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1.0 SUMMARY

This project is a continuation of a development
program for flexural mode transducers and hydroacoustic
technology at Hydroacoustics Inc. Mathematical models
for general flexural mode transducers and hydroacoustic
power oscillators developed in the preceding projects
have been used to generate design trade-off data for
bender hydrophones and a class of sound sources which
operate on the ambient sea pressure head.

The hydrophone trade-off analysis shows that
bilaminar hydrophones are generally preferred over the
trilaminar configuration, the edge support for the
bender can be designed such that it has little effect
on the hydrophone performance when operating air backed
but has a significant effect on liquid-filled, pressure
compensated hydrophone performance, and thicker discs
are preferred over thinner discs in the design of liquid
filled, pressure compensated hydrophonés. Detailed
design curves are presented which quantify the trade-
off between sensitivity, impedance, bandwidth, and
operating depth for many combinations of hydrophone
geonetry.

The results from the design trade-off study of
hydroacoustic power oscillators describe quantitativley
: how the input and output power and harmonic content
change when the design parameters valve stroke, supply
i pressure, porting length, load resistance, and filter
' characteristics are varied. This trade-off data enables
i the designer to select the proper combination of design
| parameters to give the desired performance of the
‘ E . hydroacoustic power oscillator.
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2.0 BENDER HYLAOPHONE DESIGN TRADEOFF STUDY

Piezoelectric elements excited in their flexural
mode have been used as hydrophones for the last 20 or
3C years, and because of their good coupling to the
medium, interest in them remains high. Flexural mode
(or bender) hydrophones using piezoelectric discs
bonded together or to a metalic supporting structure
can have a low clharacteristic acoustic impedance and
low resonant frequency giving good power transfer
to their preamplifier making them excellent low frequency
hydrophones. With proper pressure compensation this
type of hydrophone can be used at great depth with no
particular sacrifice in sensitivity. This section of
the report presents basic design and tradeoff data for
bender hydrophones and shows how these relationships are
affected by various edge supports and pressure compen=-
sation. Table 2.1 is a glossary of symbols and
nomenclature used in this tradeoff st:.dy.

Figure 2.1 shows the basic geometries considered
in this report. The upper portion of thig figure
shows the symmetrical trilaminar hydrophohe‘where the
total ceramic thickness t, is split equally on either ™
side of the backing material with a thickness tb' If
no vacking material is used, this geometry reduces
to the simple symmetrical bilaminar or bimorph hydrophone.
The asymmetrical bilaminar hydrophone shcwn in the lower
portion of this figure has all of the ceramic material
on one side of the backing. When this geometry is
used with the water on the ceramic side, the hydrostatic
vressure will provide a compressive bias stress in the
ceramic. As shown later in this section, this lets
the asyrmetrical tilaminar hydrophone be used to greater

depths than the trilaminar hydrophone.
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TABLE 2.1

SYMBOLS USED IN SECTION 2.0

disk radius

disk area (TTaz)
disk total thickness
metal backing thickness

total ceramic thickness
reference plane coordinate

density of ceramic

density of metal backing
modulus of elasticity for the metal backing
‘./811'31 ceramic material

elastic compliance coefficient at constant

charge density

elastic compliance coefficient at constant

charge density

elastic compliance coefficient at constant
charge density

piezoelectric constant

dielectric constant at constant stress (free)

planar coupling coefficient

(8?2/3?1) Poison's ratio of ceramic at constant

charge density
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TABLE 2.1 (Continued)

3

"
(S?Z/S;1) Poison's ratio of ceramic at constant

voltage (short circuit)

Poison's ratio of metal backing

(Me)h - hydrophone receiving sensitivity

low frequency capacitance

short circuited, unloaded resonant frequency

Maximum depth based on maximum radial stress in
the ceramic material

hinge thickness
hinge outside radius

acoustical compliance of the disc and hinge
air backed and open circuited

acoustical compliance of pressure compensation
cavity

paximum radial tensile stress in the hinge

maximum radial stress in the ceramic of the
bender (compressive stress for bilaminar
geometry or tensile stress for trilaminar

geometry)
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Figure 2.1 Basic Geometry for Trilaminar and '
Bilaminar Bender Hydrephone Designs
Considered in this Report.
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Since the dipole sensitivity of a single flexing
disc is low, the single-ended hydrophones considered
nhere are enclosed in a massive housing which acoustically
terminates one side in a closed cavity with stiff walls.
This cavity can be at atmospheric pressure Or can be
coupled tnrough a high acoustic impedance to the ambient
pressure providing pressure compensation. Two flexing
discs car be used in one hydrophone t0 provide increased
sensitivity or to measure velocity rather than pressure.
Many of the results described here can be applied to
both single and double-ended hydrophones.

Some of the hydrophones discussed in this report
use the simple hinge edge support shown in Figure 2.1,
and other data assumes a simply supported edge. In
the latter case the bender is assumed to be simply
supported at radius a and no hinge is used. When air
backed benders are discussed, the pressure compensation
cavity shown here is assumed to have zero stiffness,
and the average pressure in the cavity is assumed to be
zero.

2.1 DESCRIPTION OF THE PROBLEM

Six nondimensional design parameters are defined
from Figure 2.1 to describe the geometry of the tender
hydrophone. Three are used to describe the disc: the
ratio of total disc thickness to disc radius (nh/a), the
ratio of ceramic thickness to backing thickness (tc/tb),
and the ratio of backing thickness to total thickness
(ty,/h). These last two design parameters are directly
related.

1-(tb/h)
(to/%) = —TE /W)




Two parameters describe the hinge: the ratio of hinge
thickness to backing thickness (% /t ), and the ratio
of hinge radius to disc radius (r /a) The final
design parameter is the ratio of the bender acoustical
compliance (including both the disc and hinge) to the
acoustical compliance of the pressure compensation
cavity, (CDH/CT)’ The tradeoff data presented will
show how the bender hydrophone performance is changed
as these nondimensional design parameters are varied.

Practical design considerations place general
limits on these parameters. The disc thickness para-
meter (h/a) can generally be limited to a range from
0.03 to 0.3. Hydrophones designed with (h/a) below
this range will be very thin and have high sensitivity
and capacitance, with low resonant frequency, very shallow
operating depth air backed, and will be very difficult
to pressure compensate. With (h/a) above this range
the hydrophone will have the opposite characteristics
from above and have its performance further comproﬁised
by the effects of shear displacement. Physically the
parameter (t /h) is limited to the range from 0.0 to
1.0, i, no backing to no ceramic. For the trilaminar
geometry the no backing case, (t p/B) = 0 or (¢ /*b) = o0
is of interest since this gives a symmetrical bilaminar
or bimorph hydrophone. Cases where (tb/h) approaches
1.0 are of little interest because the hydrophone
would have very little ceramic material. The range of
general interest for the trilaminar geometry is from
0.0 to about 0.75 for (t /h) or oe to 0.33 for (t /t .
For the bilaminar geometry these ranges are from 0 20
to 0.75 for (tb/h) or 4.00 to .33 for (t /tb) Limits
on the hinge parameters can similarily be defined.




The range of interest for the pressure compensation
parameter (CDH/CT) is from 0.1 to 1.0, and is set as
much by performance as by physical considerations.

