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ABSTRACT ”

A low-frequency, undervater scund trensducer mcdel was developed
which utilized e liquid-filled, acocustic phase-shift network to obiain e
unidirectional (cardioid) directivity response over a prescribed frequency

range.

A number of analyticel relationships between certein physical
paremeters of the device, its enviromnment, and the acoustic phase shift
network were studied to determine Jjust how they should interact for the
transducer to function as specified. A search was directed at finding
and choosing an incrt fluid (in this case a Dow Corning '200', 200 L
centistoke, silicone oil) which would satisfy the required acoustic o
phase-shift network paremeters and also be reletively insensitive to = :
change in pressure (hence depth) and temperature. A study of the
transducer design was carried out and a trilaminar, plezoceramic pressure-
gradient element was selected in the final design of the model.

When the completed transducer wmodel was configured as specified, a
unidirectional (cardioid) response was achieved consistently between
LOOO Hz and 6000 Hz, Front-to-back discriminations renging between
15 4B end 22 dB vere recorded over the upper half of the frequency range
(5000 Hz to 6000 Hz), while 10 dB to 15 dB discriminations were recorded
ovar the lower half (U000 Hz to S000 Hz) of the frequency range. In
adaition, a nominelly flat free-field voltege response (M,) of -85 4B
+ 2 dB reference 1 V/ubar was achieved over the frequency range of

Y000 Hz to 6000 Hz.
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CHAPTER I

INTRODUCT ION

1.1 Ceneral Discussion

Several methods exist by which combinations ¢f pressure and
pressure gradient air microphones have been employed to provide a
unidirectional, (cardioid) directivity response at low frequencies.
The invention of the ribbon (pressure gradient) microphone by Olsonl
undoubtedly provided the necessary breakthrough for the creation of
one versicn of this type of unidirectional air microphone.a’5 This
earliest version combined the cutput of a pressure gradient microphone
(in this case, & ribbon, freely accessible to the sound field on both
sides) with a pressure microphone (another ribbon open to the sound
field on the front side and terminated on the back side by a damped
pipe).

The directional response of the pressure gradient element can
be expressed by R = ¢osé (bidirectional) ~nd that of the pressure
element by R = 1 (omnidirectional), ¢ vei;.3 the angle of incidence.
Since the two lobes of the presswe gradient hydrophone have exactly
opposite phases, the result of adding the ocutput of the pressure
element to that of the pressure gradient element is to Just cancel
the output in one direction on the axis and double it in the other
with intermediate values in between. Hence, the resulting response

is R = (1 + cos68). The same principle was used by Bauerh to obtain
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& unidirectional response, except that he combined the output of a
pietoelectric pressure gradient microphone with a piegzoelectric
pressure microphone to accamplish the task.

However, in 1938, Bluer5’6‘7 formulated an entirely different
method to accamplish the same unidirectional cbjective. He used a
single pressure gradient microphone with an "acoustic phase -8hift
netvork" to obtain the unidirectional response. A number of basic
acoustic relations evolved from this work. That is, interrelation-
ships between a number of acoustic impedance parameters and operating
medium parameters, which are necessary to achieve the required phase
shift, were derived. These relations are fairly easily satisfied
for the air microphcne. However, the task is not as readily
acccmplished for a device that must operate in a liquid (water)
medium since this medium imposes entirely different physical

constants and constraints.

1.2 Specific Definition of the Problem

The specific objective of this investigstion is to develop
& low frequency, underwater transducer model which wlll achieve the
desired relationships with a unidirectional, (cardioid) pressure
gradient transducer. Since the model is to be utilized in an
undervater environment, it should be, over a required frequency
range, insensitive to a change in depth and insensitive to a change
in temperature. Therefore, a liquid-filled, acoustic phase-shifted,

trilaminar pressure gradient element system will be studied to

el ) el 1 e
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determine if it can meet the requirements: A model of the device,
after all analytical and design work has been completed, will be

constructed to demonstrate the feasibility of the idea.

1.3 Glossary of Termse

A linear delay network coefficient

B linear delay network coefficient

Ca acoustic compliance - cm5/dyne

¢ velocity of sound in fresh water - cm/sec

<, velocity of sound in fluid - cm/sec

d frant to back distance - om

by frequency - Hz

16 current out of linear delay network - amperes

4 slot length (parallel to the dire~tion of fluid motion)

- cm

MA acoustic inertance - grems/cmh

M, free field voltage resporse - dB reference 1 V/ubar
radi~tion mass - grams

m

CONE naes rear cone - grams

N linear delay network

P acoustic pressure - dynes/cm2

R directional polar response

RA acoustic resistance - dynes-sec/cm5
R, radiation resistance - grams/sec

2
S effective radir' ing area - cm”

st Ut sdld HEBINRLT Bl
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slot thickness - cm
volume velocity - cn’ /sec
3

volume of the rear cavity - cm

slot width (perpendicular to the direction of fluid
motion) -~ cm

acoustic outjut of the thecretical model

acoustic ocutput of the theoretical model

acoustic impedance - dyne-sec/cms

adisbatic bulk modulus of the working fluid - dyne/cme
angle of incidence - degrees

wavelength of sound - cm

dynamic viscosity of the fluid - dyne -sec/cm2
density of fluid - sra».ms/cm3 7

phase angle - radians

radial freguency - radians/sec
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THECRETICAL CORSIDERATIONS

2.1 Development of & Theoretical Model

The following portion of this investigation was primarily
aimed at putting together a camplete and concise theoretical model
fram which a practical design of a single unit, pressure gradient,
unidirecticnal, underwater sound transducer could be obtained.

