE THER.MAL EXPANSION (C 1) 6.7 10-5 *1611

ISOTHERMAL COMPRESSIBILITY C~

SUIFACE TENSION (%/m) 0.00155 *1621

WATER SOLUBILITY LIMIT: 0.4% 4 25-C *151]

COMPATIBILITY:

NEOPRENE W - Poor

NEOPRENE 5112 - Poor

BUTYL 8252 - Good

CHLOROBUTYL i.562A -Fair

SILICONE - Very Good *1601

POLYURETHANE PRC 1538 -Poor

EPCtI FairI . NATURAL. (1155) -Poor

NITRILS -Poor
VITON A -Var" Good

CTEN(8C'4 S Poor

CORK-RUBBER COMPOSITES-

ADHESIVES -

EPON VI - Good *1621

PLASTICS-

'LEXI' POLYCARMNATE 'NPor

NYLON c ood *1621

TEFLON - Goad

METALS-

STAINLESS STEEL -Very rood

MILD STEEL - Fair

ALUIN .r4 - Vpry Good *1511l

COPPER -very Good

BRASS - Very Good

STABILITY:--

OXIDATIO4 - Cood *151)

HYDROLYSIS r ood *1601

OTHERS:L

TOXICITY -(Where ortho isomer has been removed) nontoxic orally not an eye or akin irritant,
nonflammable *[611

tL EASE OF CLE1tZUP -Soluble in many or~anic solvents *[511

COST: Peasonable *11

-N1 -E-o~Sz C(DiTAI'.EO lIN ""A2ZPMK OF SO'IAR TRANDUE PASSIVE TEI.S

9
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MATERIAL: PoLyalkylene Glycol (PAG) Union Carbide LB13SY23

CHEMICAL DESr.JIPTICN: Monobutyl ether of polypropylene oxide; molecular weight, 600 g/mole with
small amounts of the anticxidant dodecyl succinic anhydride

REMARKS:

ADVANTAGES - Cheap, well-defined, low thermal ,xpansion *[51)

DISADVANTAGES - High water solubility, incompatble with some conmon transducer elastomers *[51]

PHYSICAL PROPERTIES:

VOLU4I ELECTRICAL RESISTIVITY (n-m) 7.80XlO 1 e
6"I  

(N mole fraction of water) *163)

VAPOR PRESSURE (CPa) Very low *(SZ]

VISCOSITY (CENTIPOISE) n = 190e "0
.
0513

T *[521
DENSITY (Kg/m

3
) 996.2 - I.IT + 6.2X0"

3
T
2  

*1631

SOlD SPEED (/s) 1395 - J.34T *[53]

ACOUSTIC ATTENUATION (dB/cm)

CAVITATION LEVEL (dB/lpPa) Threshold at 240: quickly falls to :27 *[54]

VOLUME THERMAL EXPANSION Co-)

ISOTHERMAL COMPRESSIBILITY -MWa
"
) 2.22Xi0 *[63

SURFACE TENSION (N/m) O.O3 *(51J

WATER SOLUBILITY LIMIT:

COM~PATIBI1LI TY:

NEOPRENE W - FaIr

NEOPREINE BFG35007 - Poor

BUTYL 6252 - Very Good

CHLOROBUTYL H862A - Very Good

SILICONE V121 - Very Good

POLYURETHANE PRC-1538 - Poor *[631

EPDM NORDEL 1070 - Poor

NATURAL BFG35007 - Poor

NNITRILE - Very iood
} VITO;N - Good

NATURAL (BFG35001) PPoor
~RUBBER COMPOSITES-

DC-100 - Poor NC-775 - Faitr
~NC-710 - Poor LC-800 - air [7

ADHESIVES

PLASTICS -

METALS -

STABILITY:

OXIDATION - Good

HYDROLYSIS - Very Good "[63]

OTHERS:
TOXICITY - .ontoxtc, no e/e or skin irritetion- *[631

EASE OF CLEAJP - Have re.dily removed from surfaces with acetone, acetone-alcohol, or
methyl-'thyl ketone *[63)

COST:, I4V *1511

-*[ I -REFERENICES CONTAINED IN "HANDOOX OF SONAR TRANSDUCER PASSIVE MATERIALS"

10
- _ A
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PATERIAL: Dow Corning 200. 00 Silicone

CHEMICAL DESCRIPTION: PolydIiethylsiloxane

REM.ARKS:

ADVANTAGS - Good compatibility

DISADVANTAGES - Low sound speed, troublesome handling properties

PHYSICAL PROPERTIES:

VOLU E ELECTPICAL RESISTIVITY (f2-m)
VAPOR PRESSURE (pa) Very Low *66]

VISCOSITY (CENTIPOISE) 96 4 25C *;66]

DENSITY (Kg/=
3
) 984.4 - 0.88T *[51]

SOUMO SPEED (o/s) 1073 - 2.8T *(53]

ACOJSTIC ATTENATICIN (dB/cm) Measurable onl- at high frequt.ncy *1521
CAVITATION LEVEL (dB/lupa)

VOLU-M ThERM AL EXPANSION (?C7') 0.00096 *(661

ISOTssFAL CtOmPRESSIBILITY OZa
- 1
)

_ - SURFACE TENSION (N/m) 0.0209 @ 25C *(66]

WATER SOLUBILITY LIMIT:

COMPA71IIITY:

NEOPRENE W -

t,:OFRENE 35003-

BUTYL 8252 -

CHLOROBUTYL H62A -

SILICONE-

POLYURETHANE -

EMMh -

NATURAL 35907

NITRILE -

VITON -

CORK-RUSEER CWOSITES -

DC-iG0 -Fair NC-710 - Fair LC-800 - Fair *(57]

:- OLAST;Cc

m..TALS

- STH-ERS:

TOXICITY - :;onroxic eye irritant *166)EASE OF CLEg.jP - Soluble in nethylethylketone, ethyl ether, carbon tetrachloride, toluene,

trichloroethane, turpentine, xylene *1661 Some difficulties reported *1511

COST: .kaderate

FrII -EERENCES COTAINE0D IN "tbVEBOOK OF SONAR TRANSDUCER PASSIVE MATERIALS"

i- 11 A
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MATERIAL' Isopar 1 (Exxon Company)

CHEMICAL DESCRIPTION: A narrow-boiling fraction of highly branched Saturated -,ydrocarbors,
average molecular weight 191 glmole

REN4RKS:

ADVANTAGES - Buoyant *[511

DISADVANTAGES - incompatible with many materials *[51]

PHYSICAL PROPERTIES:

VOLULME ELECTRICAL RESISTIVITY (-m)

VAPOR PRESSURE (Pa) 4.1X10
3  

*[711

VISCOSITY (CENTIPOISE) 2.46 @ 25"C *[7i)

DENSITY (Kg/m
3
) 789. - .72T *[62]

SOUND SPEED (r/s) 1359 - 3.9T *(53]

ACCUSTIC ATTENUATION CdB/cm)

CAVITATION LEVEL (dB/luPa)

VOLUME TM-R.,IAL EXPANSION (*C')

ISOTHERJIAL COGPRESSIBI'.ITY (Ca
I
)

SURFACE TENSION (N/i) 0.0268 Q 25*C *[71]

WATER SOLUBILITY LIMIT: 0.01. *[71]

COMPATIBILITY:

NEOPRENE 5109 - Fair *{51]

NEOPRENE 35003 -

BUTYL 8252

CHLOROBUTYL H862A - Poor *[51]

SILICONE (VI21) - Poor

POLYURETHANE (PRC1538) - Fair *[51]

EPDM NORDOL 1370 - Poor *[511

NATURAL 1155- Poor *[51]

NITRILE 6100 - Good *[51]

VITON

CTBN (BF635075) - Poor *[511

CORK-RUBBER CCXtPOSITES -

DC-100 - Poor LC-800 - Poor NC-775 - Good *1511

ADWeSIVES -

EPON IV Good *1621

PLSTICS

SY.NTACTI C FOAM - rood *[62]

TYGC.I TUBiN - Poor *151]

METALS -

STABILITY:

OXIDATION -

HYDROLYSIS -

OTh'ERS:

TOXICITY - Possible inhalation toxicity. skin and eye irritant. *[71

EASE OF CLrNUP -

COST:,

*[ I - REFERENCES CONTAUNED IN "HANDBOOK o1 SONAR TRANSDUCER PASSIVE 14ATERIALS"

12
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MATERIAL: NORPAR 12

CHEMICAL ESCRIPTICN:, Narrow-boiling, normal par 4ffinic petroleum distillate; average molecultr

weight, 163 &/male *[721

REMARKCS:

ADVXJ!TAGES -Buoyant *1511

DISADVANTAGES - Zncotipatible with many materia~s

PHY~SICAL PROPERTIES: IZ

VOLUIE ELECTRICAL RESISTIVITY (n-.n)

VAPOR PRESSLRE (Pa) 5500 n: 38C *170)
VISCOSITY CCENTIPOISE) 1.260 15.6% *1701

-IDENSMITY gm 758.8 - 0.72T *1511

SOLM! SPEED Wms) 1264 0 261C *[51
A=OSTIC ATTENUATION CdBicm)
CAVITATIONJ LEVEL CdB/lUja)
~VL~ THRAL EXPANSION4 (*c1

4 ISOTHERMiAL COMPRESSIBILITY Q~a)

IdSLURFACE TENSION' (:/lm) 0. 0248 kNln *1701

COMPATIBI LI TY:

:EOPRENE 1.

NEOPRENE 35003

BUTYL B252

CHU.OBU~tTYL H862A-
ASILICON~E-

POLYU.RETHANIE

EP~r- - ls

fLATURAL 35007

NITRtILE -

VITGN -

CORK-RUBBER COVDOSITES -

AD.ZSIVES -

PLASTICS -

METALS-

STABILITY:

OXIDATION) -
HYC0.3LYSIS -

OTHIERS:

TOXICITY - Inhalation TLV: 300 pp4- Acute 01 1 LDS0 (Rat): > 5 glkg -Acute Dermal L.D.(Rabbit):
> 5 llkg. *172)

EASE Of! CLEANU1P-

COST,

IfI
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3. TASK B-i1 CORONA ABATEMENT

L.P. Browder - NRL-USRD

3.1. BACKGROUND

A significant percentage of transduccr failures Is due to voltage
breakdown of insulating materials developing from corona erosion
mechanisms. It is not practical to test the completed transducer to

measure the effects of corona erosion on lifetime and reliability. To
establish reliability factors and quantify protection requirements,
corona must be studied as a failure mechanism at the component or piece-
part level. Transducer reliability improvement may then be achieved by
control of design parameters and construction processes.

3.2. OBJECTIVES

The objectives of this task for FY81 are:

• Study tests, specifications, and procedures that
may be used to select coating materials suitable
for corona reduction.

* Test various corona reduction coating materials
on PZT ceramic to identify the voltage breakdown
mechanisms and measure voltage lifetime functions
with the coating materials that show improvement.

3.3. PROGRESS

3.3.1. Work is beginning on :he approach to use an insulating coat on S
the PZT ceramic surface to reduce corona and its effects in sonar
transducers. There is some reason to expect that this approach may
provide more protection than :he alternative method of using insulation
gases such as sulfur heafluoeide (SF 6 ) , but it is unlikely to be a
total cure for corona. Earliar tests of the electrical b-ceakdown of PZT
ceramic in castor oil or with tI-e coating material Stycas: 2741 [1]
indicate that failure with these electrically stronger materials is on
the interface between the ceramic and the coating material. It is
apparent that the PZT ceramic is the material most susceptable to damage
caused by the electrical discharges. This effect is not expected to
change substantially regardless of the electrical strength of the
coating material.

