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Abstract: In order to transmit energy in one
direction, sonar flextensional transducers are
combined into arrays of elements that are spaced
a 1/4 wavelength apart. The directionality (front-
to-back pressureratio) isamodest of 6 dB. A
single projector that is 1/3 wavelength in size
and capable of developing unidirectional beams
with front-to-back ratios greater than 20 dB that
isindependent of sound speed is described here.
The directiona Class VIl “dogbone”
flextensional isamodified version of an
elliptical shaped Class 1V flextensional having a
concave shell rather than a convex one. The
piezoelectric ceramic stack isatri-laminar bar
with two active sections separated by an inactive
center section. By driving both sections of the
stack in-phase, the shell is driven into
omnidirectional radiation pattern. Driving each
stack section 180 degrees out-phase causes a
bending mode in the stack resulting in adipole
radiation pattern. By driving both sections using
complex coefficients determined from the
omnidirectional and dipole mode patterns, a
cardioid directional radiation patternis
developed. Cardioid patterns are developed over
an octave frequency band with a front-to-back
pressure ratio of more than 50 dB. COMSOL
Finite Element Analysis (FEA) code with
Acoustics Module is used to predict in-water
electroacoustic performance and compared with
an experimental data.
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1. Introduction

Sonar transducers are used for transmitting and
receiving acoustic energy for the purpose of
detection and location of underwater objects. In
figure 1, a ship istowing a variable depth sonar
that contains sound projectors used to transmit
the acoustic energy and atethered line array of
hydrophones used to receive the reflected sound
waves from an underwater object’. These sound
projectors are usually of aClass 1V dlliptical
type flextensional sonar transducer that has
proven to be rugged high power compact
omnidirectional projectors’. In order to direct
energy in adirection to minimize the

reverberation levels, avoid overloading the
receiver line array preamplifiers, and removing
the left-right ambiguity problem caused by
symmetrical or Omnidirectional beams; these
sound projectors are combined into two line
arrays or two planar arrays of projector elements
that are several wavelengths long and spaced a
1/4 wavelength apart, as shown in figure 2.
Theoretically, two point sources spaced a 1/4
wavelength apart from one another with one of
the sources driven 90 degrees out of phase with
the other source will produce a cardioid type
beam pattern with anull in the back that has a 3-
dB down beamwidth of 180 degrees®, as shown
in figure 3a. In practicethisis not the case. Two
Class 1V flextensional transducers spaced 1/4
wavelength apart from one another with one of
the sources driven 90 degrees out of phase will
produce a front-to-back ratio of only 6 dB, as
shown in figure 3b.

Wewill now describe the Directional Class VI
Doghbone Flextensional Sonar Transducer
projector which generates directional cardioid
beams from a single transducer. The transducer
is 1/3 wavelength in size with a front-to-back
ratio greater than 20 dB and independent of
sound speed. This transducer design is capable
of generating an omnidirectional radiation beam
pattern and a dipole radiation beam pattern
which uses superposition to create a cardioid
unidirectional beam. The synthesisis described
in figure 4, where the omnidirectional sourceis
represented as a positive pressure radiator and
the dipole source is represented by positive and
negative pressure radiators, which when
combined form a cardioid pattern. Thus, the
acoustic pressure output is doubled in one
direction and nulled in the other direction. This
type of pattern generates a directivity index (DI)
of 4.8 dB and has a 3-dB down beamwidth of
130°. We are proposing that asingle line array
of these Directional Class VIl dogbone
flextensional transducers could replace a dual
line array of Class |V flextensional transducers
which will reduce weight, cost and increase
front-to-back ratio, as shown in figure 5. We
will show that cardioid type patterns can be
developed over an octave frequency band with a
predicted front (1eft) to back (right) pressure ratio
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of more than 50 dB as compared with 6 dB for
the 1/4 wavelength spaced apart projectors.