Consider, as a first step in the development of the model,
a device or a mechanism as presented in Pigure 2.1. Allov the
vhole device enclosed within the dashed line to be irradiated by
plane sound waves, incident at any angle &, varying from 0° to
$+180°. et acoustic responsive elements be fixed at x and x',
and, further, let them be displaced from each other by the distance
d. The outputs of the acoustic elements Xe and Xé, which are a
result of the sound wave radiation, are then transferred to the
linear delay network N. The current ie, which is the output of
the delay network, will then flow through an output impedance Z.

Recalling that the network is linear, it can be seen that

ie e Axe

-BXé ’ (2.1)
1 = A(X, - 2x) (2.2)
P e "k %Xe)

vwhere A and B are the linear network coefficients which involve ;
the elements of the linear delay network. Now, the current

through the cutput impedance Z for sound arriving from the rear




; 6
of the device must be equal to zerc if a unidirectiocnal cardiold
L 8 response is to be achieved. That is,
% igge =0 - (2.3)
] Theraefore, applying this condition to Equation (2.2) yields
L1500 = Alggge - 2Xigg =0 !
: B, ;}99_‘ . (2.4)
180°
Equation (2.4) now establishes the relationship required between
F “the linear delay network elements if a unidirectional, polar :
response 18 to be obtained by the device.
_ . Returning now to Figure 2.1, it cen be seen that X, leads |
t Xé by the phase angle ¢. That is
]
; ' Xg = Xé eJ® _J
Now,
?_ . %
; 2 A’
! o :
P = 2—?- = M = (?)cose ) (2.5) !‘
_ since y = d cosé.
Therefore,
Xg = xgel® = xppl(@d/clcosd (2.6)
i
-
¢

S vy

r——- =~ -
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Substituting Equation (2.6) into Equation (2.4) yields

' 'J (Oﬁ/c)
Xj800 © . o-dluwd/e)

X' 180°

B,
i

since coslf0? = 1.

Ncw, inserting Equaticn (2.7) into Tquation /2.P)

. _ ' 'J (“ﬂ/c )
i, = AlXg - X e | B

and substituting the value of X, (Equation (2.6)) leaves

1 = Axé[ej(wd/c)cose- e-J(wd/c)]

= AXé[cos[(wd/c) cosd) + J sin{(wd/c) cos€) - cos(ad/n) + § sin(ud/r))

after expending the exponentials into their respective cosire snd

sine terms.

If the value cf the arguwaent is required to be small, that is,

if wdjc << 1. then the following simplifications can be m~de, nsmely,

cosl (uwd/c) cos6) =1
sinf (wd/c) cos8) ~{ud/c) cosb
cosludsc) -1
sinfad;c) —{wd;c)
and
1= AXg (01} + §Ttad/c) costle (1) 4+ jiad)o
= AX} J0(wdycY cosd + Tudjc)]
or

ig = JAK, (od;e) {1 v cos@)

V)

i
|
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The above expression holds reasonably well if 4 < A at the highest

frequancy of desired operation. That is,

gnaﬁna—%nnz—u<l
¢ A A n

?
vhere n~: 3.

Nov, if the absolute magnitudes of X and X! are not affected

6 (2

by diffrection, which means that the overall size of the device
should be small when compared to a wavelength, then according to
Equation (2.8) the device will produce a unidirectional, cardioid
response.

Consider as the next step in the development of the theoreti-
cal model, a delay network, and not necessarily electrical, which
must be capable of satisfying Equation (2.4). Figure 2.2a depicts
& cross-sectional view of a hypothetical device, which, if examined
¢losely, is identical to the mechanism described by Figure 2.1.

The device is constructed of a twvo-part housing with a pressure
gradient transducing element mounted on the center line. A cavity
and a series of narrow slots are provided in the massive rear cover
of the device. The slots are sealed off from the surrounding medium
by a very thil necprene acoustic window, vhich positively contains
the "working fluid" (air, wvater, oil, etc.) in the rear cavity.

Thes dimensions of the unit are chosen to give same predetermined
front to back distance d, with d being < A to satisfy the condition
of ad/c << 1. In addition, the acoustic pressures P, P,, and PB’
vwhich are approximately equal in magnitude but different in phase,

act on the device as shown.

mewumwlmmumn T R
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FLUID FILLED CAVITY
¢ (Zy)
NARROW SLOT 1
(2,) :
PRESSURE GRADIENT D\
TRANSOUCING ELEMENT . THIN NEOPRENE
. (20} ——qJ @ WINDOW

- {o) NARROW SLOT
(Zg)

HOUSING-2 PARTS

ot

ST

>
N
o
>
welishind o

Rz M2
l Zs /' " P2 :

Figure 2.2. Analogous Acoustic Circuit of the Model
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]
- Figure 2.20 is the effective analogous acoustic circuit for
= the device®’d vith Figure 2.2¢ defining the circuit in a little more 1
detail, utilizing the definitions of the acoustical components as | ]
LT defined in Twble I. (Note: all impedances used in the text from '
N this point ca Will be mcoustical iapedances. The scoustic subscript
g E
3 'A' will be dropped frcm all symbols for simplicity.) : 1
e | i
£ Referring to Figure 2.2b, the following network equations are i
J obtained: - 3
s P, - (2, + 2.’) + Uply = 0 (2.9) _ :
-‘.2(':3 + z.,‘,) -B ¢+ “J.z} =0 . {2.10) 1 |
. Rearranging Equation (2.9) g
. o = Wy /Zy -uy + R/, ' ¥
and substituting into Equation (2.10)
%% P
1
uz +P -ulz} -uz.2+-?--P2-O
o 1
i
ul[Zl(l + 2.2/23) + z2] = (1 + za/z:’) P - B
Fipally, E
SLTALA )
5
i
‘;* -
|
:
!
S o - - — e o




After comparing Equation (2.11) with EQuation (2.1), and
remembering that the conventicnal electroacoustical analogy can be
used, 1l.e., voltages und currents are analogous to acoustic pressures
and volume velocities respactively (see Table I), it can be seen
that A (the linear network coefficient of Equation (2.1)] 1s
equivalent to the coefficient of Pl divided by the denminator in
Equation (2.11), snd B (the second metvork coefficient) is egquivalent

to unity divided by the dencminator. That is,

. (1+2,/2,) (2.12)
zll+zezj 4»22 !