At the present time, it is unknown if published manufacturers' data
for the properties of insulating coatings are applicable to the problem.
These data make up the first area to be examined in screening coating
materials for corona reduction purposes. The typical properties
provided by the manufacturer are:

Physical - as cured
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• Electrical - as cured

- Physical - as supplied

Also, there may be a paragraph describing preparation and curing of the
material. There is very little uniformity between manufacturers in the
manner of presenting the properties or which of the properties are
included in the data. A complicating factor in choosing a coating
material is that most manufacturers make no warranty concerning the
suitability or fitness of the product for any particular use. It is the
user' s responsibility to d'this.

I Screening procedures for selecting the coating materials to be
tested are general and simple. They may be summarized as follows:

• Determine that the material -s recommended as an
electrical insulator and has high dielectric
strength and volume resistivity.

• The cured material will be flexable over the
temperature range of sonar transducer operation.

The material will adhere strongly to PZT ceramic,
if necessary using a primer to aid adhesion.

Temperature cycling to -40°C will not affect

adhesion to the PZT ceramic.I • The material will be easy to mix and apply,

ma- requiring no unusual preparations or equipment
to do this.

- Curing of the coating material will occur at
a temperature lower than 100'C.

The cost of the material should be nominal.

__ These requirements are substantial enough to select good products for
__ testing, yet exclude many materials that are not appropriate. It is the

intent to select a few products for testing that will prove the
Iusefullness of the insulator coatung approach.

Electrical testing will use the J.C. Biddle Co. System No. 662045-
01 to supply the test voltage and detect corona discharges. ASTM
Standard Method D1868-73 is used ')y this machine to measure corona. The
same machine will be used for vol:age breakdown tests on the test
specimens, generally following th - procedures of ASTH Standard MethodI D149-64. A test method described by T.W. Dakin [2] can be used to
determine the resistance to high Level corona.
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Three different test phases will be used to find the most effective
corona resistant coating material for PZT ceramic. These are:

• The use of high dielectric strength, self-adhering
coatings. Some of these materials are on hand
for testing and others will be procured.

- Surface modification of the PZT ceramic to improveinsulation coat bonding and exclude moisture.

The use of a sdliconducting coating material such
as "Coronox" [3] that has been used successfully
to eliminate corona in high-voltage machinery.

J This test phase will depend on availability of
the material from Westinghouse.

3.3.2. Work continued to complete the report on a formulation of the
elementary transducer reliability function based on electrical breakdown
considerations of untreated PZT ceramic surfaces. A high percentage of
the sonar transducers in service use untreated PZT ceramic surfaces as
insulators. Empirical formulas are presented that give a numerical
rating for the electrical strength of the transducer for most of the
factors affecting breakdown. A lifetime formula [4] is used that

computes electrical failure rate as a function of drive voltage. From
these formulas, the electrical reliability can be computed for any
mission duration.

3.4. PLANS

Tests will begin for evaluating the use of high dielectric

strength coatings.

- Study the appropriate application of surface modification
techniques for corona reduction, including some testing.

• Continue efforts to obtain Coronox coating material from
Westinghouse.I Complete the report described in paragraph 3.3.2. during

the second quarter of FY81.
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4. TASK B-2 - CORONA AND VOLTAGE STANDARDS
L. P. Browder - IRL-USRD

4. 1. BACKGROUNDJ

An understanding of the basic failure mechanisms due to electrical
discharges such as corona is being developed by direct study at the
component or piece-part level in transducers. The problem is that
previous uses of corona specifications do not seem to be correlated to an
expected reliability factor. A corona specification must be composed that

A will be consistent with good design practice and reflect the things that
are known about electrical breakdown mechanisms, yet provide for a
positive correlation to expected reliability.

Although it should only be necessary to provide a valid specification
to achieve transducer electrical reliability, in practice there should be
standard publications that are guides for design procedures and
construction procedures. These could be used for an initial evaluation
of reliability and a later determination of design and construction
flaws.

B 4.2. OBJECTIVES

The objectives of this task for FY81 are:

SWr Prepare a preliminary specification for corona.

•Prepare outlines for the standard publications

. RGrelating to design and construction procedures.

4.3. PROGRESS

Work has begun to assemble and study background material for
preparation of the corona specification and the standards. It is

I intended that the corona specification will follow the general format
used for military specifications. It will include the following

___ sections:

1. Scope

2. Referenced Documents

3. Definitions =
__ 4. General Requirements

5. Detailed Requirements
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6. Notes and Concluding Material

Tables

Figures

Material for the first three sections has been previously developed and
appears in existing publications and technical literature but it will
require adaptation for the special application to sonar transducers.
The last three sections will require careful consideration and
development. Services of a contractor may be necessary to complete the
work.

The standard for design procedures will promote corona reduction
by control of the design parameters of wire size, spacing between
electrodes, metal electrode shape, fill-gas purity, gas pressure, ceramic
thickness, thin gas films between solid insulation layers, and water
vapor content. Special design considerations such as operating
frequency and the use of insulating coatings may be included if they are
found to be appropriate.

The standard for construction procedures will promote corona
reduction by emphasizing items such as cleanlines3, moisture removal, PZT
ceramic inspection, materials curing, and correct gas-filling methods.

4.4. PLANS

" Continue to assemble and study background material.

• Compose preliminary draft for the first three sections
of the corona specification.
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5. TASK C-1 - HANDBOOK FOR CONNECTOR AND CA3LE HARNESS DESIGN
R.F. Haworth - Eectric Boat .ivision

General Dynan, ce Corporation
G.D. Hugus - NRL-USRD

5.1. BACKGROUND

The selection of pressure-proof connectors and cable harnesses for
hydrophones and transducers is a critical part of Navy shipboard sonar
system design; yet, the design of these components for use in this
environment is not covered in any one reference publication. Information
on this subject is contained in a multitude of military and industry
specifications, standards, and publications. The result is that engineers
and designers often duplicate work and may overlook relevant information
that they need.

5.2. OBJECTIVE

The objective of this task is the preparation of a design handbook
covering the technology of" pressure-proof underwater connectors and cable
harnesses for hydrophones and transducers. The emphasis will be on the
application of these components for use in naval surface ships and
submarines.

5.3. PROGRESS

Work on this handbook is being done under contract N61339-80-C-0021
by the Electric Boat Division of General Dynamics Corporation. The
contents of the handbook were outlined in the last two quarterly
report (5, 6]. A first draft of"the handbook has been completed and
forwarded to 27 potential users for review and comment.

5.4. PLANS

A final draft of the handbook will be produced when review of the
first draft has been completed. The handbook will be published during
the third quarter of FY81.
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6. TASK C-2 - STANDARD FOR O-RING INSTALLATION
C.J. Sand-vith - APL, University of Washington
G.D. Hugus - NRL-USRD

6. 1. BACKGRO1'4D

The reliability of sonar transducer arrays can be significantly _

improved by the adoption of standard procedures for the installation and

assembly of 0-ring seals. The problem is that no such standard

procedure exists. Presently, the installat ion procedures are determined _

by the installer and the mAterials availabl_ at the time of installation.

The results of analyzing failures of 0-ring seals in connectors used
in underwater applications over decades show that roughly eight out of

thirteen 0-ring failures have resulted from improper installation and

assembly or improper quality control and inspection procedures at the
-ime of assembly. Stated another way, the results showed that even

though 0-ring seal design may be perfected by the proper 0-ring type

selection (piston, face, or crush) by the maximum crush section thickness,
by selecting the proper 0-ring size and material, and by using two 0-rings

'n series (double 0-rings) a substantial number of the 0-ring failures

will occur due to improper installation and inspection procedues.

6.2. OBJECTIVE

The objective is to compose, critique (by authorities), edit, and

present in final form a standard procedure for the installation of 0-ring
seals in electrical connectors and undersea static applications. The
standard will be composed in the form of similar military standards in
handbook form. Once it is approved by MRL and NAVSEA authorities, it
will be submitted for approval as a military standard.

6.3. PROGRESS

Work to fulfill this objective is being performed under contract
N00024-78-C-6018 by the Applied Physics Laboratory of the University of
Washington. The approach to developing this procedure is to use all

kn own proven techniques and procedures of users (military and commercial)
and suppliers to develop a unified best procedure. The approach is to
collect from the literature, users, and suppliers, all of the data and
recommendations concerning each phase of the 0-ring seal production.

The fo'lowing sections of the handbook standard were completed and
summarized in two previous STRIP quarter!, reports [5, 6].I -SECTION 8 - Packaging

• SECTION 9 - Storage and Aging

- SECTION 10- Installation
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- SECTION 11 - TOOLS

*•SECTION 13 - RELIABILITY

• SECTION 14 - LUBRICANTS

The first draft of these sections was sent to three authorities in
the field for review and comment.

It was determined, after drafting the above sections, that additional
information research is needed to adequately complete the handbook. There
is a lack of agreement among authorities and in the literature on
requirements for lubricants, lubrication, 0-ring sea' material selection,IA installation techniques, sealing surface finish, and shelf life.
Additional time is needed to provide answers to the following questions
and to incorporate, as necessary, the answers into existing handbook
sections.

- What and how should minimur. 0-ring shelf life be
specified?

What 0-ring material provides the best combination
of properties (age resistance, dimensional stability
in use, lubricant compatibility and cost)? Age
resistance aid shelf life vary from 2 to 20 years
depending on material. Perhaps materials with short
shelf life should not be allowed or perhaps only
one or two materials should be allowed.

= * Which lubricant is the best? How do the
lubricants c3mpare on the basis of stability and
compatibilit v?

What tests of proper seal .nstallation are possible
and practical once the transducer or connector is
assembled? 4hat procedure-. and methods could or
should be developed to det ct improper sealing or
seal installation?

* What is the optimur sealin.; surface finish with
respect to machining costs and seal reliability?

6.4. PLANS

The handbook will be completed by March 1981, after review of the I
szction drafts and the additional research.

I
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W - 7. TASK C-3 -CAB-LES AND COINECTORS

7.1. BACKGROUND

T7he use of cables and connectors is an area of concern for long-term
sonar reliability because of a history of failures. Deficiencies can be
generally categorized in the four areas of: design of cables and
terminations; specification and testing; handling; and repair and mainte-

= ance. Specific problems have been identified in a recent failure modes
and effects analysis of cables and connectors prepared for NAVSEA by the
Electric Boat Division of General Dynamics Corporation. They concluded

- that, of all the problem areas, the loss of bond of the molded boot to
the connector shell or to the cable sheath is the most probable cause of
failure. Cable jacket puncture in handling, at installation, or in
service is considered to be the second most probable cause of failure.

7.2. CBJECTIVES

Trhe general objective of the task is to provide improved reliability
in the cables, connectors, and related hardware for the outboard elements
of sonar transducer systems. A specific objective is to complete the
investigation of the use of cable/connector boot clamps to determine
reliability and failure modes.

7.3. PROGRESS

Work on the investigation of the use of cable/connector boot clamps
to determine reliability and failure modes is continuing. The approach
is to determine the effect on life, performance, and reliability of
applying mechanical clamps to the elastomer boot of Portsmouth connectors

I(MIL-C-24231). A summary of the scope, configurations of the 64 test
connectors, and the Accelerated Life Test (ALT) sequence was given in
the preceding STRiP FY80 quarterly report [6].