2. Description

This projector merges Directional Flextensional
Class |V Transducer Technology®® with that of a
Class VIl Dogbone Flextensional Transducer
Technology®. We refer to this as the Directional
Class VIl Doghbone Flextensional Sonar
Transducer, which produces enhanced motion on
one surface and canceled motion on the second
surface. The Class VIl flextensional Sonar
Transducer isreferred to as a“ dogbone’
flextensional because of its similar shape to that
which was originally described by Merchant in
U.S. Patent 3,258,738 (28 June 1966). This
Class VI flextensional isamodified Class IV
shape having concave staves or beams radiating
surfaces rather than convex staves or beams
radiating surfaces (for comparison the two are
shown in figure 6). This type of transducer has
the advantages that all the surfaces of the shell
radiate in phase and a positive compressive stress
is maintained on the ceramic stack asthe
operation depth increases. The shell can support
thinner walls, since hydrostatic pressures do not
have to be over comein order to keep the
piezoelectric ceramic stack under compression as
in aconventional Class |V transducer.

The piezoelectric ceramic stack is atrilaminar
bender bar with two active sections separated by
an inactive section which isinserted along the
major axis of the shell. Driving both sides of the
stack in-phase allows the shell to be driven into
its conventional mode creating an
omnidirectional radiation pattern. By driving
each of the stack sides 180 degrees out-phase
with one another causes a bending mode in the
stack creating a dipole type (cosine) radiation
pattern. By combining these two modes through
superposition generates a cardioid type radiation
pattern. The uniqueness of this transducer isits
small size (less than athird of awavelength)
producing directional beam patterns at high
acoustic output power from a single element,
unlike 1/4 wavelength dual line arrays.
COMSOL-Multiphysics finite element code
Acoustics Module’ with a Perfectly Matched
Layer (PML) as aboundary condition isused to
predict in-water electroacoustic performance
(Impedance, TVR and Beam Patterns) of a Class
V11 dogbone transducer and compared with an
omnidirectional 3 kHz Class VI flextensiona
transducer experimental prototype unit.

COMSOL isthen used to predict the far field
complex pressures of the omnidirectional and
dipole modes which are used to determine the
complex drive coefficients used to drive the
transducer into the directional mode.

3. Mode€

Measured results from an omnidirectional 3 kHz
Class VI flextensional transducer experimental
prototype unit will be used to validate a2-D
FEA model before developing adirectional Class
VII flextensional transducer model. The
experimental transducer has two shells and
stacks electrically wired in parallel and two end
plates separated by four long bolts. It isthen
encapsulated in awater tight polyurethane boot.
Photos of the transducer Shell and Ceramic
Stack are shown in figure 7a and encapsulated in
figure 7b. Figure 8 shows the dimensions of the
transducer model which is composed of a
piezoelectric drive stack and vibrating shell. The
stainless steel shell hasthick rigid ends which
the piezoelectric drive stack pushes against
which in turn flexes the curved shell staves (or
Beams). The staves are 4.32 mm thick and have
an inner and outer radius of 85.85 mm and 90.17
mm respectively. The piezoelectric ceramic
drive stack is composed of 30 PZT-8 U.S. Navy
type Il ceramic 33-mode plates that are each
2.54mm thick, 17.78 mm wide and 40.82 mm
deep, two of which are unpoled and used for
insulators on the ends. Figure 9 showsthe 2-D
FEA Stack Subdomain Settings and the
Boundary Condition Settings for Piezoelectric
Plane-Strain application FEA model, Plane-
Stress FEA modeling for Piezoel ectric
application is not available. The gluejointsand
brassfoil electrodes that are between each plate
that are used to consolidate and wire the stack
are not used here in the model. Instead, the

piezoel ectric material compliance matrix S,3E3 was

modified from 13.5x10™ m%N to 21x10? m?/N
to account for the added compliance of the glue
joints and foil electrodes, which lowers the stack
in-air resonance from 22 kHz to that of the
measured stack in-air resonance of
approximatly17.3 kHz before it was inserted into
the shell.