]

sdiass colenslld it oo

and
B = S (2.13)

Furthermore,

(1 +2,/2,) (R, + JaM,) :

%. ___ia__.L -l + -—?-fy-jaﬁ:‘a— =]l + Ja)C)Rz + Jaq)ec}ua , (2olh) ;

et

$- @ -aedy) ¢ s(acR) :

j vhere 2, = R, + juM, and Z, = 1/jaC,. If ve set

.

c

M, = .%Rﬁ , (2.15)

; ?
| |
- e o i
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then

a2 ER
$-1- (_g—) + J@G,R,) - (2.16)

Realizning that the real texrms on the right of Equation (2.16) are
tbhe first tvo terms of the Maclaurin series expansion of & cosine
function, and that the imaginary term is the first term of the
Maclaurin series expansion of & sine function, allovs Equation (2.16)

to be written

%-conmcsﬂa+aainoc3&2

%. oJoCsRy - (2.17)

Therefore, equating Equation (2.7) and Equaticn (2.17) gives

% u o (@d/c)_ (JolsRy

%- c}xa2 . (2.18)
Equations (2.15) and (2.18) determine the interaction which
must exist between the acoustic phase shift netvork, wvhich is now
geen to be composed of impedances 22 and 2., and between certain
physical parameters of the device vhich are 4, the front to back
distance and ¢, the velocity of sound in the surrounding medium,
if the device is to function as a unidirectional (cardioid)

transducer.
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CHAPTER III

i
Mol

INVESTIGATION

E 3.1 Acocustic FPhase-Shift Network Requirements
The bvasic configuration and acoustic circuit of Figure 2.2
were initially employed to investigate the interrelationships which

| must exist between the acoustic phase-shift netvork elements and

} certain physical parameters of the device.

As has been shown, the phase-shift portion of the circuit
| consists of the acoustic impedances 2? and Z) The impedance zl
is attributed to the transducing element and to the transducer
radiation impedance components, Rr and Mr The volume of the rear
cavity, coupled with the enclosed "working fluid" (which may be
] air, wvater, oil, etc.) combine to provide the value of 2310 That

is,
Z, = JTDC_D (3.1)
where

C3 = ;— (acoustic compliance - cmi/dyne) . (3.2)
f

) The narrow slots in the rear enclosure provide the acoustic
impedance Ze The acoustic impedance of a narrow slotlo is given

by <

g Z, =R, + M, (3:3)

T s 4
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where
murl
Ry = , (3.4)
W
691,4
LRl (3.5)
R, = scoustic resistance - Qyne-sec/cm§ s
and
= M, = acoustic inertance - p/cm“ .
- However, limitations on the slot thickness® (vhich varies
. inversely as the square root of the frequency) are placed on the
impedance expressions as defined by Equations (3.4) and (5.5).
The values of the expreesions hold reasonably well for slots that
are kept relatively narrow. That is,
T —1)- (3.6)

~ frequency

3.1.1 Warking Fluid. The device under investigation in
this study was to be designed for an underwater applicatica.
Attewpts to satisfy the basic relationships [Equatioms (2.15),
(2.18), and (3.2)] for an underwvater device presented problems
vhich do not normally exist in an air enviromment. For example,
selecting air as the network working fluid (as is done in
microphone work) required the volume of the rear cavity and,

therefare, d to be impractically large in order to satisfy the
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pbage-shift network parameters. The campliance of an air~filled

- cavity would also deviate drastically with changes in the
hydrostatic pressure. Hence, the acoustic impedance z5 created by
the cavity and the air would be derin sensitive. Past experiences
have also proven that air gressure compenseating aystems, which
theoretically could be used to maintain a constant pressure, turn
out to be bulky and, for the most part, uureliable. In additiom,
all of the acoustic circuit relationships could not be satisfied
due to the inherent lov value of ur, the dynamic viscosity of air.

When consideration was given to using weter as the working

fluid (to free-flood the rear cavity) only the problem of the depth-
sensitive campliance was eliminated. The acoustic network
incompatibilities still remained. In other words, water would not

- provide the proper phase shift. A complete literature search vas
then initiated to try to uncover a material, preferably a liquid,
which vould possess the physical characteristics that would satisfy

the three basic phase-shift network equations,

R, (2.18)

.. 219

v
c} = Ef- ’ (5'2)

- and vhich would also provide a reasonably small overall size of

the device.
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A Dow-Corning 200 (200 centistoke) silicone oil with the

physical characteristics listed in Table II was found to completely

£
£
|5

- satisfy the acoustic phase-shift network reaquirements. The

requirements were determined in the following manner:

46 A

The numerical values of Rz and ME were cbtaincd by evaluating
Euations (3.4) and (3.5), which are

L T

(53-4)

:

AT

4

6ptl
M= (3.5)

. The slot width (W) and the slot length (4#) were both fixed by the

L 1 -y

R S

geometry of the device. The dynamic viscosity (uf) and the density

(pp) of the silicone oil vere also fixed, for constant temperature

and pressure conditioms, which then left the slot thickness t as

AP g

the only independent variable.