Four basic performance parameters are defined for
the bender hydrophones considered here: the low
frequency, open-circuited receiving sensitivity,

(Me)h, (designated as M for this report); the low
frequency electrical capacitance, CLOW; the short-
circuited, unloaded resonant frequency, fg, (designated
here as fR); and the maximum operating depth, D,
(assuming a safety factor of about two for the ceramic
material). The usable bandwidth of the hydrophone

will be some fraction of the unloaded resonant frequency
which should be chosen by the designer. The change

in sensitivity will be about 3 dB between 0.5 and 0.6

fR and will be 1 dB at about 0.4 fR.

A nondimensional performance parameter (Th/T) is
defined which relates the maximum tensile stress in
the hinge to the maximum compressive stress in the ,f
ceramic of a bilaminar disc or the maximum tensile
stress in the ceramic or a trilaminar disc. With a
goed grade of steel as the backing and hinge material
acceptable values of this parameter can be as high
as 20. for the trilaminar geometry and 2.0 for the
bilaminar geometry. When high strength steel is used,
these numbers can be increased by 50% to 30. and 3.0.

2.2 TIDEALIZED SIMPLY SUPPORTED AIR-BACKED BENDER
HYDROPHONES

A useful set of basic design curves can be generated
assuming the bender hydrophone has an ideal simply sup-
ported edge. These curves are presented in pararetric




form using the two design parameters for the disc:
(n/a) and (tc/tb) or (tb/h). The effects of adding
physically realizable edge support and pressure com-
pensation are then expressed as changes from these
idealized design curves.

The parameter (h/a) is very useful for the design
bender hydrophones. Using it, a family of hydrophones
can be generated, each having the same sensitivity,
resonant frequency, or impedance, etc. Thus a large
thick bender hydrophone can have the same sensitivity
as a small thin hydrophone, but the other performance
parameters of these two hydrophone will differ greatly.
This gives the designer a great deal of flexibility in
specifying his design to meet particular performance
goale. !

2.2.1 Basic Design Curves

Figures 2.2 through 2.5 present basic design
curves which were derived using the mathematical model
for flexural mode transducers developed at Hydroacoustics !
Inc. under contracts N0O0140-71-C-0081 and NOOO24-72-C-1295. '
This mathematical model predicts the static and dynamic
stress and performance of a general flexing disc with
radial symmetry, axisymmetric load, and sinusoidal
excitation. This model allows for changes in material
thickness and properties as a function of radius and
does not rely on a neutral stress plane concept. Very
general edge conditions for a flexural mode trans-
ducer can be readily incorporated. This model also
includes an approximation for the shear deflection
which becomes important for thicker discs (thickness
approaching one quarter the radius).
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The data presented in Figures 2.2 through 2.5
are for a steel backed hydrophone with PZT-5A ceramic.
The material properties used are shown in Table 2.2.
The equations in Section 2.2.3 show how to modify these
curves for changes in ceramic or backing material.
The performance parameters shown here are the same as
those defined in Section 2.0.

Figure 2.2 shows that the receiving sensitivity*
per unit radius is inversely proportional to (h/a).
This curve also shows that the symmnetrical bilaminar
and asynmretrical bvilamirar with (tb/h) = ,4 or (tc/tb) =
1.5 have the highest sensitivity. Changing (tb/h) reduces
M/a by as much as 4 dB for the range of parameters
shown here. Changing from steel to brass or aluminum
backing material changes M/a by less than 2 dB.

Figure 2.3 shows that the low frequency capacitance
per unit radius for the trilaminar hydrophones* is about
4 times higher than that for the bilaminar configurat W
and that it is inversely proportional to (h/a).

Changing parameters (tb/h) or (tc/tb) over the ranges
considered here changes CLOW/a by about 6 dB. Switching
from steel to either brass or aluminum has a negligible
effect on CLOW/a'

*The data in Figures 2.2 and 2.3 for the trilaminar
hydrophones assume that the ceramic discs are wired
in parallel. 1If the discs were wired in series, the
recelving sensitivity would increase by 6 4B and the
low frequency capacitance would decrease (increasing
the impedance) by a factor of 4.
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Figure 2.4 shows that the open circuit, unloaded
resonant frequeaccy times radius is proportional to
the parameter (h/a) and does not sigrificantly change
as (tb/h) or (tc/tb) is changed. The effect of shear
in the thicker discs (h/a equal to .3) reduced fp,a
by 5 to 15% depending on the configuraticr and value
of (tb/h) or (tc/tb). Changing from steel to brass
can reduce fR*a bty as much as 15% while changing from
steel to aluminum can change fp.a by ae wuch as +10%
depending upon the configurations.

Figure 2.5 shows that changing the parameters
(tb/h) or (tc/tb) has a small effect on the maximum
depth: 5% for the range shown for bilamirar benders
and 25% for trilaminar benders. The maxinum depth
shown here is calculated from the maximum radial
stress produced in the ceramic by a uniform hydrcstatic
pressure on one side of the bender. A safety factor
cf about two has been ascumed in specifyirg the maximum
depth.’> Because the asymmetrical bilaminar bender has
ceramic on only one surface, it can be assembled so
that a hydrostatic load produces only compressive
stress in the ceramic., This gives a factor of ten
increase in operating depth over the trilaminar config-
uration. This is reflected in Figure 2.5 by two
vertical scales: one for bilaminar and one for tri-
laminar benders.

2.2.2 Combined Performance Paramcters

It is possible to define many combinations of
the four performance parameters shown in Figures 2.2
through 2.5 which are independent of the ;arameter
(h/a) and depend only on the parameter (tb/h) or
(tc/tb). Three such combinations are described below.
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C1 =M*f

R
Cp =M/ Cpoy
Co =M *C,.. %D/ a2
3 LOW

If one performance parameter is held constant,
these combinations of parameters may be used to show
the trade-off relationships for the remaining
parameters as shown in Table 2.3.

Table 2.4 gives the values of the three combination
rarameters for various values of (tb/h) and (tc/tb)
for both bilaminar and trilaminar benders. All three
of these parameters go to zero as (tb/h) approaches
zero for the bilaminar benders and go to zero as (tb/h)
approaches on2 for both bilaminar and trilaminar
benders.

The parameter C1for asymmetrical assemblies is
up to 33% higher than that for trilaminar benders
with the same proportion of metal backing (tb/h).

An optimur value of (t,/h) exists for asymmetrical
tenders whereas this product decreases monotonically
for increasing (tb/h) of trilaminar assemblies.

Bilaminar assemblies have values of C2 which
are approximately 4 times that of corresponding
trilaminar assemblies. Although M values are almost
equal for comparable bilaminar and trilaminar assemblies,
the values of CLOW are not. Parameter 02 has a
maximum value near (tb/h) equal to .2, (tc/tb) equal
to 4., for bilaminar benders. No such peak exists
for the trilaminar configuration.
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Table 2.3
Design Tradeoff Parameters For

One Performance Parameter Fixed.