After 30 weeks of the ALT sequence, four neoprene molded connectors
and 13 polyurethane molded connectors have failed (Table 7.1).
7. . PLANS

An- NRL technical report on shielded and unshielded cable strength
will be published and distributed during the second quarter of FY81.
Also, an interim report will be published on the progress of the EP
invest igation of the use of cable/connector boot clamps. This work will
continue on the remaining part of the task until a significant number of
connector failures occur.
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Table 7.1 - ALT connector failure analysis

CONEzCTOR WEEK
SNU-BER TYPE FAILED ANALYSIS

2 Neoprene I Manufacturing defect

29 Polyurethane I Manufacturing defect
2au
14 Polyurethane 4 Bond failure backshell

24 Polyurethane 8 Cracked during colda

cycle due to handling

13 Polyurethane 9 Bond/molding failure
at cable

32 Polyurethane 11 Bond failure backshell,

molding cracked at cable

' 26 Polyurethane 18 Bond failure cable,
molding cracked at cable

9 Neoprene 21 Cable bond failiire

13 Neoprene 21 Backshell bond failure,

low reading on cable

7 Neoprene 23 Backshell bond failure

3 Polyurethane 22 Backshell bond failure

5 Polyurethane 22 Molding cracked at cable

19. Polyurethane 22 Backshell Lond failure

7 Polyurethane 28 Bond failure at backshell,
MA molding cracked

13 Polyurethane 29 Bond failure at cable and
backshell

28 Polyurethane 29 Bond failure at cable and
2P u h2backshel 

20 Polyurethane 29 Bond failure at cable and
backshell

23
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8. TASK D-1 - ALTERNATIVE MATERIALS: PLASTICS
K. Niemller - 4WSC

8.1. BACKGROUND

Corrosion, cost, and acoustic characteristics are parameters that
must be considered when selecting a material for the design of a sonar
transducer. In the past decade, plastics have decreased in cost and
increased in strength to the point that they are in strong competition
with metals for specific applications. Plastics could be used as a I
design material for sonar transducers in order to lower costs and
lengthen service life if they can withstand the ocean environment. An
additional advantage is that plastics generally are electrically
nonconductive and acoustically transparent.

Specifically, the injection molded thermoplastics are the best
materials for consideration as an alternative assembly m;terial since
they can be molded to close dimensional tolerances and in many
configurations. Metals and electronic connectors can be molded directly
into the plastics thus reducing the number of separable parts and
insuring in-service reliability.

Naval facilities equipped with the proper molding equipment can
fabricate replacement parts for sonar transducers when parts are not in
stock or readily available. This would be extremely helpful when
emergency repair is necessary and the time for normal procurement
procedures is not availabl. In the event that a shortage of material
should occur, thermoplastics can be easily recycled.

Presently there are no general long-term ocean immersion data
available for thermoplastics. It would take many years of testing and
analysis to determine the long-term life expectancy, but there is an
immediate need for information. The only approach for determining this
information in a reduced time period is to perform Accelerated Life
Testing (ALT), but this must be used with caution. When this method is
used, it is always recommended that comparison be made to parts which
have been exposed to the actual environment in question.

8.2. OBJECTIVE

The objective is to evaluate the ability of plastics to withstand
an ocean environment and the reliability of the ALT method for use in
determining long-term material life expectanzy.

8.3. PROGRESS

The approach to the objective has been to perform a two-year -

equivalent ALT on eight types of glass-fillel thermoplastics. The
choices of material have been described in t.e STRIP FY80 Second Quarter
Progress Report. Parallel to this, the same materials will be exposed
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to an ocean environment for two years. Water absorption, volume change,
tensile and shear strength, and sound speed will be measured on all
samples. A comparison of the results of the ALT and the ocean test will
allow a prediction of the life expectancy of these plastics in sonar
applications.

The additional test specimens that were ordered to replace the __

unsatisfactory specimens have been received from the aterial supplier.
All of the specimens have been visually inspected, marked, weighed, and
measured.

The ocean test specimens of the eight plastics were placed in an
ocean environment on 19 November 1980 at the Naval Research Laboratory's
(NRL) Corrosion Testing Laboratory in Key West, FL. Samples withdrawn
after one week of exposure were returned to Naval Weapons Support Center
(NWSC) in Crane, IN, for tests. Samples withdrawn after three weeks of
exposure were tested for sound speed at NRL's Underwater Sound
Reference Detachment (USRD) in Orlando, FL, and then returned to NWSC-
Crane for tensile and shear strength tests. The unsatisfactory test
specimens previously placed in the ocean environment (July 1980) were
removed to avoid confusion in subsequent sample withdrawals. Further
test samples will be withdrawn according to the established timetable.
The laboratory accelerated tests of these same eight materials are well
underway. The large amount of data on mass and dimensional change,
tensile and shear modulus, and sound speed will be reduced and presented
in future STRIP reports.

Information concerning creep measurement procedures, evaluation
techniques, and test fixtures were obtained in a meeting on
20 November 1980 with Dr. W.H. Hartt, Associate Professor of Ocean
Engineering, Florida Atlantic University. The information will be used
in developing procedures for testing creep on these plastics samples.

8.4. PLANS

• Complete ALT in laboratory.

* Continue ocean environment exposure. _

• Evaluate data in detail to determine trends in degradation.

• Prepare procedures for evaluating creep, stress
degradation, and machined plastics degradation.

25
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9. TASK E-1 - STANDARDIZED TEST PROCEDURE

J. Wong - NOSC

9.1. BACKGROUND

It is, at present, not possible to subject a transducer specimen
to a series of environmental stresses over a short time period and
prove, if it passes certain operating parameter tests, that the specimenI is a reliable transducer with a certain minimum expected life in fleet
use. Of course, if we could simply use a set of transducers for the
desired fleet life, we could check the failure rates against acceptable
replacement or repair rates. But the approach here is to accelerate the
environmental stress actions and thereby subject the transducer specimen
to seven years of life cycle stresses in a few weeks or months.

9.2. OBJECTIVE

The objective of this task is to develop a set of standardized
procedures based on environmental stress requirements to accelerate
the aging of transducers.

9.3. PROGRESS

9.3.1. TR-316 Projectors and DT-605 Hydrophones

Composite Unit Accelerated Life Tests (CUALT) on two Ametek/Straza
TR-316 projectors (serials Al and A3) and two Hazeltine Corporation
DT-605 hydrophones (serials Al and AS) continued. The TR-316 projectors
Al and A3 are in the first- and second-year equivalent of CUALT
respectively, and both DT-605 hydrophones (Al and AS) are in the
fourth-year equivalent of CUALT.

The construction of two test tanks for the high temperature thermal
cycling/shock (71 to 200C) exposure (Table 9.2 of the STRIP FY80 Fourth
Quarter Progress Report) was completed in October 1980. One tank is
equipped with a thermostat-controlled heater for raising the temperature
of the fresh water to 7000 and a pump circulates the water within the
tank to maintain a temperature of 700C ±1"C. The second tank contains
fresh water at 240C ±1C and is circulated within the tank to maintain
a near constant temperature. In the high-temperature thermal-shock
cycling, the two TR-316 projectors and the two DT-605 hydrophones were
alternately submerged in the 7000 and 24%0 water for 30 minutes. This
time interval was considered to be sufficient for the transducers to
stabilize in temperature. The time required to transfer the four
transducers from one tank to the other was approximately 15 seconds;
therefore, one cycle took approximately one hour. A total of 30 cycles
were completed for the four transducers. The hot water tank was also -

used for the 60 hours of 700C ±10C fresh water soak exposure.
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The two DT-605 hydrophones; will have completed the fourth-year
equivalent of CUALT after the pressure cycling and pressure dwell
exposures and the end of the equivalent year acoustic evaluation checks
(beam patterns, receive response and input impedance measurements).

The TR-316 projectors (serials Al and A3) will have completed the
second-year equivalent of CUALT after the pressure cycling and pressure
dwell, dry heat and UV exposures, and the acoustic evaluation checks.
Projector serial Al was returned to the CUALT in November 1980 afterI production assembly defects and other damages were corrected (replaced
with five new resonators in the down-beam section and replaced the
ruptured rubber window with a new ice shield in the up-beam section asreported in the STRIP FY80 Third Quarter Progress Report.

Table 9.1 summarizes the present CUALT status of the DT-605 and
TR-316 transducers. The table gives the approximate stress exposure
time, the test and evaluation time, and the total elapsed time to
complete one-year equivalent of CUALT. The idle time is calculated by
subtracting the stress exposure time and the test and eva uation time
from the total elapsed time. The time compression factor for exposure
per year is obtained by dividing the number of days in one year by the
total number of days required for one-year equivalent of CUALT
exposures. This number gives the number of equivalent years of CUALT
exposures in one calendar year. Similarly, the overall time compression
factor when compared with the exposure time compression factor gives an
indication of the efficient use of laboratory test time. The average
overall time compression factor for the first three-years equivalent of
CUALT on the DT-605 transducers is approximately 2.8. Most of the idle
time is waiting time for scheduled stress exposures and acoustical
evaluation checks at the Naval Ocean Systems Center (NOSC) test
facilities.

9.3.2. AN/SQS-56 Transducer

Hazeltine shipped eight AN/SQS-56 transducer elements 'new design)
to NOSC's Lake Pend Oreille Test Facility in December 1980. Te Hazeltine
elements and stave hardwares were designed and built to qualify a second
source for an improved AN/SQS-56 transducer. Electrical and acoustical
tests on these eight elements, which comprise one stave, will begin in
January 1981. Baseline data will be obtained for the stave and each
element in the far field. The stave will be mounted in an AN/SQS-56
array with portions of the old array of Raytheon transducer elements.
This will provide data taken under identical conditions to compare the
new and the old transducers. The data will also be compared with data
from previous tests on Raytheon arrays. It is estimated that 150 to 200
hours of ping time will be accumulated on the array during the
electroacoustic tests. This will provide a burn-in period and reveal any

Kmajor design or manufacturing problems. Additional hours of electricalK drive at desired drive level and duty cycle may be obtained for an
equivalent year of CUALT on the electrical drive exposure.
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The recommended CUALT expbsures by Texas Research ILstitute, Inc.,
based on the service mission profile for the .N/SQS-56 transducer element,
are given in Table 9.2.

9.3.3. Report on FY80 CALT Effort

A preliminary report on the CUALT of the DI-605 hydrophones and
the TR-316 projectors during FY80 is being completed.

9.4. PLANS

*Continue with CUALT on the two Hazeltine DT-605 hydrophones
and complete as many as possible of the seven-year
equivalent CUALT.

Continue with CUALT on the Ametek/Straza TR-316 projectors
(serials Al and A3) and complete as many as possible of
the seven-year equivalent CUALT.

*Initiate CUALT procedure for the new Hazeltine AN/SQS-56
transducers.

• Complete final documentation of FY80 CALT effort.