Munmerical values for R2 and )12 had to be chosen for the

L

network in such a manner that the basic phase-shift network

equations
Ha = %@- (2-15)

and d

would be satisfied. The choice was made in the following manner:

the acoustic campliance (03) veg first eliminated in Equations (2.15)
and (2.18), giving

LTI K O AL I R e G e e

T Y IS ot N e 1 e o,

1
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The acoustic resistence (Re) and the acoustic inertance (Nz),
which are given by Equations (3.4) and (3.5), were then substituted

into Equation (3.7) and the resulting equation was solved for the
slot thickness t. That is,

6ptl mdufs
W W
and
5?1.31'
t = °f_° ) ()'8)

vhere ¢, the velocity of sound in the surrounding medium (in this
case wvater) vas fixed and where the front-to-back distance 4 was
chosen to be 10 cm, small enough to satisly the limit 4 < A. The
slot thickness t calculated from Equation (3.8) will ncw give
values of R2 and 1(2 that will satisfy the bueic phase-gshift
network equations.

Next, the volume of fluid (V) required to give the specified
compliance (Cj) and, hence, the required size of the rear cavity
vas determined. The acoustic campliance (Cb) was again eliminated
between Equations (3.2) and (2.18), resulting in Equation (3.9),

ap
V- é . (3.9)

Equation (3.9) then fixed the relative size of the rear cavity of
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the device, in addition to providing the specified phase-shift

RREHE (Y

network cumpliance. Again, the velocity of sound ¢ and the front-

- to-back distance d were both fixed.

PUETRRERTT 111 (TN P

All basic phase-shift network requirements are novw satisfied.
In addition, it is recalled that the overall physical size of the
device must also be kept small, wvhen compared to & wavelength, in
crder to overcome diffraction effects. Therefore, the network
cmponents are specified as follows:

For a Dow-Carning 200 (200 cs) silicone oil at 15°C and at

atnospheric pressure, and with d, the front-to-back distance chosen

S I bl artie Bt ORI st 0 vl WAL SR 000 b

as 10 om,
. t =0.028 e [From Equation (3.8))
with :
N 5.1 cn, :
W =26.7 cm,
R, = 45,000 (sm/cmu-sec) (From Bquation (3.4)], .
M, = 1.55 (gn/cmh) (Fran Equation (3.5)],
V=165 en’ [From Equation (3.9)). :

5.1.2 Temperature and Pressure Considerations. The demsity

PRI K AW Ay A

(pf), the dynamic viscosity (ur), and the adiabatic bulk modulus (ﬂf)

el

K

are three terms in the network equations vhich depend upon the

o

ambient temperature and pressure and can therefore be expected to

]
RTIRAT I

affect the performance of the phase-shift network. An attempt was

- made to assess the effect on the overall performance of the

it i

o
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rhase-ghift network due to variations of the above parameters with

- temperature and pressurs.

Pigure 3.1 shovs the variaticmn of the acoustic resistance (Ra)
and the acoustic inertance ("2) of a thin slot, filled with the
Dov-Corning 200 (200 cs) silicome o0il, with the slot thickness t
88 the variable. Tre aoliéd and the dashed curves present the values
of F, and N, at temperstures of 25°C and 5°C (the approximate
extremes of temperature in the ocean). As can be seen, over this
temperature range, the percentage changes of the values of R, end
N, are approximately 8 percent and & percent, respectively.

The variation of the acoustic compliance (cb) with
temperatwe, which is given by Equation (3.2), depends primarily on
the variation of the adiabatic bulk modulus (Bf), the change in the
original volume (Vo) being so small that it may be neglected. Best
estimates, using data obtained from the available literature,
indicate that the compliance (05) will vary approximately 22 percent
over this same (25°C to 5°C) temperature range. In spite of the
variations in 92 N "2’ and cy the experimental resulte presented
in Bection &.2.4 indicate that, for & temperature change of 22%
to 14°C, there was no measureble change in the directivity patterns
of the transducer model.

Variations of the acoustic resistance (P‘E) and the acoustic
inertance ("2) due to a pressure change of 0 to 1000 psig (0 to 2300
£t of water) are significantly smaller in magnitude than the

corresponding changes due to the above temperature change of 25°C
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Figure 3.1. The Acoustic Resistance and Acoustic Inertance
as a Function of Slot Thickness
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| to 5°C. The inertance (M) due to the change in density (p,) will

- vary less than 1 percent. There appears to be no available data

on the effect of pressure on the dynamic viscosity (ut) of the

silicone oil. However, Dodge and Thomsonlh state that the dynamic

viscosity (pf) of meny lubricating oils remains relatively stable

for pressure changes of this magnitude.

g

The variation of the acoustic compliance (c}) with pressure,
which depends primarily upon & change in the adiabatic bulk modulus
,.(pr), wvill vary approximately 9 percent over this pressure range.
: S8ince these percentage changes due to pressure variations are less

than or camparable to the corresponding changes dus to the
temperature variation of 14°C to 22°C, it appears reascnable to
predict that no apprecisble change in performance should occur over

- this pressure range.

3.2 Transducer Model Design

Figure 3.2 shovs the upidirecticnal transducer model which
was constructed to test the validity of the theoretical model.
The overall dimensions of the model (8.55 em 0.D. x 3.64 cm long)
were kept to a minimum tc keep the device small vhen compared to
a vavelength. The transducer, as shown, was constructed of a
tvo-part, cold-rolled steel housing (A and B) and a massive, lead-
loaded, movable rear cone (C).
Johnson and Woollett,'? in their paper on flexural ceramic

disk transducers, stress that the transducer housing should be made

, stiff enough sc that the enclosed volume does not change appreciably




a3

a8 the dipk vibrates. They recommend that the housing should be
designed so that the volume velocity of the housing would be less

than spproximately 15 percent of the volume velocity of the

A L A I

radiating front face of the disk. This should prevent the back of
the disk from radiating appreciably.