Design Criteria

Performance Fixed Depth Fixed Sensitivity Fixed Fixed
: Parameter Capacitance Bandwidth
1 2 2 C af 2
- ( a) it ( a 3 ( R) C, Cs
W/ "2 73 Crow /| C2 C,
oy 'q
& [Cq CM CLOW C1
CL 2 CofRr
e Cy ¢ IR
- Cole L CoCrow
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Table 2.4

Combined Parameters for Bilaminar and Trilaminar
Bender Hydrophones with PZT-5A Ceramic
and Steel Backing

(1)

Trilaminar
tc/tb tb/h c, C, 03
00 0.0 31.5 0.259 6.17
2.8%3 0.3 27.5 0.151 8.68
0.67 0.6 18.8 0.057 10.33
0.00 1.0 8.0 0.0 0.0
Bilaminar
tc/tb tb/h 01 02 c3
00 0.0 0.0 0.0 0.0
L.00 g - 0.624 26D
1.50 0.4 39.2 0.585 32.9
0.67 0.6 33,8 0.356 42.8
0.00 1.00 0.0 0.0 0.0
=10 L
C, = M * f 107 '¥» KHz * V/ uPa
Oy = W/ Bras 10~ 1% Vv/(upa x prd)
Co =M % Crres #D / 8% 1074 % V x pfd * £t/(uPa x cn?)
5 " LOW * B *

(1) The data for the trilaminar hydrophones assume that
the ceramic discs are wired in parallel. If the
discs are wired in series, the sensitivity would
increase by € dB and the low frequency capacitance
would decrease by a factor of 4.
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The parameter C3 shows that in general sensitivity
must te traded off for depth unless capacitance
can be reduced. Parameter 03 is greater for bilaminar
assemblies because of their greater depth capability
when assenbled to be compressively stressed by
hydrostatic pressure. This parameter has a maximum
value above (tb/h) equal to .6, (tc/tb) equal to .67,
for both the bilaminar and trilaminar bvenders.

2.2.3 Equations to Account for Material Changes

This section presents equations which can be
used to approximate the change in performance para-
meters when either the ceramic or backing material
properties are changed. These equations are simplified
where posgible and use the nomenclature defined in
Table 2.1. One simplification is made with respect to
the Poisson ratio for the backing and ceramic. For
most metals of interest a’b is approximately 0.3,
and for most ceramics used in hydrophones G’D is
approximately 0.5. Parameters which are weak functions
of the Poisson ratio use these approximations.

2.2.37.1 Symmetrical Trilaminar Egquations

The equations for the performance parameters
of a symmetrical trilaminar bender hydrophone are
directly related to the assumed normalized deflection
curve of the bender. These equations are developed
from the closed form solution of a symmetrical
trilaminar bender. Four coefficients can be defined
which are independent- of this deflection curve; five
other coefficients must be evaluated as a function
of the bender shape. .
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For voltage parameters M, and CLOV‘ the assumed
normalized deflection curve is

Iy tir (r/a> :

which is the curve for an applied edge moment.
Because of its simplicity, this curve is also used

to approximate the maximum radial stress which in
turn is used to estimate the maximum depth. The
following five coefficients were developed using this
deflection curve. g ! 1/2
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The deflection equation used to calculate
the short circuit, unloaded resonant frequency is
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and the following coefficients are defined.

b

e

A = 353 + 262 o .432

D

AY = .35% + .262 o 484

AE = AT - 23 ki (1 -D)cy = 484 - 116 K2

E/ 3 g b i &
/\(h-t) +/\Etb

E
C: 16.8 1.33/;)(1‘ t5) 4 .48 EPt]
R
S99
£, - 084 £ pua
e Fh

».%,2 Asymmetrical Bilaminar Equation

A simple neutral stress plane development of
+he model for asymmetrical bilaminar discs does not
vield satisfactory prediction accuracy. The fol-
lowing equations have been empirically developed
from the computer model predictions to predict the
approximate performance for the tb/h ratio which
gives the maximum receiving sensitivity.

A coordinate of the mechanical neutral stress
plane, t " has proven to be a useful parameter in
locating the near optimum ratio of ceramic to metal
thickness and is defined below.
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A positive value of tn means that this plane is in
the backing material; a negative value places it in
the ceramic. The optimum value of tb/h is slightly
greater than or equal to that obtained when tn = 0.0.

* 2 Eb/EC _ 1
o, > Vo=t

The approximate equations for the performance
paraweters for this value of tb/h are given below.

.
A0 €21

P 2 D 'y
k 2 gzq + Sy4(1 - /€ 33

9 2\ T
oy = A1 -K2) £ 55/,
Vet s .
LOW = 1.47 C
172
D D
y o 2975 x 107 a? __5%1 (1- 5°)
iy €35 (1 - k)
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2.3 AIR-BACKED HYDROPHONE WITH HINGE EDGE SUFFORT

In the previous section computer generated
design trade off curves for bender hydrophones were
presented as funciions of two non-dimensional para-
meters: (h/a), total bender thickness to radius
ratio, and (tc/th, ceramic thickness to backing
thickness ratio. A third parameter (tb/h) which is
directly related to (tc/tb) was also shown. This
data assumed the simplest bender hydrophone geometry:
a vender with uniform thickness for both the backing
and ceramic material and an ideal simply supported
edge. The perforrance parameters used for these
curves are open circuit receiving sensitivity, M;
low frequency electrical capacitance, CLOW; short-
circuited, unloaded resonant frequency, fR; and
maximur depth, D, The effect on these parameters
of adding a simple hinge to the bender hydrophone is
now examined.

2.%.1 Simple Uniform Hinge

A sketch of the composite bender and hinge to be
considered here was shown in Figure 1 in Section 2.0.
Two non-dimensional parameters are used to describe
the hinge: (th/tt)’ hinge thickness to bvacking thick-
nesg ratio; and (rh/a), hinge radius to ceramic radius
ratio. One additional performance parameter has been
introduced to describe the stress in the hinge: (rh/a P
maximum radial hinge stress to maximum radial ceramic
stress ratio. Most backing materials can support
twice the compressive stress and twenty times the
tensile stress possible for the ceramics used.
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The maximum radial bending stress in the hinge is
strongly dependent on the hinge thickness. For a
uniform static pressure this stress is roughly pro-
portional to th'1'6 for (th/tb) between 0.25 and 1.0
(for trilaminar btender parameters (h/a) = 0.03 and
(tc/tb% = 2.33). This stress would be proportional
t:6 th ‘for an ideal clamped-clamped ring.

Wren a simple hinge like that shown in Figure 2.1
is used instead of an ideal simple support, the
parameters I, CLOW’ fR’ and D change as shown in
Tables 2.5 and 2.6. These results apply to any value
of the relative thickness parameter (h/a) except for
fR for which the change factor is valid for thin hinges
but is only an approximation for thicker hinges tecause
of the effects of shear.

These tables are used with the four basic design
trade off curves presented in the previcus secticn.
To assess the effect of adding a simple hinge to a
bender hydrophone, multiply any of the performance
parameters I, CLOW’ fR’ or D by the appropriate facter
shown in this table. The last entry in this table
shows the ratio of hinge to ceramic stress. As
mentioned earlier, values of this parameter greater
than 2.0 for bilaminar and 20.0 for trilaxinar hydro-
phones may give a design in which the hinge stresses
lirit the orerating depth. All of the btilaminar hydro-
phone designs shown here have a stress ratio greater
than 2.0 although some of them are close enough to
be considered. (Materials with an ultimate tensile
strength greater that 200K psi would be required for
the backing material.)