IN
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Table 9.2 -Recommended CUALT, expsures, and

measurements for AN/SQS-56 transducers

SEQUENCE EXPOSUR!?S

1 Saltwater imme-sion 356 hs azt 700C

2Pressurize to 700 kPa for 1I _

3 Vibration per X1L-STD-167-1. 1 series
4 High drive, 40. duty zycle for 432 hs*

__* 5 Repeat 1-4 for each 'vear of service

MEASURE!;-_S

BASELINE MEASUREMENTS (BEFORE CUALT EXPOSURE)

1. Insulation resistance (white lead/w:..er,
black lead/water

2. Visual examination, photographs
3. Free-field acoustic measurements

(CIPS references)
4.2.3.9. Transmittinf Voltage Response
4.2.4.2. Source Level
4.2.3.1. Input Impedance
4.2.3.10. Open-Circuit Receive Response
4.2.5.1.1. Beam Pattern

AFTER EACH EXPOSUREU

1. Insulation resistance
2. Visual examination (record changes

photographically)IE AFTER 1ST, 2ND, &4TH COMPLIETE "YEAR"**
1. insulation resistanceK2. Visual examination (record changes

photographically)
3. Transmiting voltage responfe or

open-circuit receive respon~e

AFTER THE 7TH COMPLETE "YEAR"

*High drive will be accomplished using Reetbslnamaue!et

dumiload setup in a -31C sal:ware bath to
limit temperature of stack to 53*C.

*NOTE: If significant changes are noted in
crcuitireceivole response or basene
tirnsittrivole response or opseln-

measremntsshould be repeazed.
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10. TASK E-2 - ACCELERATED LIFE TEST VERIFICATION

A. Phi pps, K. AfcClure, and D. Steele- AWSC

10.1. BACKGROUND

Until recently, sonar transducers that were used in the fleet were
fabricated and put into operation with limited life testing. Some units
performed quite well throughout the expected service life while others
exhibited an early high-failure rate. Costs of transducers have increased
dramatically and the life requirements have been increased to fit new over-
haul schedules. These and other factors have mandated verifying the
reliability of units for the entire service life. In order to determine
the reliability of transducers for a given time of service, it was
determined that the approach of Composite Unit Accelerated Life Tests
(CUALT) should be used. This method not only investigates the physical
degradation of the materials used in the transducer assembly, but also the
susceptibility of mechanical or electrical failures. Just as Accelerated
Life Tests (ALT) for materials need to be verified by using specimens that __

have been exposed for the full duration to the environment being evaluated,
this must also be done for CUALT.

In July 1978, a complete array of 48 DT-168B hydrophones was removed
from the USS STONEWALL JACKSON (SSBN-634) and retained intact for post-
service evaluation at the Naval Underwater Systems Center (N3SC) in
New London, CT. This array of hydrophones had undergone extensive
evaluation at NUSC before being installed in the SSBN-634. It was decided
that these hydrophones could be used to verify the acceptability of using
CUALT for hydrophones.

The DT-168B is the passive sensor for the ALN/BQR-2B sonar system.
This set of 48 hydrophones was fabricated by the Naval Weapons Support
Center (NWSC), Crane, IN, in 1972. Three sets of five air-backed
cylindrical ceramics made of lead-zirconate-titanate (PZT-5A) wired in
parallel-series are the main internal electrical components. The ceramics

are protected by a steel cage that is covered by a butyl rubber acoustic
window. The elements are isolated from the cage by rubber grommets.
Shielded DSS-3 cable 38-m-long is used to connect each hydrophone to the
system.

By fabricating ten hydrophone units identical to those in the array
and performing an established CUALT on these units it will be possible to
compare the degradation of these units to the information retrieved from
the post-service hydrophones.

10.2. OBJECTIVE

The objective is to verify the accuracy of the CUALT method by
comparing results with a known real-time life test.
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10.3. PROGRESS

As was stated in the STRIP FY80 Fourth Quarter Progress Report, many
problems were encountered with the first ten replicated DT-168B hydrophones.
After evaluation of the failures in these hydrophones, the decision was
made to build ten new hydrophones for implementation of the CUALT.

After resolving the problems of the first ten units, such as band
and clamp width, improper bonding, leaking ceramics and rod bonding, a new _
set of hydrophones was fabricated. Assembly was started in November 1980 -

and completed the first week of December 1980. Upon completion of
fabrication, production tests such as capacitance and dissipation, null
balance, impedance, dc resistance, and hydrostatic pressure were started. U
Completion date for these tests is 24 December 1980. All ALT equipment
has been assembled.

Qualification tests will be conducted during January 1981 with the
ALT scheduled to begin 18 February 1981. The test procedure and schedule
was described in the last STRIP quarterly progress report [6]. The ALT
will run six cycles and is scheduled for completion by mid-June 1981 at
which time evaluation wilL begin to determine the reliability of the CUALT.
The only foreseeable probLem at this time is the possibility of a
scheduling change due to priority testing in the pressure cycling.

1 Test and evaluate the hydrophones.

* Begin ALT.

• Test and evaluate the hydrophones for degradation of
physical and electrical properties.

• Compare the test data with that of post-service
hydrophones for determination of CUALT reliability
of effectiveness.
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11. TASK F-I - ENGINEERING ANALYSIS: FAILURE MODES DUE TO WATER
P.E. Cassidy - Texas Research Institute, Inc.

11.1. BACKGRON'D

Previous studies have developed some of the techniques of M
calculating the rate of water ingress into a transducer, but more or less
severe assumptions have had to be made for these calculations. In
addition to the assumptions about the rate of %yater ingress, little work
has been done on the effects, or the state of %he ingressed water. The
various failure mechanisms that can be triggere!d by the presence of water
are not well understood and are not quantized.

11.2. OBJECTIVES i

The purpose of this task is to investigate the effects of water
permeating into a transducer; specifically, to determine the effects on z
reliability and performance (not related to corona and arcing). The
immediate objectives are to determine the effect of the rubber membrane
on the permeated water and to measure the electronic changes in a
transducer caused by the presence of internal moisture.

11.3. PROGRESSj

The work is being done in phases which are designed to determine
what happens to water once it gets int3 a transducer and how it affects
the lifetime of the transducer. The first phase will determine the
composition of the permeant - the quantity and type of dissolved solids
which come through with water, whether they are from seawater or
contaminants from the elastomer. The second phase will be to test the

effect of water on the lifetime functions of a transducer. An interimi . report entitled "Failures Due to Water Permeation into Transducers"
(TRI Report 7973-3, 20 Nov 1980) by P.E. Cassidy and D.D. Barrett, has

been published

11.3.1. Phase I - Permeant

Permeation experiments are urderway to determine whether species
are carried through rubber by permeating water and whether these species
originate in the rubber or the water permeant. This should also confirm
whether extraction and permeation processes have the same effects on the

K rubber in question. Two samples have been subjected to salt and fresh
water for 103 days at 60*C and have shown water transmissions of
3.74 and 4.48 g, respectively. These will continue and two More samples
have been started.

After a sufficiently long time. surface analysis of the G-type
neoprene sample will be made.

A literature search conducted has, so far, shoun no data which
MW relate to the penomenon under investigation.
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11.3.2. Phase 2 - Effect of Water Vapor on RH in the Transducer

Two TR-208A transducers which had been opened and fitted for
37! earlier work were equilibrated at 89% relative humidity (R). This high

value of RH was chosen because of the expected drop in RH when
temperature is raised as part of an accelerated aging. They were placed
in a circulating air oven at 70*C.

To monitor degradation, impedance (Z) was measured. However, a

temperature effect was discovered by measuring Z of the test fixture,
i ediately after its removal from the oven and again after one hour at
room temperature, a time at which thermal equilibrium still is not OE

reached. In the hot stage, the device has an impedance lower by about
one-half from that after one hour cooling. Ufortunately, this masks
the effect of the RH on the impedance. Therefore, continuous monitoring

A of the aging elements will not be possible. Instead, they will be aged
for 30 days, and then equilibrated to 200 and the impedance measured.

Another concern was the actual RH when the fixture at 89% RH and
20*C is heated to 70°C. The use of psychrometric tables 'either
ppm/volume or vapor pressure data) predict 6.4% as the RH at 70°C. This

calculation of the change in RH with temperature was invaiidated,
however, by another series of experiments and calculation;. An estimate
was desired of the state of the water which is in the eleient. This work
has shown the relationship between RH and total water content in grams

_l (see columns 1 and 2 in Table 11.1). Next, the internal void (gas)
volume of the TR-208A was required. This was done by two methods:
(1) filling with water and measuring the volume added, and (2) injecting
known amount of gaseous contaminant and measuring the diluted concentration
after equilibration by diffusion. The former, done through a 1-in.-
diameter hold in the side, gave 580 ml. The latter, which used both CO
and C1 tracer gases gave 630 ml. Errors (too low values) may be
introduced in the liquid fill method by trapping of gas pockets. The gas
dilution method may give too high values by the absorption or adsorption
of the tracer gas. Therefore, a volume of 600 ml was used. Again,
psychrometric data show that in 600 ml of air at 20C and 100% RH, the
total weight of water is 0.010 g. From this, the weight of water in air

at any RP is found (RHXO.010, column 3, Table 11.1). In Table 11.1, the
ifference between columns 2 and 3 gives the weight of water adsorbed at

each Mi level (colmn 4) and column 5 is the percent adsorbed.

The startling result is that nearly all the water at any RH is

adsorbed on internal surfaces. This explains the reason for long
dehydration times required, when water is removed from the element by a
dry air purge.

This phenomenon also may contribute to electrical effects in the =

element such as surface conductivity, tracking, etc.
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Table 11.1

STATE OF WATER IN TR-208A

(2)(4 (3) t4)

1 TOTAL WEci;rr I WEIGHT H1,0 WIGT 10 %ZH0 

RH 1 H20 FOUND 1 600 ml AIR (g) I ABSORBED 1 ADSORBED
I USED (g) I 8(RHX00.10) ON SURFACES 1 ON SURFACES

25 0.2085 0.0025 0.2060 98.8
I 5 0.0058 0.36- 98. 1

89 0.5115 I 0.0089 0.5026 98.3

1o0 (0.565) 1 0.010 (0.555) (98.2)
I c

Because of the equilibrium between surface water and vapor when a
TR-208A at 20C and 89% RH is heated to 700 C the adsorbed water will
desorb and contribute to the RR. So actual RH of the element under agingconditions is not knotn, except that it is between 6.4 and 89%.

An interesting verification was mde of the data in Table 11.1 by
back-calculating the amount of water vapor in 600 ml at 100% RH (given as
0.010 g from psychrometric tables). At l00% RH the adsorption was
assumed to be 98.2%. From the previou! work a graphical extrapolation
showed that at 100% RH the total water content would be 0.365 g. This
means that of the total water, 0.555 g will be adsorbed (93.2% X 0.565 g).
Subtraction of the total yields 0.010 g, exactly the value from
psychrometric tables.

The conclusions of theze observations are that:

" Temperature changes probably do not change the
R9 drastically.

- A considerable amount of surface adsorbed water
is available to affect surface electrical effects. M

- All previous estimates of humidity of transducers ;
due to permeation are high because they disregard
the surface acting like a desiccant.

* Desiccants may be more important than previously
realized, if failure is due to surface
conductivity. __
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11.3.3. Phase 2 - Effect of RH on Transducer Performance

r! Acoustic measurements are being made on the modified TR-208
transducers as a function of internal RH. Data shown in Fig. 11.1 for
the open-circuit free-field voltage sensitivity for the same transducer
when dry and at 55% RH. The effects of the water vapor are marked.

However, repeatability with other transducers has not been good.
Improvements in the statistics are expected in the next phase with the
use of DT-308 hydrophones as test vehicles. Modification is in progress

_ on the DT-308 test fixtures to be used in the next phase of this work.
Almost all of the switches and associated hardware has been received for
wiring the elements of these transducers for independent testing.