It wvas impcssible to rigidly fasten the rear cone (C) in
this particulsr design, since the investigaticn required that the
slot thickness (t) be adjustable in order to experimentally
determine the required slot thickness. Therefcre, the rear cone
vas alloved to "float" against the resisting spring (1) which

effectively placed a mass reactance term in shunt with the compliance

G

reactances are equal in megnitude, the mass reactance acts as the

of Figure 2.2¢c. At frequencies belovw those for which these two

principal controlling element in the circuit and at frequencies
above those for which these two reactances are equal in magnitude,
the campliance C3 acts as the principal controlling element.
Therefore, the mass of the rear coue, for this design, should be

A STH RSN T LT L. o ABRHLY SO

made as large as practical so that it does not effectively shunt

03- This mass wvas made large enough for the desired frequency

1 1L 0

range (4000 Hz to 6000 Hz) simply by adding additional mass, in

the form of & lead slug, to the rear came. Thus, the acoustic

impedance due to the rear cone mass was sufficiently greater than

the acoustic impedance due to the fluid campliance. That is,

LRI Jab TR0 d,




26

: AN el
:». | TR _:.,,. _,,LLE,,;__jm,:__.: LM
| . '
S WA NN LG ,

3INON-ITVIS

v-Tive3g

a1314

NOILVYZINYI0d
JINvH3D

7

q

N
-

9

TOPOX ISoMPIUBL], 543 JO ASTA TUWOT3095-8805) -2 ¢ oaamBig

NIvYyL 3
JMII31302314

J
¥

// HWW

NN

st e b e ) W 4R L T TV I ST Y, 2 .

NN




B [T

27

> e
~CORE ~ Jay _oavrry
between 4000 He and 6000 Hz.

JuM,

Now,

n
CONE b
= —— = 2.63 grams/cm |,
Y-cone * 2 ,

where moy e = 1375 gas = total mass (including lead slug) of the cone,

S =22.85 cn® = cross-sectional area of the rear cavity, and s
=C, = -9
Ca-cavrpy = C3 = 151 x 107 (From Equation (3.2)]

Therefore, at 4000 Hz, A

4
wA-CONE = 6.6 x 10
and
wc_.l___ =2.65 x 10* .
A=-CAVITY
At 6000 Rz,
N
oM, o = 9:0 X 10
and
= 1 =1.76 x 10“ .
A -CAVITY

Thus, the mass reactance of the cone is 2% to 4 times greater
than the stiffness reactance of the cavity for this frequency range
of 4000 Hz to 6000 Hz.

Having established the design parumeters with this experimental
model, a practical design could be made to have a rigid rear cone mass _
and appropriate slot dimensions, thus eliminating the shunting effect :

of the floating rear cone mass.

B e ST =Y
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The acoustic phase-shift network elements [the silicone oil-

wdy iy
]

filled rear cavity (D) and the dimensions of the peripheral narrow

slot (t)] were chosen to satisfy the requirements of Section 3.1.1.

The mcvable rear cone, as previously mentioned, was provided to allow

adjustment of the slot thickness (t). This, of course, allowed the

BIGRIX

value of the impedance Z2 = (Rd + Jaﬂa) to be adjusted slightly in

-

the followving manner. The rear cone was aligned in the mating
cavity of the housing (B) by a closely machined shaft (F) which wvas
securely mounted to the rear cone (C) and which passed through a
‘closely machined clearance hole :n the framework (G). The shaft (F)
~alsobad a 5-40 unc-2 thread turned into one end portion. Linear
t ~travel of the rear come (see arrow) was provided by twrning the wing
. 7 ’nut (H), which pulled the cone against the compression spring (I),
and for every camplete turn of the wing nut, the cone traveled
0.0762 cm. Adjustment of the impedance Z.2 was acccmplished by the
movement of the cone which changed the slot thickness (t).
Tue volume of the rear cavity (16.5 cm}), as required in
Section 3.1.1, was filled with a "working f£luid" of Dow-Corning ‘200
Silicone 0il with a 200-centistoke dynamic visceosity rating. A thin
(0.038 cm thick) acoustic window (J), molded fram & pc neoprene
Tubber, was cemented to the rear cone and then fastened to the
housing (B) via the clamp ring (K). The main function of the window
was to contain the silicone oil and to allow the sound wave to pass

- unimpeded into the phase-shift netwark slot (t). It also served

———t - - —— -




W; another purpose in that it prevented the rear cone from rotating

- about the central axis of the transducer. )

The housing (B) also contained two free-floating piston

R TR u-mm‘lrlulhmwlmiw

* ! accumulators (1) with ample reservoir volume (0.778 cm’ ) vhich vere

| open to the ambient 3ea pressure on one side and which were suitably
interconnected by very small, high impedance (0.038 cm diameter)
holes to the oil-filled rear cavity (D). The accumulator eystem vas
used to equalize the pressure inside the cavity (D) to the ambient
hydrostatic pressure. In this manner, the transducer was rendered
depth insensitive, since there would be 1o pressure differential
across the transducing element (M) causing it to fracture. In

R addition, the accumulators also compensated for changes in fluid
volume vhich would occur due to a change in the ambient temperature.
The small diameter, hign impedance interconnecting holes vere
required so that there would be only one unimpeded sound path into

the rear cavity (D), that is, via the phase-shift network narrow

slot (t). A check of the impedance provided by the hole showed

that it was approximately 1000 times greater than the impedance (22)

of the phase-shift slot.
Since the transducer was to be primarily designed for a low i
frequency application (3000 Hz to 6000 Hz in water), a trilaminar,

flexural piezoceramic disk was selected for the pressure gradient
11,12

UL T o

transducing element (M). The flexural disk (M) was constructed
as a three-layer sandwich, with the two outer layers of a PZT-4

type plezoelectric ceramic. The inner section of the element was

R T2 BRI 1
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made of & 6061-T6 aluminum disk and its outside diameter was larger

than the ceramic outside diameter to provide a suitable edge mounting

as shown in Detail A of Figure 3.2. The two ceramic disks were
criented and cemented to the inner aluminum disk in such a manner
thet their polarization fields were in the same direction (Figure

3.2, Detail A). The ceramics were then parallel-connected; the

e g A 1

elactrodes connected to the aluminum disk forming one terminal and
the outer electrodes joined together to form the cother terminal.