Table 2.5

Changes in Performance Parameters When
A Simple Hinge Replaces the Ideal Support for
Air Backed, Rilaminar, Bender Hydrophones

rh/a =1.10 rh/a = 1.20
(th/tb) 1.00 .75 .50 1,00 .50
(t,/ty)
i 4.00 1.50 1.53 1.52 1.78 1.74
1,50 .885 1,09 1.24 1,23 1.50
67 425 .695 1,03 .750 1.35
J33 251 .470 .848 = -
CLow Z.00 . 962 .972 .979 .973 .984
1.50 .872 .926 .970 .918 .982
.67 .807 .857 .928 .843 .956
=5 .848 .874 .924 C oL
Ty Z.00 920 .888 .88 . 759 421
1.50 1,04 .958 .887 .914 .72
.67 1, 92 1.08 . 931 1.08 .797
.33 1.%1 1.16 . 968 - .
i) Z.00 1.07 .05 T.02 942 . 900
1.50 1.9 1.06 . 986 .988 .863
.67 1.56 1.27 1.03 1.22 .864
.33 1.91 1.52 1.12 p -
T/ T 5.0 23T =p9 0 el 5 AR A
1.50 2,79 2.11 2.51 2.22 5.10
.57 2.70 i 2.62 2.33 2,05
033 3003 3044 3036 - —




Table 2.6

Changes in Performance Parameters When

E A Simple Hinge Replaces the Ideal Sup;ort for

Air Backed, Trilaminar, Bender Hydrophones

rh/a = 1.10 rh/a = 1.20
(th/tb) {10 05 9.0 0.5
(t /)
M 2 b3 . 851 1.15 g 1.40
267 - - - 1.22
° 2.33 .879 .978 .924 .988
Low 67 v Lt e .957
' 2.33 .994 833 .822 .655
.67 O - o - 0797
D 3.5% 1,09 .924 .906 817
.67 3 < 4 .882
3 T,/ 2.3% 3.26 4.36 3,36 8.07
; .67 - - - 4.03




These results show that thin hinges with larger
values of (rh/a) would be preferred if the stress
criterion can be met. In general these hinges would
slightly increase the hydrophone sensitivity over an
ideal simple edge support and have a small effect on
the other parameters.

The low frequency capacitance, CLOW’ is always
reduced by the addition of a simple hinge. The
resonance frequency fR was also reduced for most of
the hinge configurations tested. The results also

show that in general the
backed bender hydrophone
Increases

hinge design.
the hydrophone gained by

depth limit, D, of the air
is reduced with a clamped
in the depth capability of
the addition of a simple

hinge are always accompanied by a reduction in the
sensitivity. Table 6 is a much abbreviated version

of Table 5 but shows the same trends for the trilaminar
bender hydrophone as seen for the bilaminar georxetry.

2.%.2 Tapered Web Hinge

One practical means of approximating a simple
uniform hinge is shown in Figure 2.6 where a flexible
edge support is achieved by a smoothly tapered web.

The performance of this hinge is determined using

Table 2.7 and Figures 2.2 through 2.5 in a way similar
to that descrived in the previous section. Each change
factor relates the performance of a hydrophone with
this web-type hinge to the comparadble hydrophone

with an ideal simple edge support.




TABLE 2.7

CHANGES IN PERFORMANCE PARAMETERS WHEN A WEB-TYPE
HINGE REPLACES THE IDEAL SIMPLE SUPPORT FOR AIR-
BACKED, BILAMINAR, BENDER HYDROPHONES

rh/a = 1.10
bty .50 .25 .125 .0625
M -1 T.81 1.23 1.22
Crow 940 . 982 .991 .994
b .956 . 899 .860 .797
D 1.06 .998 .979 .970
Th/T VT 12.5 2 7 12.8

t/tbz

1.50 fer all hinges.
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Figure 2.6 Geometry and Dimensions of Tapered Web Hinge

For this study the ratio of minimum hinge
thickness to back material thickness (th/tb) was
varied from 0.5 to 0.0625. The performance with this
web hinge design is about the same as that found for
a simple uniform hinge. The data shows a slight
reduction in the stress ratio (Th/T), but it is
possible that the true maximum stress wa$§ not found
in the web hinge. The region of highest tensile
stress occurs at a radius midway between the radius
of minimum and maximum thickness in the clamped edge
side of the hinge. The stress data shows that webs
as thin as 0.125 tb probably are not useful.




2.4 PRESSURE-COMPENSATED HYDROPHONE WITH SIMPLE HINGE
EDGE SUPPORT

The hydrophones described up to this point have
been limited to relatively shallow water ‘down to
several thousand feet). Many applications require
Operation in water with depths greatly exceeding 2000
feet. The hydrostatic pressure at these depths will
fracture the disc unless some form of pressure compen-
sation is provided. Since the performance of a bender
hydrophone can bé,affected By the impedance of the
terminating cavity, an additfonal design compromise
nust be made between the hydrophone size and its
acoustic performance, )

The most likely (and at first appearances, best)
choice would be to fill the termiﬁating cavity with
a gas which is maintained at the same pressure as
the ambient hydrostatic pressure. ‘Unfortunately such
pressure compensation systems have proven to be
unreliable and quite bulky making it necessary jo
go to a liquid filled pressure compensation cavitf.

A liquid with high compressibility (like silicone o0il)
can be used in the cavity, and a pressure equalizing
system with high acoustic impedance'(a®long,’ small
diameter hole) can be used to compensate for the
hydrostatic pressure. This section ‘treats such a
pressure compensation system for bender hydrophones.

The liquid filled cavity will change the acoustic
performance of the hydrophone by adding stiffness which
increases the resonant frequency, decreases the receiv-
ing sensitivity, and decreases the low frequency

capacitance. The change in low frequency capacitance
is small and cen be neglected entirely for suitable
cavity coqpliance.




The acoustic impedance of the pressure equalizing
passage will introduce a low frequency roll off to

the hydrophone frequency response. The compliance

of the terminating cavity, CT’ is given by CT =¥V/p ,
where V is the volume of the liquid filled cavity

and B 1is the bulk modulus of the liquid. The roll-off
frequency is given by

1
frow = 2T4yLpCp

where LP is the passage inertance which compensates
for the hydrostatic pressure. This roll-off can be
made to start at an arbitrarily low frequency by
adjusting the passage inertance (changing the area
and length).

The effect of the liquid filled cavity on the
hydrophone performance can be described using the
ratio of the compliance of the air-backed, composite
disc-hinge, Cy;, to the compliance of the terminating
cavity, CT' Eﬂe liquid backed, pressure compensated
hydrophones of most interest have CDH less than 3*CT
or the terminating cavity is less than three times as
stiff as the composite disc-hinge. The sensitivity
and resonant frequency of these pressure compensated
hydrophones, 5?3 and FRPC’ are related to the air
backed sensitivity and resonant frequency by the follow-
ing relationships.