° -I A) .
-0, _ __ __DRY

00 <\-- RH

ISO

--. 0 2n 3.0 4.0 5.0 6.0 7-0
FREQUENCY IN kHz

Fig. 11.1 - Open-circuit free-field voltage sensitivity of a
modified TR-208 with two different water vapor
contents.

11.4. PLANS

- At the end of 30 days at 700 C the tso TR-208A transducers
will be cooled to ambient and impedance will tn! measured.
The total water content will then be determined by a dry
air purge through magnesium perchlorate desiccant. Tne
PH will be re-established at 55%, impedance measured again,
and the elements will be sent to NRl-USPD Orlando, for
further testing.

Permeation experiments will continue. Any salts

appearing on the rubber surface will be analyzed.
36
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will be completed and effects of water vapor or performance

will continue.
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12. TASK F-2 - ENGINEERING ANALYSIS: CERAMIC STACK JOINTS
C.I. Bohman - NOSC

12.1. BACKGROUND

A severe deterioration in the electroacoustic performance of "_
piezoelectric ceramic stacks that are assembled with epoxy adhesives
has been observed at elevated temperatures that are due to either the
environment or self-heating. Initial investigation has indicated that _

this degradation can be attributed partly, if not wholly, to a softening
of the cement holding the ceramic stack together when high temperatures
are eL ountered.

12.2. OBJECTIVES

The objectives are to identify and qiantify the temperature
-! dependent parameters of cements and ceramic that are used in transducer

fabrications, to develop optimum cement joint configurations and
fabrication techniques, and to develop math models of cement layers for
use in transducer element design that account for the configuration of
the cement joint as well as the temperature dependence of the cement.

12.3. PROGRESS

This is a new task which was generated because of temperature
related problems first discovered while performing high drive tests onI the TR-316 first article projectors [7]. Several units experienced

Mcurrent runaway when they were driven by a constant voltage source. A
detailed examination of the faulty transducers indicated that several of
the individual piezoelectric ceramic resonators were severely overheated.

- Subsequent tests on individual resonators showed a definite degradation of
electroacoustic performance as the surround:.ng temperature was raised.
While there appeared to be several contributing factors to this
phenomenon, two major factors were: insufficient stress on the stress rod,

_ and an increase in the compliance of the cement adhesive at elevated
temperatures.

The "in air" impedance of several TR-316 resonators has been
measured at different temperatures while driving the resonators with a

Vo- 10-V rms frequency sweep. An example of an acceptable impedance family
of curves as a function of temperature is shown in Fig. 12.1. An example
of an unacceptable impedance family of curves as a function of temperature
is shown in Fig. 12.2. As can be seen in Fig. 12.2, the losses become so ___

great as the temperature is increased above 200*F that the resonance and _

-i anti-resonance disappear. This causes the transducer to experience
thermal/current runaway while being driven. As the transducer is being
driven for a long period of time at high voltage the individual elements
begin to beat up because of internal losses. As the elements heat up
the losses become greater and this process accelerates until destruction
of the weakest resonator occurs [8].
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Fig. 12.3 - Makeup of a typical K33 ceramic resonator

A cutaway section of a typical TR-316 resonator illustrated in
Fig. 12.3 shows the use of cement to provide strength and coupling of the
ceramic rings to the electrodes, head, tail washer, mount ring, and to
each other. As the cement heats up it. becomes more compliant and lesseffective in providing strength and coupling to the ceramic stack. One

solution to this problem is to increase the pre-stress on the ceramic
stack while curing the cement; thus forcing more of the cement out of the
joints and increasing the coupling. However, this solution may not be
feasible with all ceramic stacks.

F When measuring the impedance of TR-316 resonators as a function of
temperature for the very first time, it has been observed that after the
resonator has returned to room temperature the anti-resonance peak has
shifted down in frequency as illustrated in Fig. 12.4. This has occurred
with almost all of the resonators tested. This seems to indicate that
some "settling" has occurred within the ceramic stack. Possibly the
cement experiences additional curing during the first temperature cycle.
Subsequent measurements of the "in air" impedance at room temperature
cycles. The resonance peak has not been as predictable; sometimes
shifting down on one resonator, up on another, and perhaps not moving at
all on still another.

40
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Fig. 12.4 Ipedanc: fagnitude vs frequency

It has also been observed th t while driving a resonator in air at
1.0 V rms and at resonance, -:he resonance peak will tend to shift to a
lower frequency. When measuring t ie temperature distribution of the
resonator with an infrared zhermomter under these conditions it was also

noted that the ceramic was warmest next to the nodal mount ring and
coolest next to the head and tail. In other words, the resonator had

heated up a little while being dri-en and the heat distribution was not
uniform across the ceramic. Furtht r investigation is required to
determine whether or not the cemen joint is a major contributer to these
losses.

A temperaLure dependent model of the TR-: 16 resonator has been
completed by using the NOSC "SEADUC ER" computei transducer model program.
This model incorporates temperaturc dependent eramic and cement
parameters at fixed temperatures. Different parameters are entered into
the program for each temperature. The next step to making this model
totally useful is to compile a table of temperature dependent ceramic and
cement parameters. The model is also capable of finding the temperature
dependent parameters by an iteratixe search process if the impedance and
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a few key parameters are known at a specific temperature. This process can
be repeated for any temperature that parameters are required.

12.4. PLANS

• The data base for temperature measurements of stacked
ceramic resonators will be increased by taking additioaal
"in air" impedance measurements of more TR-316 resonators.

• A temperature profile of a TR-316 resonator will be
I measured while the resonator is under high drive and

dumiload conditions. Corresponding impedance
measurements will be made at the different temperatures.

The computer model will be tested by having it estimate

some ceramic and cement parameters from resonator
impedance calculations. These parameters will, in turn,
be used to predict resonator performance.

* Different methods will be investigated to measure ceramic
and cement parameters.

L _
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13. TASK F-3 - RELIABILITY AND LIFE PREDICTION SPECIFICATION

R.L. Smith and D. Barr tt - Texas Research Institute, Inc.

13.1. BACKGROUND

The reliability and life requir sments for wet end sonar equipment
need to be better defined. Present haidbook-style reliability prediction
methods do not account for redundancy. There seems to be no unified
approach to carrying out a prediction of hardware life in the sonar
context. Even to speak of reliability and life as independent concepts
ignores their formal duality in reliability theory. Consistent
improvements in reliability and life definition and prediction are needed
for STRIP objectives to be met. For example, specifying MTBF does not
uniquely determine the reliability in the time frame of particular
interest--the first few years of service. Other factors, such as the
definition of failure, and the use of redundancy in the design dominate
the reliability versus time relationships. Specifying service life in
years does not embrace degradation during storage nor does it uniquely
define wearout reliability.

Reliability is a very strongly statistical concept based on the
behavior of a group of nominally identical items. Reliability itself is
a distributed quantity, i.e., best represented by a normalized distribu-
tion or probability density function. The parameters appearing in relia-
bility models are also distributed. Inferences relating to all such
quantities are based on limited sets of observations which yield only
estimates of the parameters of interest. However, the methods of
statistical inference allow us to make the most definitive statements
possible under the circumstances.

The present approach used by the Navy for wet end sonar equipment
procurements is to s;pecify numerical reliability and life requirements
in the Critical Item Procurement Specification (CIPS) and to ask the
contractor to achieve these objectives through a reliability program
described in attachnent 2 to the contract. Unfortunately, for the
reasons given above, a contractor can fulfill all the requirements as
currently stated and still deliver hardware that performs less than
satisfactorily.

13.2. OBJECTIVES

There are two major wet end sonar reliability objectives:

• Provide the analytical basis for improved

hardware reliability.

• Facilirate hardware improvement by developing
more satisfa0:tory procurement spe:ifications.
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Intermediate subtask objectives in support of the above are:

• Learn how to analyze the superposition of random
and wearout reliabilities.

• Learn how to extract wearcut failure mechanisms
and random failure hazards from an FMEA.

- Learn how to put a time scale on the wearout
failure mechanisms vis-a-vis activation energies,
stress amplitudes, and cycling, etc.

• Learn how to do a life prediction.

- Improve present (random) reliability prediction
methods by correct analysis of redundancy and
definitions of failure.

* Learn how to quperimpose the results of the last
two subtasks above.

- Learn how to handle subjective information
(Bayesian inference).

* Determine how the contractor can achieve the

predicted overall reliability (random and life)
with appropriate co:tractor-managed reliability

achievement programs (critical parts management,
piece-part testing, compatibility studies, QC
inspection, design reviews, etc.).

- Learn how to tell a contractor how to do all of
i the above.

13.3. PROGRESSI This is an analytical reliability task initiated in FY80 under
contract N00024-79-C-6232. Work is being carried out by Texas Research I

B l Institute, Inc. The approach for FY80 was to complete work on

intermediate objectives I and 5 and to document insights relating to
other subtask areas. A comprehensive report, entitled "Reliability and
Service Life Concepts for Sonar Transducer Arplications," detailing this
progress is complete at this writing except for the final editing,
assembly, and distribution functions. An ouzline of the topical contents
was presented in the last STRIP quarterly reiort [6].

I At this point one can perhaps see the forest in spite of the trees U
and try to put the project report in proper perspective. The intended
audience is transducer procurement personnel as well as engineers and
researchers seeking to improve the product systematically. For the
former group, the presentation may be a bit too mathematical for direct
application; however, the nature of the reliability problem seems to
dictate this kind of description. What the report is intended to do in
the procurement setting is to call attention to established methods of
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dealing with reliabiLity and to provide a general framework with respect
to which the efforts of reliability specialists and technical
consultants can be a preciated. For technical personnel, a variety of
reliability topics a:e presented with sufficient rigor to permit use and
extension of the metiods for treating specific areas of interest. This
focus is supported bi extensive reference to literature sources.

In retrospect, one can see that two major approaches to the
reliability iroblem are developed; these may be termed the macroscopic and
the microscopic view:;. The macroscopic description of hardware realiability
begins with a clear definition of exactly what constitutes acceptable
performance. Loss of function is termed failure and often the concept of
defining serviceabil ty is referred to simply as "definition of failure."
A sharp focus on specific failure definition statements lies at the heart
of characterizing any reliability problem. Macroscopically, similar
equipments are constructed and exercised until failures are induced. The
behavior of such a population may then be described in terms of the rate
at which failures occur, the times to failure, or the fraction of the
original units surviving. Formally this kind of cataloging is carried out
by specifying a hazard rate (instantaneous failure rate), time-to-failure
distribution (probability density function), or the reliability (success
probability) function. These three quantities are all functions of time
and are functionally related to each other (any one implies the other tw'o).
The macroscopic measures of reliability are all random variables, meaning
that the results of repeated similar observations are not the same but
distributed and best represented by normalized probability density
functions. In describing such a situation it is common practice to
specify the probability that a quantity of interest will lie in a specified
range. These descriptors are referred to respectively as the confidence
level and confidence limits and are a part of any proper description of
reliability attributes.

Not infrequently, the distributional aspects of reliability state-
ments are suppressed. For example, if one sees 10% of the similar units
in some population failing in one year, one speaks of 90% reliability for
the item involved for that time period. It is important to realize that
the upper and lower confidence limits have been allowed to coalesce to
some single measure of central tendency in this case. Thus the statement

is one associated with a confidence level of essentially 50%. That
is, the true valuc of the quantity of interest is as likely to be above
as below the stated estimate. By how much the two are likely to differ
(a dispersion measure) is not specified at this level of treating the
problem. Generally, in a statistical situation, dispersion is related
to the number of observations made or from which one wishes to draw a
conclusion.