" Thus, & voltage applied across these terminals would produce strains
of opposite sense in the piezoceramic disks, causing the trilamipar
disk to flex and function as a sound projector, or to produce an

- electrical output when driven flexurally by an impinging sound wave ’ 5
to serve as a hydrophme.
Particular attention was paid to the exact mounting of the
trilaminar disk. (See Figure 3.2, Detail A.) The disk was centered
and then pinched between the two Vee-shaped circular wedges which

were machined in part A and part B of the housing. Part A was then

rigidly fastened to housing part B by eight socket-head cap screws.
This type of mounting provided a simply supported boundary condition
which, accoarding to 'chem'y}2 would provide an optimum effective P -
‘ electromechanical cocupling coefficient for the transducer. It also :
permitted the element to be modeled theoretically as & thin plate
with a simply supported boundary. In addition, it was determined
- experimentally (on various trilaminar arrangements) that this type

of mounting &lso isolated the trilaminar disk fram the housing

z
H
7]
=
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extremely well, which left the device relatively free from pick-up

due to mechanical excitation of the housing.

3
E]
s
k3
iz
z

The trilaminar disk was given & thin (0.038-0.051 cm)
polyurethane coating (N) on both sides to electricelly insulate the
piezoceramic disks after the proper 1ead (0) connections had been

made. A photograph of the completely assenbled model is shown in
Figure 3.3.
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The Transducer Model
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CEAPTER IV

EXPERIMENTAL FROCEDURE AND RESULTS

|
|
|
r s_ 4.1 Experimental Procedure
i

]
The following steps were undertaken to evaluate the transducer
| model. Experiment.l dsti, in the form of azimuth directivity

patterns {polar responses) were obtained witk ti: trensducer model
in four design configurations or stages. That is, directivity
patterns of the model vere taken:
a. Without the acoustic phase-shift network. (The model
was simply a dipole receiver.)

b. With the acoustic phase-shift network; the working fluid

t used in the rear cavity being air.

‘ ¢. With the acoustic phase-shift network; the working fluid
used in the rear cavity being fresh water.

d. With the specified acoustic phase-shift network; the

| vorking fluid used in the rear cavity being the Dow-

» Corning 200, 200 centistoke, silicone oil.

The major portion of the experimental work was conducted
using the Ordnance Research Iabcratory's water-filled anechoic tank
i’aci..].:l.t.y:!'5 Thie concrete tank (which is 20 £t long, 12 ft wide,
and 15 ft deep) is lined with insulkrete wedges to reduce

reflections ut the boundaries. The average water temperature of

b gl Btz TR TRIIE oyt U3 ™ MG s 1. el 0310 S (AR 4
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the tank vas approximately 22°C. The projector -hydrophone depth

ol SISO ST AL TG

vas set at 60 inches, vhile the projector-hydrophone separation
was 48 inches for wost of the experimental measurements. Other :

separations vere also used.

A Scientific-Atlanta Automatic Transmission Measuring System,
a8 shown by the block diagram of Figure &.1, vas used to record the
experimental data.

N TR Y T o~ SR

As indicated by FPigure 4.1, the output of an oscillator was

fed to & Transamit Signal Gate vhich was comtrolled by a Pulse Timing i

Qenarator. The Pulse Timing Generator's function was to set the |

pulse vidths and pulse repetition rates that were to be used. )

2 The output of the controlled Transmit Signal GCate was then

TR

3 transferred to a Preamplifier which in turn fed a main Power

T YOS

Amplifier. The output of the Fower Amplifier, which was kept at
8 constant level by a Voltage Current Rormalizer, was then fed to
the projector. A Naval Research laboretory-Underwater Sound

Reference Division, F-33 Transducer was used as the projector for

the experiment.

The received signal output of the hydrophone, which was the

transducer model in this case, wag first preamplified and then fed

koI Tt bl L tath

through & Line Driver which served as an impedance-matching network.

The Line Driver matched the output impedance of the hydrophone to

oo e n.

the input impedance of the Scientific-Atlanta System. The signal
. out of the Line Driver Network was filtered (a band pass of 2000 Hz

to 10,000 Hz was used), fed to a Receiver Signal Gate, and then to a

| et e
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Peak Detector Network. The timing of the Receiver Signal Cate was,
like the Transmit Signal Cate, controlled by the Pulse Timing
Generator. Finally, the output of the Feak Detector was fed to a
Polar Recorder and the output was plotted. A constant visual check
on all of the gating and timing functions as well as on the
received signal wave form, was maintained by utilizing a Cathode Ray
Qscilloscope as shown.

Due to the physical size limitation of the anechoic tank,
pulsed calibration techniques were required so that the measured
directivity pattern of the model would be independent of reflsction
and standing vave phenomens. The data (directicnal polar patterns)
were verified experimentally to be independent of the relative
positions of the projector and the model in the tank simply by
setting the projector and the model at various center-to-center
separations and then re-recording. Likewise, responses were also
recorded vith the projector and model at different depth level
settings in the tank. The resulting repeatability of the data (for
center-to-center separations of 48, 60, 72, and 84 inches and for
depth level settings of 48, 60, and 84 inches) was within :1 dB.

A final calibration of the model, which :anl_uded 8 free-field
voltage response (Mo) in addition to the directivity patterns, wae
made at the Ordnance Research Iaboratory's Black Moshannon
Calibration Station- The experimental set-up was identical to the
anechoic tank set-up except that a (W sound field was used. The

body of water available at the Calibration Station wae large enough




“ was & bidirecticnmal or cosine pattern, as expected, since the

by

to avoid reflection and standing vave phencmena with a CW sound
field. The average water temperature was approximately 149 for
these memsurements and the projector-hydrophcne depth was set at
84 inches. Various projector-hydrophone separations (60 inches to
120 inches) were also tried with insignificalt variation of the
data.