1
Men = M
PC ( 1T+ CDH/CT )

1/2
fppo = fR(1 + Cpy/Cop

b1




The values for M and fR are obtained using the pro-
cedures outlined in Sections 2.2 and 2.%. As can
ve seen in these two equations, the sensitivity-
btandwidth product for a pressure compensated hydro-
phone is always less than the product for the same
hydrophone air-backed. To minimize the effect of
liquid backing, large liquid compliances are desirable.
The compliance C. is proportional to the cavity
volume and is, tiereforb, limited by the physical
size the designer is willing to use. The cavity
volume is also limited by the highest fregquency to
be measured since the cavity dimensions should be

a small fraction of a wavelength.

A satisfactory liquid compensated hydrophone
is not necessarily obtained by simply adding a
liquid cavity to a good air-backed hydrophone. A
sensitive air-bvacked bender hydrophone will generally
rave a small (h/a) ratio and be limited tc quite
shallow operation. When this hydrophone is liquid
tacked to provide pressure compensation, the results
are discouraging at best because a very large pressure
compensation cavity is required. Since the basic
compliance of a disc is inversely proportional to
the ratio (h/a) cubed, thicker discs can use much more
reascnable liquid compensation cavities. One disadvan-
tage in using thick discs is the added displacemernt
due to shear which can increase the compliance of the
hinge and disc by as much as 40%. The optimum value
of (h/a) seems to be near 0.1 where the increase in
sensitivity for a thinner disc is off set by the re-
duztion in sensitivity due to liquid backing and the
Shear displacement is not significant. For these reasons
thicker discs with stiffer hinges are more suited for
pressure compensation than thin discs or flexible hinges.
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Table 2.8 1lists the acoustical complance for
several combinations of the discs and hinges considered
earlier. This table shows the importance of the hinge
when a hydrophone is pressure compensated using liquid
vacking. In Section 2.3, it was shown that adding a
properly designed hinge to a disc has a small effect
on the hydrophone performance parameters. Adding a
ninge to a disc does make a significant change in the
compliance of the composite disc-hinge. A two to one
change in CDH such as shown in this table will require
a two to one change in the volume of the pressure com-
pensation cavity. The data shown here are for bilaminar
discs with a radius of 0.01 M (1 cm) and a thickness
ratio (h/a) of 0.3. In order to use this table for
other values of a or (h/a) the following relationship
should be used.

3 (0.3Y .
CDH(a. h/a) = (100 a) T/a CDH(.O1, 8.5

The values cf CT(.O1, 0.3) are from the table and a

is in meters. Since the effect of shear displacement
ig included in the data for this table, the above
relationship is not accurate for small values of (h/a).
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Table 2.8 Acoustical Compliance of Composite Bilaminar
Disc-Hinge Hydrophones using Simple, Uniform

Hinges.
th/tb
/by 1.0 .75 .50
4.00 .42% .504 . 164
4450 .296 . 348 425
ob'7 .205 .268 . 558
%= 51 .184 .296

KOTES:

Units on compliance are 10~1% ¥°/x

Tisc parameters are (h/a) = .3 and a = .01M,
Hinge radius parameter (rh/a) = 1910

Hinge geometry shown in Figure 2.1.

N A
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3.0 MODELING DIRECT MODULATION OF SEA WATER FLOW

The hydraulic valve which modulates the flow
between the high pressure source and low pressure
sink is the heart of the hydroacoustic power oscil-
lator. Typically it has been analyzed using Bern-
oulli's Equation* for the steady flow of zn inviscoid,
incompressible fluid.

2
5+Xl+gZ1:£2+X?;+gZ2
- S | S

Where P is the pressure, V is the particle velocity,
7 is the height above datum, f>is the fluid density,
and g is the acceleration due to gravity. Subscripts
1 and 2 refer to a section of fluid on cpposite sides
of the valve. ZILet subscript 1 be used for conditions
in the supply reservoir where V is approximately
equal to zero, and 2 be used for conditions at the
exhaust of the valve which is at the same datum
level as the supply reservoir (2, = Zz).

Bernoulli's equation reduces to

This can be rewritten as

R 2
24" Cp OP

QjQ|= 7

Where Q is the volume flow rate, A is the open

area of the valve, and CD is the discharge coefficient
(CD can be as high as 1.0 for fully rounded valves,
and Cp as low as 0.6 for sharp edged valves).

FTor example, see "Fluid Power Control™ by J.F. Blackourn,
G. Reethof, and J.O. Shearer, John Wiley & Sons, 1960
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The shape of the valve opening has very little effect
on CD; a long narrow slit has the same value as a
circular hole. To reiterate, Equation 1 applies to

an ideal nonviscous and incompressible fluid flow
where steady-state conditions prevail. These assump-
tions are reasonably accurate for most hydraulic valves
used in fluid power control systems but zust be
reexamined when considering the hydroacoustic power
oscillator which operates at considerably higher
freguency than most fluid power systems.
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3,1 DIFFERENTIAL EQUATION FOR VALVE FLOW

Navier-Stokes equationsf which describe the
concervation of momentum, constitute the fundamental
bvasic of fluid flow theory. If it is assumed that
the fluid is nonviscous Or that the contribution oy
viscous terms in the equations is much sczaller that
that by the inertia terms, One can ignore the affects
of viscosity. Then the equations are reduced to Euler's
equations valid for an jdeal fluid and are given by

PYE + o5 -V +wP=F

wheref is the fluid density, Ar is the particle velocity
vector, P is the fluid pressure and T is the applied
force vector.

For one dimension flow this equation reduces to

’))
0 = 3% +€§% +‘Fv %%

and can be integrated along a atreamline from region(i)
to region (2)as shown in Figure 3.1,

o:S-%—l;Eds+ A%—‘é—dsf&iv ds
a @
O:PZ-P1 +f’ 3% ds +5’—§-‘- (sgn v)

where sgn v equals 1 if v is positive and equals -1

if v is negative. The velocity in region (D is assumed
to te zero, and Vv, is the discharge velocity from

the orifice. The conversion from particle velocity to
the volume velocity through the valve, Qv, is given by

*For example, see "Mechanics of Deformable Bodies"
by Arnold Sommerfeld, Academic Press, 1950.
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Figure 3.1 Ceometry for the Differential Equation
for Valve Flow.
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Qv QV
v, where K =TI* DV * PF

DV is the valve diameter
PF is the valve porting fraction

Cp is the discharge coefficient (CD & 6 oy
sharp edged valves).

. ;
_ PQS sgn (Q,) Q
PfPZ“PXz r— *kf'jt;t'[*vi]dy
2K*Cp Xg S
@

If one approximates the streamlines, then X can
be replaced by

[~ X 2 —Wé
. ol E s 2

ksl
and the last term in the previous equation becomes

;

42




Approximate y in region 1 by -1OXS, by O in region
2, and carrying out the indicated iantegration gives

o .
200 % lars p By u (k)
K)Qat | Xy ! 2K 9t 2
— = == e
O E 2 “
-1n |10 xg + \|(DZS/\ + 100 Xg |
Y -J
. g 5
- p 5 Q, Xg 10 Xg ! ).}i%
oK 2 5 !
! {1
Opfs) CDxé\ + 100%2 !
N v 5

The square root terms in this equation can be

approximated using Fhe series expansion.
| 2 o 3

5 2 |
100x2 +( D% L s B
2 | 500 |

-

The equation for the integral term becomes

15 ) ao pa %

K 0 Dt “_ s K dt s ot
2
c

where 1 + 5%5—— has been approximated by 1. Since

Cp is approximately equal to 0.6,

n (40/85) _ 5.0
2
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and the final form of the differential equations
for the alternating flow through the valve is

i.Q = _P-K RIS RE e Qv dXS = PQvl QVI
a8 = s
Wher. the dynamic terms, it and —31 are negligible

this reduces to the form of Bernoulli's equation
shown at the beginning of this section.