4. 2-D Ceramic Stack Model
Asshownin figure 9 Stack Subdomain Settings,

the ceramic plates are labeled PZT8U and
PZT8D. Thisisto account for the electrical



polarization field polarity pointing to the
direction of the positive electrode surface of the
ceramic plate, thus the coordinate system must
be rotated 180 degrees to one another. Figure 9c
shows the electric potential and field arrows
surface plot results with a positive rms voltage
potential of 1 applied to the boundary settings
listed in figure 9b. COMSOL does not allow
direct extraction of electrical current under the
piezoel ectric application in order to calculate the
electrical input impedance (Z=V/I) or electrical
input admittance (Y=I/V) that are used to
characterize sonar transducers. Thus, by
integrating the Normal Current Density
(nJ_smppn) or Displacement Current Density
(Jdy_smppn) with respect to the ceramic plates
surface areathe inward current can be calcul ated.
The Normal Current Density would be used
when there are glue joints between plates or
having an uncommon potential. Displacement
Current Density would be used when there are
no joints between plates and have a common
potential, which isour case here. The
expressionsin equations (1) and (2) arethe
Displacement Current Density assigned to each
of the positive potential (+V) surfaceslisted in
figure 9b. The Boundary Condition Settings the
“up” and “down” in the equations represents the
direction of the current flow that is associated
with the chosen ceramic plates polarity field of
the PZT8U and PZT8D plates.

1U =-(up(Jdy_smppn))*z D
ID =-(down(Jdy_smppn))*z 2

The“Zz" represents the depth of the ceramic
plates 40.82 mm and |U is the assigned the name
for Equation (1) and ID is the assigned the name
of equation (2), once these expression are
integrated under COMSOL’s Integration
Coupling Variable>Boundary Integration
Variables menu Option. Therefore, by summing
the magnitudes of both 1U and ID is the total
electrical current into the piezoelectric stack.
The admittance magnitude is given by the sum of
the magnitudes of both 1U and 1D divided by the
applied electrical potential (V=1), therefore the
admittance magnitude is given by equation (3).

|Y |=1/V=abs(I D)+abs(1U) @)

Figure 10 shows the piezoelectric stack in-air
model ed admittance magnitude response of the
model shown in figure 9 using equation (3)
compared with a measured stack that was used in

the prototype transducer shown in figure 7.
Admittance is acomplex quantity Y=G+jB,
where G the conductance isthe real part and B
the susceptance is the imaginary part of the
admittance, they are given in equations (4) and
(5) for V=1,

G= rea (ID)-red (1V) )

B=imag(ID)-imag(1U) )

The IU is subtracted from ID to account for the
opposite direction of the current flow that is
associated with the chosen ceramic plate
polarity, the order of subtraction maybe different
for other models due to boundary condition
choices. The capacitanceis given by B/w, where
o=2xnf and therefore is given by eguation (6)

C= (imag(ID)-imag(1U))/(2* pi*freq) (6)

where“freq” isthe frequency in Hz. The low
frequency 1 kHz capacitance of the stack
predicted from the model was 64 nFd versesthe
measured 77 nFd. The modelsrelative free

dielectric constant ng is 1000 versesthat of the

manufactures data sheet EDO EC-69 value of
1050.

5. 2-D Shell and Stack Model

The structural Subdomain Settings and the
Boundary Condition Settings for the Shell and
Piezoelectric Stack are shown in figure 11. The
Shell material properties are of stainless stedl and
the piezoelectric stack is the same shown in
figure 9. The shellsare each 50.8 mm in height
and the stacks are each 40.82 mm in height. The
plane-strain application in COMSOL Acoustics
Module alows athickness of a material to be
entered into the z- axes, which otherwise it
would be aunit or 1 meter thickness. For the
Shell/Stack model 0.1016 m was entered for
shell thickness and 0.08164 m for stack
thickness, 1 meter and 0.80354 meters for shell
and stack respectively would also work. For the
proper current resultsthe “z” value in equations
1and 2is0.08164 m. The fluid Subdomain
Settings and the Boundary Condition Settings for
pressure acoustics (acpr) application mode are
shown in figure 12. Thefluid loading isin two
parts the inside water boundary and the outside
boundary the Perfectly Matched Layer (PML).
The water boundary contains the acoustic
properties, the density and speed of sound of the



fluid and istwo wavelengthsin radius at 3 kHz
or 1 meter and is considered afar-field radiation
condition, thisis where the acoustic information
iscontained. The PML isthe radiation condition
for perfectly absorbing plane, cylindrical and
spherical waves and absorbs incident radiation
without producing reflections, here the model is
0.5 meters or one wavelength wide. The PML is
acylindrical type loading for this 2-D geometry
model, thus the acoustic pressure will decrease
cylindrically in the radial and z-axis direction.
At the interface between the water and shell an
outward pressure -p in terms of force per unit
areais applied as aLoad around the surface of
the shell and is given by equations (7) and (8). A
normal acceleration a, is applied around the
surface of the shell in equation (9); this boundary
condition is used to couple the acoustic domain
to structural domain. A far field p_far condition
is applied around the outer boundary of the PML.