4.2 Results
4.2.1 Transducer Model Without Phase-Shift Network. Figure

4.2 shows the measured directivity pattern of the transducer model

at 5100 Hz without the acoustic phase-shift network. The result

transducer acts as a simple dipole in this configuration.

Figures 4.3 and 4.4 were recorded at 4000 Hz and 6000 He,
respectively, with all conditions auck as projector voltage,
amplifier levels, projector and model separation, etc., being
identical to the conditions under which Figure 4.2 was recorded.
The plote are practically identical, indicating only minor changes
with frequency.

4.2.2 Transducer Model with Phase-Shift Network; Working

Fluid - Alr. The directivity pattern shown by Figure 4.5 recorded
the response of the model at 5159 Hz with the acoustic phase-ghift
network in place but with air used as the vorking fluid in the rear
cavity. The phase-shift slot thickness t in this case was set

equal to zero; that is, the slot was closed. The response was

0 15D o - MR 1 41 P 01 B e
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annidirectional for this condition since the transducer behaves

BER
TR T TR e v R

a8 a simple source (its dimensions being small when compared to

the wavelength) radiating only in the forward direction.

ROCTERI L

Ml

Directivity responses were taken at other frequencies and

with the slot thickness set at a variety of other dimensions

(0-0025 to ©.254 cm) with no indication of a unidirectional cardioid

response present. The resulting plots, as expected, were all

I

omnidirectional since the transducer behaves as & simple source for
all slot thickness dimensions chosen when air was used as the ]

working fluid in the rear cavity. That is, the rediation from the

rear of the transducer housing was not well coupled to the medium -

due to the highly compliant air backing of the rear cavity.

4.2.3 Transducer Model with Phase-Shift Network; Working

Fluid - Water. Note: The thin acoustic window (J of Figure 3.2)

was removed for this series of responses, to allow the rear cavity
to free-flood with water.

The response of the transducer model at 5056 Hz with the
slot thickness set at 0.7 . .m (relatively wide open) is shown in
Figure 4.6. The resulting pattern was bidirecticmal. Figure 4.7
shows a response with the slot clcosed. As can be seen, the pattern
is not completely amnidirectional as it shculd be. This lack of
amnidirectional respcnse is attributed to the extremely high :
stiffness of the water-filled reer cavity which actually couples -

- and drive~ the rear cone masa. Apparently the slot is really never

owild

+ osed and rear radiation, as shown by the pertial bidirectional

pattern, results. .
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Directivity respcnses made at various frequencies and with a

I \.\x.ummnmuumu.u,mommmalmjl

variety of other slot dimensions (0.0025 to 0.254 cm) were also

L

;_ recorded with no unidirectional results being obtained. The

e

resulting plots were bidirectional, but moderately approaching
omnidirectionality as the slot thickness was reduced to zero.

h.2.4 Transducer Model with Specified Phase-Shift Network

LU NTRURTTE TR ], TR

Paremeters. The directivity pattern shown by Figure 4.8 was
recorded at 5014 Hz with the acoustic phase-shift network as

specified in Chapter III. The rear volume was filled with the

Dow-Corning 200 (200 ¢s) silicone oil working fluid. The slot

thickness, t, was set at the computed value of 0.028 cm. A

CIRTR TR INR

unidirectional, cardioid response with a front-to-back
discrimination of 18 dB resulted. Figures 4.9, 4.10, and k.11 were :
recorded at 5320 Hz, 5507 Hz, and 6023 Hz, respectively. The
required unidirectional response with front-to-back discriminations |
of 27 dB, 22 dB, and 17 dB were cbtained as shown. Figures 4.12,
4.13, and 4.14 vere recorded at 4910 Hz, 4510 Hz, and 4008 Hz, and
they also show & unidirectional response with fromt-to-back
discriminations of 18 4B, 16 4B, and 10 dB.

Figures 4.15 and 4.16 are directivity patterns of the model
with the slot thickness, t, set at O end at 0.254% cm. As expected,
cnnidirectional and bidirectional responees, respectively, were
obtained with the phase-shift slot set at these two extremes.

- Therefore, the model functioned as predicted only when the specified,

ol 1o

phase-shift network parameters were used.
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A directivity pattera at 5000 Hz, as shown in Figure 4.17,
Vas recorded at the Ordnance Research laboratory's Black Moshannon
Calibration Station, using & CW sound field instesd of a pulsed
field. The resulting plot of a unidirectional cardioid pattern
with a front-to-back discrimination of 19 4B gave a reasonably good

check on the data which was taken using pulsed techniqQues in the

~ anechoic tank. Patterns at variocus other frequencies vere also

recorded using & CW souwnd field, showing very close agreement with
the pulsed data.

Pigure 4.18 shows the free-field voltage response ()(o) of

the transducer model. The respomnse, as shown, rose between 1000 Hz

and 4000 Hz but was relatively flat (Mo » -85 dB) between 4000 Hz

and 6000 Hz. However, the flat porticn of the response occurred

over a band where the unidirectionmal, cardioid action of the

phase-shift network was optimum.
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CBAFTER V
SUMMARY AND CONCLUSION

5.1 Summary

The primary objective of this investigation vas to develop a
lov frequency, underwvater, transducer modsl which would exhibit s
wnidirectional, (cardioid) directivity response.

The solution chosen to sccamplish this cbjective required
that a liquid-filled, acoustic pbhase-shifted, trilaminar, pressure
gradient transducer system be studied.