5.2 SUPERIMPOSED ALTERNATING AND STEADY FLOW

In a transducer utilizing direct mcdulation
of sea water flow to produce an acoustic signal in
the water, the pressures and flows have voth steady
and alternating components. When these pressures
ancé flows encounter an orifice, the amount of pressure
drop, power loss, and harmonic content all depend on
the relative magnitude of the steady and alternating
components.

3.2.1 Pressure Drop and Pcwer Loss in an Orifice
When O=Q0+Q1 sin (wt) + Q, sin (2 wt)

Returning to the basic Bernoulli equation for
the flow through an orifice, one can find the pressure
drop, P, and instanteneous pover loss, W, using the
following equations;
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Where D is the fluid demsity, Q is the instantaneous
flow through the orifice, Cp is the discharge

coefficient (CD = .6), and A is the orifice area.

In many cases of hydroacoustic devices,
there are fixed orifice like constrictions which
must pass both steady and alternating T
Examples are feed tubes and inertance tubes. In
such cases the alternating flow causes an increase
in the average pressure drop over that which
would occur in the case of steady flow only.
Also, in such cases the total power loss is of
interest in computing overall efficiency and power
palance. The following develop expressions for
both these quantities. Let the flow be given by

Q =Qy + Q sin (wt) + Q, sin (2 wt).
If the instantaneous pressure and power loss are

integrated over one cycle, the average pressure
and power loss are given by

2
Q
- 0] K P
Blyg = F w7 ™°
2 C_°A
D
Qo3 MW
WAVE:M—TT B ST
210 )

where X and M are functions of Q1 and Q2 and PST and
Wq are the pressure drop and power loss respectively
in the absence of alternating flow.




If Ky = Q/Qy 4
n
k2 —3 Qz/Q1

then X and M can be found from Figures 3.2 and 3.3.

If kg is equal to zero and k, is large (k> 5), then
K and M can be approximated by

Kx=(1 + 8ky) /oW

M(1 + 12 k, + 8 K, 3/3) /2 1.
If k1 is very large, these expressions become

kx4 k1/n'

Mxdko /9F

3.2.2 Harmonics of Pressure with Q = Q; + Q sin (wt)

In the above section the pressure factor K is
calculated to determine the average pressure difference
for combined steady and alternating flow thrcugh an
orifice like constriction when the average pressure
difference for steady flow alone is known. In this
section an estimate of the magnitude and phase of the
higher harmcnics is derived for a known flow

Q = Qy + Q sin wt.
The flow is a result of a pressure difference

P, = €, nglwhere
o, = and
1 e &
2 CD A .
CD is the discharge coefficient

A is the area of the orifice.
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Assuming that quasi-static conditions exist for the flow
field, <he harmonic analysis of PC is descrited as
follows. Let

P~
P = —=—x=% A sin (N&t+y,)
CyQ-"
gt n’a
where i is the magnitude and¥,is the phase cf then

harmonié of the normalized pressure. The pressure has
been ncrmalized with respect to the pressure in the
absence of the alternating flow.

It car te shown that for n»2 and x,> (k= Q;/Q)

if n is even

/1+k12) sinn¢1 o k1[%os(n-1)¢1 N cos(n+1)¢z]-

A

N z n Y1 n+1
Ea [éinfn-z)¢1 , sin(n+2)g]
4 n-2 n+d |
it n is oad
2
A i7+k1 cos nff, . k, sin(n-1)¢1 3 sin(n+1)¢a 3
n o1 2 n n-1 n+!1 |

2 T 1
k, vos(n+2)¢1 v cos(n-Z)Q)1
4 L n+2 n-2 |
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e .

By = 2k‘1 + 4 2+k5 AV ¢1 'k (,.-_2¢ ¢in 2¢1)
T i s D -t
PR 2
- Sl (ER T 0+k1 ) 8in 2¢1 - x \cos ¢1 _cos 3 ¢1)
L T o - (R T
ke Qy 9, - sin 4 ¢§
X sin'1(l
where ¢1 = k1 and ¥,=0 if N is 0dd, or
. 0
¥y .i.if n is even.
S & £ !
A1 = 2 k1
2
_ =k
k=t
4
R & O TfoP nwe

b4}

For very large values of k1,

8k:12
e z
D fn(n®-4)

A =0 it n is even.

v
ad

if n is odd and

These last expressions are the Fourier series for k%

sin wtlsin|w‘ and represent the limit when the steady
flow is zero.

Figure 3.4 is a plot of An as a function of

ky for n = 1 to 4. As can be seen from the graph,
the first harmonic is predominant and the higher
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harmonics keep on becoming less significant succes-
sively. From the above equations, in the limit of
large k1, the magnitudes of the third and fifth
harmonic are respectively only about 20% and 3% of
the magnitude of the first harmonic while the second
and fourth narmonics tend to dissipate altogether.

3,2.3 Harmonic Content of Flow Through a Fixed Orifice
when P= F"ﬁ sin wt

Since a fixed orifice is a nonlinear element,
it generates harmonics in the flow through it when
alternating pressures are applied across it. When
the amplitude of the oscillatory pressure is large,
the nonlinearities may be significant and the higher
harmonics may not be negligible when compared to the
fundamental. It is useful to know the relative
magritudes of the harmonics generated by this type of
epifice.

Let the pressure upstream of the orifice be

- N
P1 = P1 + P1 sin wt
and the pressure downstream be a constant P2

If quasi-steady state conditions are assumed to
exist, the resulting flow is given by Bernoulli's equation.

R = C[IF(t) I]% Sgn F(t)

Where F(t) = [(F1-P2)¥$1 sintut1
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; -
Then Q = Cl§1 - P2|‘| 1+ 48in wt|5 Sgn (1+4 sin wt) Sgn (F1- PZ)

Al
Where & = P1/(P1 + P2) or

QR= Q = |l+msinwt |J" Sgn (1+& sinwt)
CI??-P2|thn (F1—P2)

n
Where Q is the flow normalized with respect to
the flow caused by steady pressure difference alone.

A computer progran was developed to perform a Fourier
analysis on the expression for Qn and determine the
magnitude and phase of the first nine harmonics.

o

Let Q = ‘Z:) C, cos (kwt +¥, )
K=

where C, 1s the magnitude of the k% harmonic and
vy is its phase angle.

Qn Cl %:[Ck/cl cos (kwt'+\pk)] or

O "
c, ¥ C, cos (kwt + \pk)
0

where Cﬁ is magnitude of the k¥ harmonic normalized
with respect to that of the first harmecnic.