Handbook reliability prediction is a special case of a deterministic
(dispersion not specified), macroscopic reliability evaluation. It is
further specialized in that only the random hazard or exponential
reliabilitv model is applied to all situations. There are cases where it
is appropriate to do this and other circumstances wherein important
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information is suppressed by using this approach. One okjective of the
project report is to put handbook prediction in proper perspective;
another goal is to elucidate and make available alternative methods for
use as appropriate.

The microscopic approach to treating reliability problems is an
outgrowth of the detailed stress/strength overlap interpretation of
reliability. This methodology has been developed in recent years largely
under the deading of probabilistic design. Success is defined as
component, system, etc., strength exceeding applied stress, The terms

"stress" and "strength" are used in a generalized sense here to refer to
all kinds of loading and resistance to loading aspects of the situation;
stresses may be mechanical, electrical, thermal, chemical, etc.
Probabilistic design methods may be applied equally well to distributed -

statis situations--the random hazard case and dynamic situations where
the overlap of stress and strength is time dependent. Infant mortality
and wearout fall into the latter category. The dynamic aspects of
probabilistic design, what this author refers to as the microscopic view
of reliability, represent a particularly appealing way to treat wearout.
Wearout is a systematic loss of strength and, ultimately, function ,
associated with any of a variety of degradation processes such as
oxidation, abrasion, fatigue, diffusion, sputtering, corrosion, etc.
Application of probabilistic design methods to wearout problems allows
one to derive (not simply observe directly in collective situations
but develop indirectly from fundamental process characterizations) the m

associated time-to-failure, reliability, and hazard functions. Not only
is this situation intellectually appealing but it allows a correlation
of cause and effect that facilitates the systematic development of
product upgrading strategies.

13.4. PLANS

*Immediate plans in the reliability field call for revising
and updating the language of CIPS attachement 2 to make
that document a more progressive and useful instrument for
eliciting improved product reliability.

'Follow-on reliability work is also expected to include a
study addressing the expected quality of the handbook
prediction method. This will be an attempt to
characterize the dispersion effects normally overlooked

in handbook modeling.

'The corrosion modeling example discussed in the project
report and the laist STRIP quarterly report 16] is feltI
to provide the basis for a contribution to the open U

literature. This would be a corrosion or other wearout
process study emphasizing the use of probabilistic
design methods to facilitate the indirect experimental
evaluation of physics-of-failure hypotheses.
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• Future work should include the use of analytic methods
for characterizing specific failure modes of sonar
transducers. This approach should be used for shaping
and interpreting coordinated experimental work.
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14. TASK F-4 - FAILURE MODES ANALYSIS AND IMPROVEMENTS FOR TR-122
E.W. Thomas and R.W. TVmwne - NRL-USRD

14. 1. BACKGROUND

The TR-122A/B (BQC-1) transducers are two-way communication
devices installed aboard all US Navy submarines. In addition to the
communication function, there is a built-in homing device for emergency
use. This class of transducer was designed and built by the Dyna-Empire
Corporation and has been in use on US submarines for many years. They
are filled with a solution 6 dimethyl silicone oil, containing 83%

- Dow Corning 550 and 17% Dow Corning 200-10, that se:¢es as an acoustic
coupler between the seawater and the sensing elements of the transducer.
One of the major disadvantages of using silicone oil is that the low
surface tension causes it to creep continuously throughout the servicing
area of the Transducer Repair Facilities (TRF) in the Naval Shipyards
(NSY). This insidious creepage results in a coating of a monomolecular-
thick film of oil on all the exposed areas 3f the transducers, molds,
cables, connectors, and associated hardware, which results in weak and
unacceptable rubber molds and bonds, cement mixes, and elastomer
fabrication.

The 'Naval Sea Systems Command (NAVSEA) requested the STRIP program
to determine the feasibility of replacing diriethyl silicone oil with

- Baker dB-grade castor oil as the fill-fluid on a class-by-class basis.
One class of transducer has already been evaluated and recommended for
filling with castor oil. Since the TR-122 transducer is the last class
being processed through the TRFs that is fill ed with dimethyl silicone
oil, this investigation will terminate the s-licone oil vs castor oil

--evaluation project.

- 14.2. OBJECTIVES

The objectives are to analyze the fail re modes of the TR-122
(BQC-1) and to develop, test, and evaluate ai improved replacement
transducer.

1 4.3. PROGRESS

Fo-zr TR-122 transducers were obtained from the TRFs. Acoustic
measurements were made on the transducers fiist filled with dimethyl
silicone oil and then filled with Baker dB-giade castor oil. The types
of measurements made and their parameters ar( shown in Table 14.1. All
relevant data were compared to the published specifications and any
deviations therefrom were noted.
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Table 14.1 -Types of measurements made
on TR-122 transducers

__ T R AMTR UNITS

DB _ _ _ _ _ _ _ _ _ _/V/

I.Transmitting Voltage Response (TVR) measurements on the transducers
filled with Baker dB-grade castor oil are plotted in Fig. 14.1.A
stiffening effect, noted inq the response of each transducer, resulted in
an upward shift of the resonance frequency of 400 to 800 Hz. This shift

Icauses the specified cardinal points to move out of the acceptable range.
An example of the devastating effects of this can be seep- in the graph of
Fig. 14.1, which shows that all of the transducers fail to meet one or
more of the specifications.
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Figure 14.2 is plotted to show the major differences between the
two coupling fluids. Note that transducers 1, 2, and 4 show the
resonance shift very clearly. The character of transducer 3 has changed
so radically that it has become unreco-nzable.

.n..:;S: r'R : =!t3r'Y k .

40 I

r W4 F 1k.1)

: ~~T-%S-;':,E~q %A 3 TRZ.: %,.:C R M. 4

':2 1 of

Fig. 14.2 - TVR measurements on T.-122 transducers
filled with silicone oil or castor oil

The graph in Fig. 14.3 displays the impact on the TVR due to the
substitution of castor oil for silicone oil. The normalized reference
line at zero represents the silicone oil and the dashed line represents

= the variance imposed by the castor oil. This variance is caused by the
stiffening effect of the castor oil, which results ir the spectrum shift
to the higher frcquencies and the damping effect whi h results in lower
sound levels.

TR1 22- /S tS 4 11 R -- ;=

Fig. !4.3 - Impact on TVIR due to substitution of coupling fluid
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Impedance (Z): Impedance was measured within the bandwidth of
9.3 to 9.9 kHz in the four transducers. Figure 14.4 is Plotted to show

=the Z curves for both the silLone oil and the castor oil. In addition
to the spectrum shift observed in the TVR measurements, note the damping
action exhibited by the castor oil curve.

TRANSDUCER Nt I TRANSDUC:R Nt 2

,ooor

(OHMS) /MS)
100, 0-

91 0 9 95 10
F (Wit) F (kHz)

T I AISOuCER Nt 3 TRANSDUCER N? 4

300.- 200-

ZOO---.-.

(OHMS)...(C..1

9 ') 10 9 91, 40
F ( Hz) F (kH )

-- I..,C OIL

Fig. 14.4 - TR-122A/B (BQC-1) transducer impedance (ohms) vs
frequency (kHz). Th- shaded portions of these
graphs represent the specified acceptable
parameters of the im;,edance.

Directional Rasponse (DR): Dire tional response measurements were
made in the XY plane at 9.6 kHz. A coiiparison of these measurements is
shown in Fig. 14.5. Table 14.2 lists the DR measurements and the
specification. There seems to be no problem in meeting the requirements.
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TRANSDUCER N' I TRANSOUCER N, 2

;--

Z. 0 0*1 IS0 10

TRANSDUCER Nt 3 TRANSOUCER Nt 4
3~0 '3!,3 0. 3

2 oo-Vto
,- " \I / , -v .0. "00'. i__ tI'

"

-so-

CCNFij JILj

Fig. 14.5 - TR-122A/B (BQC-1) transducer- a comparison
of dimethyl silicone o4.1 with castor oil in
the XY plane at 9.6 kI.:

Table 14.2 - Directional response measirements and
specifications on TR-122 -:ransducers

TRANSDUCER SILICONE CASTOR

PARAMETER SPECIFICATION NO. OIL OIL

DR >50' at -3 dB point 1 510 590

2 530 580

3 720 760

4 540 600

Evaluation of Measurements: A detailed analysis of the failures
encountered in this type of transducer whei filled with each type of

coupling fluid is presented in Table 14.3.
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Table 14.3 - Analysis of failures occurring during
measurements on TR-122 transducers

~NO. 01, TRANSDUCERS
-FALLING TO MEET SPECS

SILICONE CASTOR
PARAMETER SPECIFICATION OIL OIL

TVR >140 dR between 9.3 and 11.1 kHz 0 2

Reference
response <-6 dB between 9.2 and 9.6 kHz 0 3
level at <-3 dB between 9.6 and 10.4 kHz 1 3
9.6 kHz

Z >100 2 between 9.3 and 9.9 kHz 3 4<160: between 9.3 and 9.9

DR >50 at -3 dB points 0 0

When filled with silicone oil, one transducer failed in the TVR and
three transducers failed in the Z tests. When filled with castor oil, all
four transducers failed in TVR and Z--there were eight failures in TVR
and four in Z. A summary of the failures; in regard to the individual
transducers is shown in Table J4.4.

Table 14.4 - Summary of 'ailures during
TR-122 trans;ducer measurements

TRANSDUCER NO.

PARVANTER TYPE OF OIL 1 2 3 4

TRSilicone X / / V/

S z Silicone X X / XCastor X X X X

D Silicone / / /

Castor / / / V

SInd cates pass
X Ind:.cates failure
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Based on this data and analysis, " istitution of Baker dB-grade
castor oil for dimethyl silicone oil as the coupling fluid Ln the TR-122
transducer is not recommended. The study also indicates that in addition
to the poor handling characteristics of the coupling fluid, that the
operating characteristics of the transducer were borderline. The transducer
has a poor record of meeting the published specifications.

An alternative transducer may exist in the form of the Model 55
transducer built for the Trident system by Dyna-Empire Corporation. This
transducer appears to be superior in performance and reliability.
Investigation at the factory and the TRFs lead to the conclusion that theinternal components of the new transducer may be installed into a modifiedTR-122A/B case assembly and substituted into the existing fleet.

A review of the Critical Item Product Specification (CIPS) for sonar
communication set AN/BQC-1 for Trident (Model 55) has been conducted. A
comparison of the reported performance of the new transducer (TR-122X) with
the performance of the TR-122 is shown in Figs. 14.6, 14.7, 14.8, and 14.9.
A report on these comparisons was presented to the TRF conference at

- Mare Island Naval Shipyard on 27 October 1980. Kits containing the
necessary piece-parts to modify four existing TR-122 transducers werejpurchased from Dyna-Empire and delivered to the TRF at Mare Island.

TRANSDUCEZ NP I TRANS.UCER Nt 2

STVR i 1 5 15 10 1TVQ 
9 10) F - 0.

F (kHz) 300- 30-

*io I TRANSOU:ER Nt (Hs

TRA.4SVUCER N13 3 1

Tvl / "" " VR 95 , OC-" .... 9l5=

0 10 II6l0 0 <O - 300

6to S)II-

TV R W 81sj Jc O 
t

1IC 9 Sj ; 9 1 1 9 S5 30 9 95 .0
F (IkIH F (kHz) F (I,) F (tikz)

---- TR Q 2 t(- TR122 A/8O
------- TR 22 X

Fig. 14.6 - TVR vs Frequency (kHz). Fib. 14.7 - Impedance (ohms) vs
Note the smooth response Frequency (kHz). The
curve of the TR-122X. impedance of the TR-122X

remains in specification
throughout the entire
operating range.