F.=-p*nx_smppn @)
Fy=-p*ny_smppn 8)
a,=NX_Smppn*u_tt_smppn+ny_smppn*v_tt_smppn (9

The 2-D FEA Fluid and Shell/Stack Mesh is
shown in figure 13, the mesh contains 16312
triangular elements. The typical rule of thumb
for element size is greater then five elements per
wavelength’. Thisisto allow higher frequency
calculations and as can be seen we are far greater
then that. COMSOL application scalar variables
pressure reference pre should be change to 1E-6
Pathis is the acoustic sound pressure reference
level for water. Also both the excitation
frequency variables freq_smppn and freq_acpr
should contain the expression freq which will
couple the acoustic domain and structural

domain together for performing afrequency
response and atime harmonic analysis.
COMSOL acoustic sound pressure level (SPL),
L, at some point in the water acoustic pressure
field is given by equation (10)

PL =10Ioglo(pp‘/2p,ef2) (10

where p,¢ iSthe acoustic sound pressure
reference level for water 1 uPa. Herethe
pressure p is apeak value since the 2 in the
denominator normalizespp to armsvalue. The
more common form in terms of rms pressure is

SPL = 201094 (Prs / Prer ) (12)

Transmit voltage response (TVR) is an important
transducer calibration parameter that describes
the SPL of atransducer at 1 meter distance when
driven with 1 volt rms over afrequency band of
interest and has the units of dB//1uPa/Vrms at
1m. Thusto determine the proper TVR level
when using COMSOL’s SPL function avoltage
potential of /2 Voltsis used instead of 1 Volt,
since a peak voltage will generate a peak
pressure. |f avoltage potentia of 1 Volt was
used, 3 dB would be needed to be added to the
SPL. Asdiscussed earlier the 2-D model has
cylindrical loading, thus both the acoustic
pressure will decrease cylindrically in the radial
and z-axis direction. The TVR given in equation
(12) accounts for cylindrical loading effects of
both the radial and z-axis directions

TVR = SPL-10l0g:o(1/h)-10l0gio(Lr)  (12)

where h is the transducer height in the z-
direction and r isthe radial distance pressure
point. Thetransducer is0.1016 min height and
radial distance pressureis 1 meter. The TVR
equation is now TVR=SPL-9.93 dB.

6. In-Water Results

The in-water measured and modeled transmit
voltage response using equation (12) isshownin
figure 14. The resonance at 3 kHz isthe first
fundamental flexural mode of the transducer
with adesign of operation of 2.5 kHz to 5 kHz.
The second resonance at approximately 10 kHz
is the breathing (Hoop) mode of the Class VI
shell. This mode happens when the
circumference of the ring (beams) are equal to
the wavelength in the shell material. Thein-
water measured and modeled conductance G
response using equation (4) and susceptance B
response using equation (5) are shown in figures
15 and 16 respectively for voltage potential of
1Volt applied to the piezoelectric stack. The
model ed response resonant peaksin the
conductance response are lower then in the
measured. Thisisaresult the cylindrical loading
which will overly dampen the model versus that
of spherical loading. The measured and modeled
acoustic radiation beam patterns at 3 kHz, 5 kHz
and 9.6 kHz are shown in figure 17. The acoustic
beam patternsin COMSOL are recorded by
plotting the SPL verses bearing angle



(atan2(y,x)) around the shell at the radial
distance pressure of 1 meter.