The investigation was initiated by the development of a
thaaretical model vhich was used as a design guide for the trmnsducer
model. Interrelationships between certain amalogous acoustic phase-
shift netvork parameters evolved fran the development of the
thearetical model. Consequently, considernble effort was directed
at understanding these paraneter interrelationships. Specifications
vere cbtained from th: acousrtic circuit parsmeters which defiped
the acoustic phase-shift netwvork requirements. These specifications
Qefined the overall size and sbape of the device. That is, the
dimensicns of the pbase-shift network slot, (t,W,8), the cavity
voluse, and the effective fromt-to-back distance wore determined.
8ince the model had to be liquid-filled to satisfy the depth

insensitive requirement, a thorough search was conducted of all
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possible fluide which might be used in the rear cavity as the

- network "working fluid". A Dow-Corning 200 (200 cs) silicone oil
vith extremely stable physical characteristics when subjected to
temperature and pressure changes was found to meet a8ll of the
network requiremente. That is, the dynamic viecosity (ur), ‘he
density (pr) , the sdisbatic bulk modulus (Bt)’ tbe inertness, and

the overall stability of the fluid was found to comply with the

: ; restrictions that were imposed by the acoustic pheaze-shift network
reQuirements.

A study of the pressure-gradient transducing element was made
next, with a trilaminar, flexural, piezoceramic disk teing selected
for this purpose. Various types of element mounting arrangements
vere also tested with a circular, Vee-.wedge, simple support selected
as being optimum.

A transducer model, camplete with a series of twvo high
acoust.c impedance, free-floating piston accumuls*tors ‘to accammcdate
a change in fluid volume due to & change in temperature and pressure)
and satisfying all of the network specifications was then constructed.

The trensducer model's uniuir-<tic.s} performence was

i experimentally evaluated by recording tne directivity response of
the model in the following configurations:
a. Without the acoustic phaee-shift network. (The model
was simply a dipole receiver.)
s b. With the acoustic phase-shift netwark; the working fluid

used in the rear cavity being air.
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€. With the acoustic phase-shift network; the working fluid

used in the rear cavity being fresh water.

d. ¥ith the specified acoustic phase-shift network; the

working fluid used in the rear cavity being the Dov~Corning

200 (200 ¢s) eilicome oil.

Ro unidirectional performance wvas obtained with the model) in
any one of the first three configurations. Only predicted
bidirectiopal and canidirectional responses wvere recorded.

A wnidirectional (cardioid) responae was achisved
consistently (between MO0 He and 6000 Ex) vhen the model vas
srTenged as described in part 4. Front-to-back discriminations
ranging between 15 4B and 27 4B vers recorded over the upper half
of the frequency range (5000 He to 6000 Hz), while 10 4B to 15 dB
discriminations wvere reccrded over the lower halt (LOOO He to
%000 Hx) of the frequency rarge. The pocrer discriminmation at
the lover frequencies is believed due to the fact that the rear
cone vas not sufficiently massive to preclude scme significent
shunting effect of the canpliance c}. A nominally flat free-field
voltage response (N ) of -85 ¢ 2 4B, reference 1 V/ubar, vas also

achieved over the frequency range of LOOO Hz to 6000 Hz.
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5.2 Conzlusions

The investigation has demonstrauted that i: is feasidble to
design and construct & s_ngle-element, pressure gradient transducer
vbich is capable of providing a unidirectiomsl, (cardioid)
directivity reepomse in an underwvater envircooment. The preced.ng
statement must be considered and Qualified in the following mannes :

1. A unidirecticual, cerdicid response with a reasonsble
front-to-hack discrimination was achieved over the frequency range
between 4OOO H». arnd €000 Hz. The front-to-back discrimination, as
in the case of the pieroelectric air microphone, exhibited a
frequency dependence with a maximum diecrimination of 27 dB
ocecurring at 530C Hz. Nevertheless.  a reascpable directivity
responee with a reasomsble frort-to-back diescrimination was achieved,
utilizing the epecifieé phrase-shift netwvork requirements, over the
above -ment inned frequency range.

2. The specific definitiom of the problem stated that the
perfaormance of the transducer moldel shonld be insensitive to change
in the ambient temperature. The principsl componept of the system
whirh might affect the mudel's performante due tu & temperature
change would be the silicone o0il working fluid. That is, the
dynamic viscosity {uf), the density (pf), and the adiabatic bulk
modulus (Bf\ of the oil could aud actually did vary with a change
in temperature. The atoustic network impedances 7\? ard 23, which

depend on the valuee of these three characteristics, would also

change. It might be expected that these changee in the parameters
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of the acoustic phase-shift network would produce changes in the
prrformance. However, it wee experimentally observed that & change
in temperature fram lhoc to 22°C produced no measuratle change in
any characteristic of the directional pattern.

3. The specific definition of the problem indicated that
the perfarmance of the transducer model would be insensitive to a
change in depth (hence pressure) since it was to be utilized in an
upderwater environment. Agsin, the principal component of the system
wvhich might affect the model's performance would be the silicone oil
vorking fluid and for the same reasons as mentloned above. That is,
Pgs “f’ and Sf could vary with a change in hydrostatic pressure
thue changing the acoustic network 'mpedances 22 and 23- However,
these characteristics change so little (see Sectiom 3.1.2) that
no significant change in the performance of the model is predicted
over a O to 1000 psig pressure range. In fact, the increase in
the effective compliance (Cj) vith frequency fram 4000 Hz to 6000 Hz
due to the shunting effect of the rear cone mass (MA-CONE) wvas
approximately 4O percent. Although this large change in the
effective campliance reduced the front-to-back discrimination of
the model, it did not, by any reans, completely eliminate it.

It should be noted that, although all of the data presen-ed
in this report vere cbtalped with the model used as a hydrophone,
nevertheless the model will serve as & sound projector because it
is a reciprocal device. In fact, essentially identical directional
patterns of the model were obtained when using it as a sound

projector.
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