__- 5 4
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S-170

1 9 _ __ 1
FREQUENCY (kHz)I - TR122 A/8

TR 12X

Fig. 14.8 -Free-field Voltage Sensit:.vity (dB) vs Frequency (kllz).
The FFVS curve of the TR-322X is compared to theI TR- 122A/B.

TRN THE X-ALAE/B9 .

'THEL~ PLANSE T 6i.t

The TRI' at Mare Island will modify the TR-122 transducers in coopera-
tion with NRL-USRD during the second quarter of FY81. Dyna-Empire will
loan four Model 55 transducers to NRL-USRD for ALT.I - __. -____ ________________________55
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15. TASK F-5 - ENGINEERING DOCUMENTATION
R. W. Tine - NRL-USRD

15.1. BACKGROUND

Each of the other program tasks is expected to be fully documented
as an essential part of that particular task. This task will provide an
overview. It will link together the various tasks. It will insure that
the failures as well as the successes will be discussed. The aim is to
help avoid the continued "reinvention-of-the-wheel." All too often in
the past, developments and redesigns that have resulted in successful
hardware have not been documented in terms of why certain materials
and/or construction details are chosen over others. Later, the same
decisions must be remade. Based on the results of this progran,
consideration will be given to procurement via construction specifications
rather than performance specifications. The approach here will be to
determine and document the proper RDT&E of transducers and hydrophones
as required for future acquisition.

15.2. OBJECTIVE

The objective of this task is to provide direction and documentation
of the technology of transducer design and engineering that results from
this program.

15.3. PROGRESS

Elements of various tasks within the STRIP were applied to the
design and development of a hydrophone intended for a 95% probability of
operating for 20 years. Development has been completed and the
hydrophones have been deployed and are in use. A report entitled
"Twenty-Year Life Hydrophones" by A.C. Tims, C.K. Brown, and R.W. Timme
was presented on 16 December 1980 at the Institute of Acoustics
Conference in Birmingham, England, and has been published in the
Proceedings of the Conference: Transducers for Sonar Applications. This
report has been reproduced in its entirety on the following pages.

15.4. PLANS

• Progress report on the entire program.

. Annual review of STRIP on 12 and 13 March 1981.

- 56



NRL Memorandum Report 4418

proceedings of The Institute of Acoustics

TWNTY-YEAR LIFE IYDROPHONES

A. C. Tins, C. K. Brown, R. W. Timme

Naval Research Laboratory, Orlando, Forida

BAC KGROUND

Underwater sound transducers are notorious for their poor reliability. It

is not uncommon for 25% or more of th( transducer elements of a sonar system to

be nonfunctional after 1 or 2 years di e to a variety of causes. The result, of

course, is the increased cost of repair, retrofit, and loss of mission capa-

bility. The argument of this paper i! that poor reliability need not be the

case: transducers, especially hydroplones, can be built with reliability equal :

to space-age equipment.

A particular application has beet chosen to demonstrate that high relia-

bility can be achieved through the ust of reliability modeling, an in-depth

knowledge of transducer design, careftl selection of materials, and good

construction techniques. This approach, although applied to a s-ecific type

hydrophone, should also be important to other designs as well.

The Underwater Tracking Range of the Atlantic =leet 1,;capons Training Faci-

lity, located in deep water off the wcsternshore of St. Croix, has utilized a

short baseline tracking system for accurate three-dimensional tracking of sur-

face and subsurface targets. An extersion to a long baseline tactical tracking

capability required the development of hydrophones with extremely high relia-

bility and long service life because cf the remoteness and inaccessability of

the hydrophones once deployed in deep water.

OBJECTIVES

Thus, the objectives of this hydrophone development were determined by the

requirements of the St. Croix range ani are listed below.

a. A 95% probability that the hydrophzrne will function 20 years deployed on

the ocean bo:tom at a depth of 1803 m.

b. A sensor ele.ient and preamrlifier combination with an output sensitivity of

-140 dB re I V/pPa at 13 k-lz and a bandwidth of 4 kliz to 45 kHz.

c. A preamplifi;r with an output impedance of SOP and capable of driving a

signal throu;:h 20 km of cable.

d. A directivity pattern to discriminate against bottom reflections.
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RELIABILITY ANALYSIS

To develop a reliable hydrophone, the designer must as a first step esrab-

lish failure criteria. The basis for this determination is to be found in the

design objectives. The definitioii of failure for this hydrophone is the de-

crease in OUtp~t sensitivity below -140 dB re 1 V/iuPa at 13 kHz and a 3 d8 re-

duction of sensitivity elsewhere in the bandwidth.

Consideration of* how this failure might occur leads to the second step

which is the develo ment of a 4mple reliability model. Figure 1 is a block

diagram by function of this hydrophone. The sensor element converts sound into

ACOUS3TIC
WJNUOWSENSOR

AND EMETPREAMPLIFIER CABLE
I-IELEMENTN INTERFACE

HOUSING

-iure 17. Simoziified reliabilit y model of the hydrophone
!by j -:c~ional groups

electrical signal and is usually the most important part of the hydrophone from

the acoustical standpoint, but not necessariiy so from the reliability stand-

point. The acoustic window and housing provide protection to the sensor element

and preamplifier from tke sea. the preamplifier conditions the signal from the

sensor element arid provides it to the user via the cable interface. The cable

should not necessar ily be ig-nored because it definitely affects reliability,

however, in this Case, it is defined as outside the area of consideration. It
is muotan tonote tht th. functional groups of Fig. I are in reliability

series, iea failure in any one results in failure of the hydraphone. This

is not to say, however, that te failure, or hazard, rates are equal.

'rje third ntep is to &!termine what the reliability demands mean in terms of

failurc rates. At this stage it Js simplist to assume that inf ant -mortality is

not a factor hccause of burn-in and acceptance testing. It is a so simplist to

assume the hazard rate X is cor.,,tant with time, and the reliabili.y R, or the

nrobabiity of successful operation, is

Vsinthis hydrcphone, th%; revrmn of91thoaiiy f12ea otlifae-
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S0.1 11/0 6hrs 0.lf/l 6 hrs(2

AI < .f/l0%hrs < 0.05f/iO 6hrs

It is important tu realize that the assigm~ent of failure rates in EqC2) is

only an estimate and serves as a guide fo- the design.

HYDROPHONE DEVELOP.MENT
To meet the requirements, the hydrophone sho-wn. in Fig. 2 was developed.

Details of assembi:- and the ,rpasons for design decisio;is will be given below.

9:OT SUP-ORT BAFFLE ELEMTA~OI
ITEAFACC

Fi gure f. Oatawxzy view of he L.0 - Life yrpoe

The acoustic sensor element, shown in Fig. 3, was an area ratio unsymmetri-

cal tonpiltz composed of a longitudinally polarized lead-zirconate-titanate

cylinder, provided with end caps PORTNG

and sealed by 0-rings within :n

aluminum-oxide, pr-icision-borc A

Icylinder. There are two majoi 9

advantages to this design. F~rst,

it takes full advantage of th( PX

high sensitivity given by the g.,
polarization vector of the cc-amic LEADS

by shielding, and thus elimin. A 120 3  CERAMIC O-R!NG

ting, the g-1 component. Atmws- E CLIERSA

pheric gases sealed within theFire3 o'&cenreemn
aluminum oxide housing by the 0-rings represent an extreme impedance mismatch to

the acoustic wave which eliminates entirely the g, 1 component to the sensitivity

Second, the sensi-ivity of the ceramic is effectivel) multiplied by the area

ratio of the end r aps to the ceramic cylinder. The combination of these two

advntaes ieled sesitvit of-180.8 dB re 1 V/pPa, which is quite high

for a small specific volume of ceramic. the metal ez.d caps were bonded with

conductive adhesive to the ends of the ceramic cylinder and served as electrodes,

Electrical leads were connected to the end cans with screws and insured with
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conductive adhesive. The leads were soldered at their opposite ends to

glass-to-metal feed-throughs into the preamp compartment. The aluminum oxide

housing with end caps and 0-rings and the glass-to-metal feed-throughs were

proof-tested to 135 MTa. Thus, the maximum operating pressure allowed a safety

factor oi 7.5. Relabilly was further increased by encapsulating the ceramic

- sensor in a castor-oil compatible acoustically transparent polyurethane. This

greatly reduced the possibility of oil leaking into the aluminum oxide housing

and increased the physical integrity of the housing-ceramic cylinder-end cap

assembly.

Behind the sensor element was mounted an acoustic baffle of machinable

glass which, together with the conical housing, gave the hydrophone the desired

cardioid directivity pattern in the forward direction.

The acoustic window, as shown in Fig. 2, consisted of inner and outer boots

made of butyl rubber and each sealed to the hydrophone housing with double

0-rings. The major reason for the choice of butyl was its low water vapor per-

meability, because water and water vapor are responsible for most failures in

underwater transducers. The water permeability of most butyl compounds is 95

to 98% less than natural rubber, neoprene, polyurethane, Hypalon, or styrene

rubbers. Butyl rubber is easy to mold, and bonds readily to metal parts pro-

perly prepared with the correct primers. The inner boot was molded of butyl

compound 3252, and the outer boot of but3 )pound 70821. The major difference

in the two is that the latter is an electrical grade. The ingredients and phy-

sical characteristics ofboth of these elastomers are given by Capps [I]. Butyl I
does not have a good pc matca to water, but if the wall section of the boot is

uniform and small compared t) the acoustic wavelength, it can be used success-

fully at frequencies below 100 kHz. Both boots were filled with castor oil.

The salient characteristics o)f castor oil are high volume resistivity, close

acoustic impedance match witn seawater, compatibility with elastomers and other

components and chemical stability. It is viscous and difficult to degas Wut

this is a smail problem for -xprienced technicians with proper vacuum systems.

The hydrophone could hav-: been made with the senso.- assembly encapsulated

which eliminates the use of fill fluid. But, for many encapsulants there are

no general long-term immersivn data available. Where data are available, many

have a high rate of water va.ur permeability; some are prone to bond failure;

others leach their plasticiztrs and become stiff or brittle. Since high re-

liability was the objective, the proven characteristic of a d-grade castor oil

fluid filled systmN offered much less risk than an encapsulated system.

A low-noiSe preamnlifier with 40.8 dB gai was designed to fit inside a

nitrogen qas sii.Pd, sealed compartment within the hydrophone housing. To meet
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the requirements for high reliab:.lity, the preamp was redundant, consisting of

identical channels A and B, as shown in simplified form in Fig. 4. However,
CRA

PRE AMP A - R A I V LATCHING
'F' ,- iI RELAY\

i I  U!RB L IRELAY A

L4- ;
PREAMP B CB

Fiau.-e 4. Dal-c.?Rnel ,;reazM7;;-. er design for high reliability.

only one channel is powered at any time with the selection made by the operator

via a latching relay. DC power 7o the preamp and latching relay and ac output

signal from the preamp share the common coaxial cable. The position of the

latching relay is determined y -he relay control network. This network is

unenergized as long as the cable voltag is positive, which is the normal sit-

uation. In this case, the latching rely remains in its previously set state.