7. Directional Dogbone M odel

The directional dogbone model shown in figure
18 isadlight modification of the model shown in
figure 8. Here the piezoelectric ceramic stack is
divided into two active sections, a Side-A and a
Side-B separated by an inactive section. This
will alow the transducer to be driven into the
dipole and directional modes. Thisis
demonstrated in figure 19 by applying the same
voltage potential to both sides of the stack. This
allows the shell to be driven into its conventional
mode where both beams flex in and out with the
same phase. Thiswill create an omnidirectional
radiation pattern, see figure 19a. Applying
opposite voltage potentials to each of the stack
sides will causes a bending mode in the stack
which will cause the beams to flex out of phase
with each other creating a dipole type (cosine)
radiation pattern, see figure 19b. By combining
these two modes through superposition by
driving the stacks with complex voltage potential
coefficients will minimize motion on one side
and enhanced motion on the other side. Thiswill
generate a cardioid type radiation pattern.

8. Complex Voltage Potential Coefficients

The complex voltage potential drive coefficients
for the transducer to generate a cardioid type
radiation pattern are determined from acoustic
SPL amplitude and phase of each of the modesin
the far-field and then combining them. The
omnidirectional mode is excited by applying 1
volt to sides-A (E;=1) and 1 volt to side-B
(Ep=1); this generates afar-field complex sound
pressure P,. The dipole modeis excited by
applying 1 volt to sides-A (E;=1) and -1 volt to
side-B (Ep=-1); this generates afar-field
complex sound pressure Pq. The two pressures
should always be at the same angular position.
The two-mode synthesis for determining the
complex voltage potential drive coefficients E,
and E, in algebraic formisasfollows:

E,=(P,+P)/P, =1+R, (13
E,=(P,-P)/P,=1-R (14)

where R=P,/P,. For enhanced pressure on

side-A the omnidirectional pressure is added to
the dipole pressure as shown in equation (13)

and for anull on side-B of shell the
omnidirectional pressure is subtracted from the
dipole pressure as shown in equation (14). Since
each of the modes produces different SPL's,
equations (13) and (14) are normalized by the
dipole mode pressure Py. Also, since these
equations contain complex pressures with
different amplitude and phases, the
omnidirectional pressure phase is referenced to
the dipole pressure phase. The ratio of equations
(13) and (14) is given by equation (15)

E,/E,=1+R/1-R (15

which normalizes the voltage potential of
ceramic stack side-A to that of ceramic stack
side-B in terms of a complex quantity or
amplitude and phase quantity. Figure 20 shows
the @) amplitude pressure and b) phase plots
angle in the omnidirectional and dipole modes
that were used to calculated the complex voltage
potential coefficients at 3 kHz. The peak
omnidirectional pressureis Py = 32.73 Pa and
phase is ¢,=84.86 ¢, therefore the rms pressureis
Prms=23.15 Pa and the SPL is 147.29 dB using
equation (11) and the TVR is 137.36
dB//1uPa/V@1m using equation (12). The peak
dipole pressureis Py = 6.97 Pa and phaseis
¢e=-144.36 °, therefore the rms pressure is Py =
4.93 Pa and the SPL is 133.86 dB using equation
(11) and the TVRis 123.93 dB//1uPa/V@1m
using equation (12). These TVR swere then
converted back to pressures, then R is computed
and theratio of E4/E;, issolved. The reasoning
for computing the TVR isthisis the most
commonly measured quantity on underwater
sonar transducers. The complex voltage potential
coefficientsfor 2, 3 and 4 kHz are shown in
Tablel. The complex values were applied
instead of amplitude and phase, side-A voltage
potentia is Ea=(-0.721-j*0.244)* 1.414 and side-
B voltage potential is Eb=1*1.414 at 3 kHz.

Tablel. Complex Voltage Potential Coefficients
for 2, 3and 4 kHz.