Figure 3.5 shows the magnitude and phase angle
of the first four terms in this expression for various
values of the modulation factore¢. For the range of
K covered here, the second harmonic is always in
phase with the fundamental and reaches a peak of
.32 at a modulation factor of 1.2. The third harmonic
is less than .15 and is in phase with the fundamental
up to a modulation factor of approximately 2.0 at
which point it becomes out of phase with the fundamental.
Asd is reduced to zero, all tne harmonics approach
zero and the flow is given by the steady flow component.
It can also be seen from the figure that as dkincreases,
the second narmonic tends to decrease slowly while the

third harmonic does not follow this pattern. In the limit

of dvery large, (1 + &|Sin wt| )%zq | sin wtl
and the magnitude of the Fourier componenis of Sinlwt
is given by

|%

. =1
= 8L217)§ !fK1+2k)_f‘1-2k} if n is odd
BT A &

o
~

0 if n is even

n
Yk

where [ﬂis the gamma function.

Thus for very large only the odd harmonics are
present while the even harmonics become insignificant.

3,2.4 Harmonics of the Flow Through a Varying Orifice
with Sinusoidal Pressure Difference.

Another case of interest is that of an orifice
whose opening varies sinusoidally over one-half cycle
and iszero for the other half cycle.
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If the pressure difference between the two sides of the
fice is sinusoidal or predominantly sinusoidal and the
e opening, & closed form

ori
pressure is in phase with th
solution for the harmonic analysis can be obtained as

follows:
A
Tet P = P sin wt
and X = i sin wt if sin wt >0

X=0 if sin wt £0

Where X is the linear orifice open’ ¢ the
flow Q = CDA.1r or

Q = CpWX sin Wt (P sin wt)%
Where W is the width of the orifice opening and

Cq = (28 Cp-
7 ‘ !
Q? = ———%—:—: = (sin .wt)B/2 if sin wt >0
CWXP* [
q |

= 0 if sin wt <0

The Fourier series representation of Qn is

e e ke

A 00 _!

R =, 155 T A

Q" = =7 ¢t > 1 (A, cos nwt + B, sin nwtzJ
n=

where An 0 if n is odd, and

if n is even,




O if n is even, and

‘TT(1)S_T"l

and Bn

B

SRR CRER R

whereﬁ? is the Beta function

B33 3-3)-Can + BE - 3)

{7/2)
?;4 7T [cos wt - .528 8in 2 wt - .111 cos 3_wt
=047 8in 4 wt -.026 cos 5 wt]

s

The above analysis indicates that second harmonic is
significant (more than 50% of the first) while higher
harmonics are substantially less in magnitude.

3.3 PARAMETRIC PERFORMANCE, HARMONIC ANALYSIS AND
TRADE-OFF DATA FOR HYDROACOUSTIC POWER OSCILLATORS

One form of the hydroacoustic power oscillator
is shown in Figure 3.6 which utilizes a variable
orifice valve to modulate the flow of sea water
from the sea pressure head to an evacuated reservoir.
The spool valve is driven with a nearly sinusoidal
force by the oscillator sections at either end of
the spool.

The basic differential equations for the power
oscillators have been programmed into a previously
developed computer program which solves sets of
coupled, firsﬁlorder, ordinary, differential equations.
This model is then used to simulate the harmonic

T

content of the pressure applied to the acoustic
transmission line and thence into the water. It is
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also used to generate parametric data relating input
and output power, efficiency, average flow, peak
valve spool displacement and diameter, and pressure
modulation coefficient to the acoustic load impedance,
(both magnitude and angle), fundamental frequency

of oscillation, and pressure head. This data is used
to select the optimum hydroacoustic power oscillator
parameters for a wide range of applications. The
results have been normalized with respect to the
acoustic load impedance, operating frequency, and
acoustic filter parameters. Table 3-1 presents

the glossary of symbols and normalizing factors used
in this section.

3.3.1 Basic Power Oscillator Circuits

Two basic types of hydroacoustic power oscillators
are considered in this report. The first (shown in
Figure 3.7a) is similar to the device shown in Figure
3.6 and is designated as a single-ended oscillator.

The second (shown in Figure 3.8a) is designated as a
double-ended oscillator. It will be shown in this
section that the performance of the double-ended
oscillator can be directly related to the performance
of the single-ended oscillator.

Figure 3.7b shows an equivalent representation
of the single-ended oscillator section of the hydro-
acoustic transducer shown in Figure 3.6. The single
orifice is fed by sea water pressure, PS, through
a long tube of equivalent inertance L and a cavity
of compliance C. The flow through the oscillator
is modulated by a valve spool whose displacement
is given by XT sin wt. A typical flow waveform for
this class of oscillator is shown in Figure 3.7c.




TABLE 3.1 SYMBOLS USED IN SECTION 3.3
Hydraulic Pressures (psi)

Ps Supply Pressure

PV Average pressure difference across the orifice
Pv = PS for a single-ended oscillator

P, = Ps/2 for a double~ended oscillator

v

The pressure across the load

P; = amplitude of the fundamental of PL(t)

FL = average pressure across the load
PL = Py for a single-ended oscillator
P = Pg/2 for a double-ended oscillator

Hydraulic Flows (cis)

() Flow through feed inertance L from supply
S
pressure to the valve
ﬁé = average flow from the supply pressure source

Qv(t) Flow through the orifice or valve
5@ = average valve flow (equal to Qg)

QL(t) Flow tbrough the load
QL(t) = PL(t)/RL
Q;, = average flow through load (Qg, = 9)
Q = amplitude of the fundamental of Qp(t)

H

" Amplitude of k® harmonic of a flow

Valve Parameters

D Metering diameter of the valve

v




o

TABLE 3.1 (continued)

PF Porting fraction
K Porting length (K =1TDVPF)

Xs(t) Valve displacement Xs(t) = Xp sin wt
X

7 amplitude of valve displacement

w angular driving frequency

£ driving frequency (f = 2Mw)

¢ Discharge coefficient of valve (Cq = 92 for
sea water)

cq=cmfz7f:

C contraction coefficient

D

P

density of fluid

Lv Total flow inertance in series with valve.

Ly = 2 P/K + Lyg + Ing
s

Lps

Upstream flow inertance

Downstream flow inertance

Load Parameters
RL Load resistance

L Inlet path flow inertance (L:=f1/A)

P
L

A

fluid density
length of flow path

cross-section area of flow path




TABLE 3.1 (contiaued)

Load cavity compliance (C = V/p e?)

V = load cavity volume

f = fluid density

C = speed of sound in fluid

Load Q factor (parallel R-L-C circuit)
Q = W, ¢ Ry = Rp/uny,

Phase angle of load on valve

Tuned frequency of load circuit

fo = 2TTWo

W = 1/(0)t

(o]

Performance Parameters

RL

Input power (W, = Psﬁv/8.86 Watts)
Output power (Wo = PLQL/17.72 Watts)
Efficiency (A = W /W)

Normalizing factor for flows

Fq = CqTTDy Xp VB

Normalizing factor for power

Py = CqMDy Xp P\P,

Normalizing factor for load resistance

Ppp, =VPy / (CgTi Dy Xp)




l PABIE 3.1 (continued)

Ko

RL

in

n

HDI

Normalized Variables

Normalized frequency

Ky = Ww, = f/f°

Normalized load resistance
Kpr = Rp/Fry

Normalized input power

Win = Wy /Py
Normalized average flow through valve
Modulation Coefficient (X = PL/FL)

&= fi/Ps for single-ended oscillator

X = 2$L/PS for double-ended oscillator

Harmonic distortion index

- R
HDI ={ 2. H,
k=2

2
Hy

o]
0%
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Figure 3.7 Basic single Ended Hydroacoustic Power
Oscillator




The fiow finally goes into a low pressure reservoir
(assumed here to have a constant pressure of zero).