To change preamp channels, the user activates the relay control network by

momentarily applying a negative dc voltige. Wien the positive dc voltage is

..aiiied, the relay control network to;gles vie latching relay to its alternate

position. The negative voltage has no effect 3n the preamp however. More de-

tails of this switching circuit can be found ir a patent application [2]. Other

features of the prezip included diode sditch F-otection to the input .-ET from

high voltage pulses or charge buildups from tte ceramic sensor and to the preamp

output from high voltage transients including lightning surges Lo !0n A.
The M'Hitari S r.dzaion Har h=dok 213, ei-bi Zit-1 Predi-t- e o z~.C-

onia i,.ent was used as a guide in the pramp design. Triee and proven

circuits with a minimum of parts, (,erating unler minimal electrical stiess, and

qualified by adherence to military specificati rns to the highest levels of

established reliability were used in the desig In addition a preamp burn-in
at J25°C for 160 hors was conducted to eliminate infant mortality.

The ca. e interface shown in Fig. 2 accepted a marrison cable seal. The

sea:, named arter ts desiner, is a multilevel coaxial submarine cab.e sea!.

i: has double 1-r"ii-s at the in-turace -and is designed to sea.l a coaxial sub-

_rtne cable o , years at derths to 2.1 k-. (tested to 42 MPa). This seal

assezmblv has been iz service in the a.: for 10 years with excellent success.
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RELIABILITY PREDICTION

The simple reliability model of Fig. I was'expanded to the model shown in

Fig. 5 during the design phase of the hydrophone. The increase in reliability

provided by the redundancy of dual 0-rings, dual boots, and dual-prearnps asI

shown in Fig. 2 over the reliabilityv of the individual components cans be seen

with the model. Conce 'he fa-cil-ure rate A of each component is known the relia-

bility of that compzoncrt can be calculated from Eq(l). The reliabilitty of the

composite can then b: calculated with Eq(3) for series components and Eq(4) for

parallel componen~ts. Failure rates of transducer co;.qronents are generally

not constant. with time as are electronic components. However, it is customary

to treat them as constants because of a lack of data. This was done here.

Failure rates were assigned to each component as shown in Fig. 5 and were based

on records and eXnerience at NRL and refere'ces [3-4], failure rates d'epend

upon the material, the envirornent, and the application.

Equations (1), (31, and (4) and the failure rates shown in parentheses in

Fig. S were used to calculate the rlaityand composite failure rate of a ch

of the hydrophone functional groups for a li±e expe tance of 20 years.

R .981 X 0).1.0 f!1 0 hrS -

.994 A 6Cf.036 (5s

k ass=mption of a constant hazard rate. No coisiderat oil has been given to wear-
out failure. In this hycrrophone, the houising and ou;er boot, which are exposed _

to seawater, ,Ire lily to e:iccunter wearout first. In recognition of this the

nousing is made of camum vlatei steel which hAas a tiell!-documented corrosion

rate of 0.0 ;n per year. Wearoit from this mode wouald take about :00 years. O

The outer b oot - un z r -o c-s a very~ slow chenical reaction with sa awater but the
choice of thut)-r ct:sures a wearo'ir life well in excessi of 20 years. Thompson

[]hs showna th'~~e chlrobityl used here will gain only. alout 3% in weight,
about 1^I in :,w. - ai.- about iO shore hardness point,; after 2;, year; contactI
with sea-ater. :1)'Yure~thrv potting or boot would be quite 7xnother matter.

got4 Tho..enson * a Sa'newith [4] have shown that cartain polyuret -=ans willI 62
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wearout by cracki-g or complete disintegration in 5 years or less. The inner

boot and other internal components have been chosen because of demonstrated

compatibility with the castor oil fill fluid. Since there is no pressure or

temperature cycling or handling once deployed, no additional stresses are placed
upon the hydropho.e so we-rout within 20 years is not a problem.

!In advantage f the reliability model in Fig. 5 is that it shows the value

of redursdancy. if the hydrophone had been designed with only one boot, single

0-rings, and one preamp, the model would consist only of components 1-1, 1-2,

1-5, 1-6, iI 1-7, II1-i, 111-2, II-4, and IV-1. The prediction of reliable

operation for 20 years ould be about 9%. Placing a hose clanp over the boot-

metal bond can increase the reliability of 20 year life from 9% to 50%. The

addition of double 0-rings further increases the reliability to 70%. The double

butvl boot construction increases it yet further to 85% and the redundant preasp

brings the reliabilitj to the goal. Of course, it is not surlrising that the
reliability can be improved by reinforcing the weak points, but the reliability
model shows very clearly where attention should be placed in hat order.

SUMVARY

A hydrophone has been developed with a predicted probability of 95% for a

lifetime of 20 years. But, what assurance is there that this is more than an

exercise with numbers?

An array of 24 of th'ese nydrophones has been dep i6yed for one year. Another

array of 8 hydrophones that are identical except they have only one prealp chan-

nel each h.-s bcen deployed for four years. No failures have occurred. However,

the same reliability numbers discusse- above predict there is only one chance in

four that any failures would have occurred in that population during this time.

So, while it is still too soo, to be conclusive, there is reason for optimism

that a twenty-year life kdrophone has been developed.
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Civil Engineering Laboratory SEA63X5-4, T.G. Martin
Naval Construction Battalion Center SEA63X5-5, B.E. MeTaggart
Port Hueneme, CA 93043
ATTN: Code L43, J.V. Wilson Commaqnding Officer

Naval Underwater Systems Center
Commander New London Laboratory
David W. Taylor Naval Ship Research New London, CT 06320

and Development Center ATTN: Code 313, Dr. R. Radlinski A?
Bethesda, MD 20084 Code 316, Dr. C.H. Sherman
ATTN: Code 194, F. Schloss Code 316, T.J. Mapes I

Code 316, R. DeAngelis

Commander Code 316, R. Vogelsong
Code 316, C.L. LeBlancNaval Electronics Systems Command Code 316 J.F. Ler-

Washington, DC 20360 Code 342, T. ziCode 342, T. Suzi *
ATTN: Code 320, Dr. J.A. Snsky Code 344 F. Orr

Code 3232, G. Connolly
Commander Code 3233, J. Gagne
Naval Ocean Systems Center Code 4111, C.A. Tulloh
271 Catalina Blvd
San Diego, CA 92152
ATTN: Code 712, D.L. Carson

Code 712, Dr. G. Kinnison
Code 713, Dr. J. Lockwood
Code 7123, C.I. Bohman
Code 7123, J. Wong

66

( TI



N%L Memorandum Report 4418

Superintendent Admiralty Marine Technology
Underwater Sound Reference Det. Establishment
Naval Research Laboratory Holton Heath
P.O. Box 8337 Poole, Dorsett, England
Orlando, FL 32856 ATTN: Mr. B.H. Nicholls
ATTN: Code 5900

Code 590 sAnalysis & Technology, Inc.
Code 5970
Code 5975 (4 cys) P.O. Box 769

Code 5977 (4 cys) New London, CT 06320
Code 5978 ATTN: G.R. Sefcik

Code 5980
Ametek Straza

Commanding Officer 790 Greenfield! El Cajon, CA 92022
Naval Weapons Support Center El C n CA922
Crane, IN 47522 ATTN: H. Lewis
ATTN: Code 70553, D.J. Steele E. Barnes

Code 70553, K. Niemiller R. Simmons
Code 70553, C. Olds

Bendix Electrodynamics
15825 Roxford Street

Ships Parts Control CenterP.O.Box 020Sylmar, CA 91342
P.O. Box 2020
Mechanicsburg, PA 17055
ATTN: Code 3821, R. Carr

Bolt, Beranek & Newman, Inc.
Transducer Repair Facility 50 Moulton Street

Mare Island Naval Shipyard Cambridge, MA 02138ValljoCA 9592ATTN: Mr. N. Higbie
Vallejo, CA 94592
ATTN: Code 270.301, Tow Yee

F. Peglow Dyna-Empire, Inc.
1075 Stewart Avenue

Transducer Repair Facility Garden City, LI, NY 11530
ATTN- A. Backran

Pearl Harbor Naval Shipyard A. Faeiden
Pearl Harbor, HI 96860
ATTN: Code 270.3, R. Shigeta

Edo Corporation

A 14-04 111th StreetTransducer Repair Facility (oll t, NYr 135

Portsmouth laval Shipyard Wl StauNbergLTTN: W. Straufenberg
Portsmouth, NH 03804
ATTN: Code 216.11, A. Theirrien

Code 967.73, W.W. Lovell (eneral Electric

P.O. Box 4840

Actran Electroacoustics, Inc. Syracuse, NY 13221
1012 Maltby Avenye ATTN: J. Dietz
Orlando, FL 32803
ATTN: C. Sims
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N -General Dynamics Potomac Research
Electric Boat Division 1600 N. Beauregard Street
Groton, CT 06340 Alexandria, VA 22311
ATTN: E.C. Hobaica ATTN: P.B. Watson

R.F. Haworth

Raytheon Co.
General Instrument Corporation Submarine Signal Division

! Government Systems Division P.O. Box 360
- 33 Southwest Industrial Park Portsmouth, RI 02871

Westwood, MA 02090 ATTN: N. Serotta, K33 Transducer
ATTN: D. White Program Manager

A. Poturnicki D. Ricketts, Consultant,
Design Engr Laboratory

Gould, Inc. N. Relyea, Manager,
Ocean Systems Division Transducer Dept

18901 Euclid Avenue
Cleveland, OH 44117 Sperry Rand Corporation
ATTN: M.R. Collins Sperry Gyroscope Division

Marcus avenue
Hazeltine Corporation Great Neck, NY 11020115 Baystate rive ATTN: M/S D-18, G. Rand

Braintree, MA 02184ATTN: G.W. Renner Texas Research Institute, Inc.

- 5902 West Bee Caves Road

Honeywell, Inc. Austin, TX 78746

Marine Systems Center ATTN: Dr. J.S. Thornton (2 cys)

K 5303 Shilshole Avenue, NW
W Seattle, WA 98107 TRACOR, Inc.

ATTN: C. Sheets Systems Technology Division
W.S. Evans 1601 Research Blvd

Rockville, MD 20850
Magnavox Co. ATTN: P.D. Flannery

1313 Production Road J. GuCrn
Ft Wayne, IN 46808
ATTN: D. Kulpa W

TRW, -nc.

M, Inc. One Space Park

1335 Rockville Pike Redondo Beach, CA 90278I Rockville, MD 20852 ATTN: A. Samsonov, Head, Engineering

ATTN: Dr. W. Cramer Applications Section

Plessey Company Limited T1, Inc.

Plessey Marine Research Unit 7600 Colshire Drive

Templecombe, Somerset, England ATTN: J1. Mahler
ATTN: W. Craster
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Westinghouse Electric Corporation

P.O. Box 1488
Annapolis, MD 21404
ATTN: M/S 9R40, C.R. Wilson

Georgia Institute of Technology
Electromagnetic Capability Division

Electronics & Computer Systems1K Atlanta, GA 30332
ATTN: Dr. H.W. Denny

University of Washington
Applied Physics Laboratory

1013 NE 40th

Seattle, WA 98105
ATTN: Dr. C.J. Sandwith

University of Utah
Department of Civil Engineering
Salt Lake City, UT 84112
ATTN: Dr. B. Hufferd

Defense Equipment Center
British Defense Staff
British Embassy
Washington, DC 20008

ATTn; Derek Palmer,
Materials Officer

Dr. Gordon E. Martin
2627 Burgener Blvd
San Diego, CA 92210
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