Dipole | Dipole | R R | Eakb b [ Ea | e Eb | Dreat Direct
TVR | Phase | Mag | Phase | Mag e | Real | m TVR | FronuBack

676
12823 | 674

12462 | 3235 | 3073

The modeled pressure surface and SPL surface
plots in the omnidirectional, dipole and
directional modes at 3 kHz are shown in figure
2laand 21b respectively. The molded beam
pattern omnidirectional, dipole and directional
modes at 3 kHz are shown in figure 22a, 22b and
22c respectively. Using these coefficientsin



Table | will point the beam to side-B direction
instead of side-A direction. This may be caused
by the dipole beam patterns |obe on side-B 180
degrees out-of phase with side—A lobe as shown
in figure 4, for presentation purposes the cardioid
beams were reversed to point to side-A direction
in figures 21 and 22. The cardioid type beam
pattern generated in figure 22c has a 67.6 dB
front-to-back ratio (or deep back null) and a-3
dB beamwidth of 142.5 degrees. Cardioid beam
pattern were generated from 1 kHz to 6 kHz in
steps of 100 Hz. The lowest front-to-back ratio
is56.5 dB and -3 dB beamwidth ranged from
131 degrees at 1 kHz to 164 degrees at 4.5 kHz.
The TVR omnidirectional, dipole and directional
modes from 1 kHz to 6 kHz are plotted in figure
23 for comparison. The back null side of the
directional mode is also plotted to show the
relative front-to-back ratio.

The oceans sound speed and density profiles®
both vary with water depth. Thusit would be
interesting to see what would happen to the
front-to-back ratio when using the same
coefficients that were determined with the sound
speed 1500 m/s and density 1000 kg/m® at 3
kHz. Figure 24 shows the front-to-back ratio
comparison between two element Class IV
flextensional transducers spaced 1/4 wavelength
apart shown in figure 3b and the Class VI
Directional Dogbone flextensional using the 3
kHz coefficientsin Table | for different sound
speeds while keeping the density constant. The
other caseis varying the sound speed while
keeping the characteristic impedance (density
times sound speed) the same Rho-C = 1.5 x 10°
Pa:m/s. Thetwo element Class |V flextensionals
had a constant front-to-back ratio of 6 dB from
1300 to 1700 m/s, while the dogbone had a
greater than 20 dB front-to-back ratio for both
Cases.

9. Conclusions

COMSOL-Multiphysics finite element code and
Acoustics Module with a PML as a boundary
condition is used to predict in-water
electroacoustic performance (Impedance, TVR
and Beam Patterns) of adirectional Class VI
dogbone transducer. The model was compared
with an omnidirectional 3 kHz Class VI
flextensional transducer experimental prototype
unit with good agreement. COMSOL isthen
used to predict the far field complex pressures of
the omnidirectional and dipole modes which are
then used to determine the complex drive

coefficients used to drive the transducer into the
directional mode that generated cardioid type
beam patterns. We showed that cardioid type
patterns can be devel oped over an octave
frequency band with a predicted front-to-back
pressure ratio of more than 50 dB as compared
with 6 dB for the 1/4 wavelength spaced apart
projectors. Thusasingle line array of these
Directional Class VIl dogbone flextensional
transducers could replace adua line array of
Class |V flextensional transducers, which will
reduce weight, cost and increase front-to-back
ratio.
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Mesh
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Figure 18. Directional Dogbone Flextensional
Sonar Transducer
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Figure 19. COMSOL FEA Piezoelectric Ceramic
Stack Electric Fields and Displacement Shell and
Stack Modes for Omnidirectional, Dipole and
Directional Modes at 3 kHz
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Figure 20. COMSOL FEA Molded &) Peak Acoustic
Pressure and b) Acoustic Pressure Phase Angle in the
Omnidirectional and Dipole Modes at 3 kHz
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Figure 21. COMSOL FEA Molded &) Pressure and b)
SPL Surface Plots in the Omnidirectional, Dipole and
Directional Modes at 3 kHz
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Figure 22. COMSOL FEA Molded Beam Pattern a)
Omnidirectional, b) Dipole and c) Directional Modes
at 3kHz
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Figure 23. COMSOL FEA Modeled Transmit Voltage
Response Omnidirectional Mode (0000), Dipole Mode
(AAAA), Front Side Directional Mode ( ) and
Back Side Directional Mode (------ )
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Figure 24. Front-to-back Ratio Comparison Between
Two Lines (------ ) and Directional Dogbone ( )

and Constant Characteristic Impedance (0000) using
the 3 kHz Coefficients for different Sound Speeds.