Figure 3.8a is a sketch of a symmetrical, double-
ended, power oscillator with two variable orifices that
alternately modulate the flow into and out of the load
cavity. Figure 3.8b is the analogous representation of
Figure 3.8a. In this device, the flow is caused by a
pressure differential between the supply pressure and the
average pressure at load driving one half of the cycle.
During the other half, the flow occurs from the load
cavity to the return pressure line through ancther
orifice. Since, on a steady basis, there is no flow through
the lcad ané the average flow into the load cavity during
first half cycle must be equal to average outflow during
the otnher half, the mean differential pressures at load
relative to supply pressure and to the return pressure
must be equal as seen in Figure 3.8c, the flow waveform
for a double-ended oscillator is similar to that for the
single-ended case for the first half cycle tre flow
waveforn is repeated, but with the opposite sign.

The performance parameters for the double-ended
power oscillator can be directly related to tne para-
zeters for the single-ended case. When the two
configurations are operated at the same outpu: power
level with the same supply pressure, the average dif-
ferential pressure across the valve for the dcuble-ended
case is PS/Z and Pg for the single-ended case. This
leads to the following relationships between single
and double-ended parametefs.
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Figrue 3.8 Basic Double Ended Hydroacoustic Power
Oscillator
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(Dy Xp)p = V2 (Dy Xp)g

@)y = @y)s

(Wy)s

o]

(W)
(wi)D = (Wi)s

(M)y

(M)

(%)

(RL)D = (RL)S/4

(Pg)g

(Pg)p

Comparing the Fourier series expansion cf (Qv(t))D to
that of (Qv(t))s* shows that the even harmonics in

+he double-ended case are zero, and the odd harmonics
(including the first) are twice those of the single-

ended case.

T (E))g = T(we) Wt = 0 to 1
= - wt = TF to 270
(Qy(t))p = £(wt) wt = 0 toTl

==2(wt-fD wt = Tto 2T .
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3,%2,2 Normalizing Factors

The performance of many different power oscillators
operating into many different loads can be expressed
in several graphs using nondimensional quantities
for the output parameters. In this report the output
parameters of interest are the average flow through the
valve, GV’ (which is equal to the average flow from the
power source, GS); the input power, W,; the output
power, W, ; the efficiency,M; (Mis equal to Wo/Wi);
the amplitude of the fundamental harmonic of the pressure
2+t the load, PL; and the harmonic content of the pres-
sure at the load. The normalizing factors for the first
three parameters (Qy W, and W,) are given in Table 3.1
along with the normalizing factors for the load and oper-
ating frequency. Efficiency is already normelized so
ro factor is needed in this case. The first harmonic of
lcad pressure is normalized by dividing it Dby the average
pressure at the load and calling the result the modulation
coefficientO.

The harmonic content is normally measured by
a factor called Total Harmonic Distortion:

(4

2 71/2
THD:Z(Hk) ;
=z (8~

The typical harmonic analyzer which is used to
estimate this distortion normally measures another

factor defined below.
2 2 |

Harmonic distortion =

e




This factor is close to total harmonic distortion
if the second and higher harmonics are not large
compared to the first harmonic. 1In this report,
the square of the above quantity is used which is called
here the harmonic}%istortion index (HDI) i.e;

H

HDI = X 3-8
2
ke By

The first nine harmonics are included in HTI.

If the driving frequency is different froa the
rescnant frequency of the filter circuit, the load
will not be truly resistive but will have a reactive
cormponent whose sign depends on the frequency. It
can ve easily shown that for a parallel F-L-C circuit,
the phase angle ¢ is given by

L4 gk

Hog = TR

The results from using three phase angles (0°, 45°
and 50°) are presented in Section 3.3.4.

%Z,2,.3% Mathematical Model

The behavior of the single-ended hydroacoustic
power oscillator shown in Figure 3.7 can be described
by the following differential equations.

dQ Q.. dx Qy IRyl
. AT P.  P%w s v Ny

L + - For X 0
W XX, T 2K20D2XST s?

X 1.I|=»‘5? "
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e dkcams = B

aQy
. I
For X €0
S
Qv = o0
Qs . 1 ]p. -P
q% .

ap
L _1 P;/R
'TE“C"[QS' Uy = =k I‘]

The variables QV’ QS and P]‘.- are all zero at
’ . 5

tize equal to zero. These equations are solved

using a previously developed computer program which
performs a numerical integration of coupled, non-
linear, first order differential equations. The

tize integration is continued until the transient

part of the solution has died out and only the steady-
state solution remains.

2,2,4. Presentation of Results

Figures 3.9 a, b,and c are plots of the modulation
factor® and the harmonic distortion index HDI as a
function of the normalized resistance KRL for different
values of Q (1.0, 3.0 and 5.0 respectively). These
plcts have three curves each for the two variables &
and HDI, representing three typical values of phase
angle fof the load. The modulation factor«in every
case goes up sharply until KRL reaches about 8.0 and
thexn tends to level off. Also there is no remarkable
variation in& from one case to another. The
magrnitude of the first harmonic of the pressure in
the load, PI.’ is given by O(PS. The presence of
higker harmonics is measured by the harmonic distortion
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index as previously defined. Significant variation

in this parameter is expected as Q, a measure of
filtering characteristics, is increased. Figure 3.9
indicates that harmonic distortion is greatly increased
as the load phase angle increases when the driving
frequency shifts away from the resonance frequency

of the load circuit. A similar trend also is
indicated by Figures 3.9 b and ¢ although the relative
magnitude of the difference becomes less predominant
as KRL increases. The value of HDI decreases sharply
as Q is raised from 1 to 3. A minor reduction results
as Q increases from 3 to 5. Also, for every case,

the value of HDI goes up slowly up to values of KRL
from 6.0 to 8.0, then shows an almost abrupt rise in
rate of increase and then tends to level off for
values of KRL around 18. There is also a slight
reduction (more noticeable when Q is equal to 1)

in HDI as KRL varies from 1.0 to 5.0.

Figures 3.10 a, b, and ¢ are plots of efficiency
M as a function of normalized resistance Kpy.
Efficiency, like &, increases rapidly for values of
Kpr, between 0.0 and 6.0. For Q equal to 1.0, the
efficiency increases monotonically for increasing
KRL and shows a considerable decline as @ increases
from 0° to 45° and then to 60°. For Q equal to 3.0
or 5.0, the same trend exists for values of KRL
the efficiency bvecomes greater for higher values of @
as indicated by Figures 3.10 b and c.

Figures 3.11 a, b, and c form a set of plots of

win and won as a function of KRL where win and won

are the norrcalized input and output power respectively.
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Since input power is equal to the average flow through
the valve times the constant supply pressure, PS; the
input power curves, when properly scaled (Gﬁh=win/17°72)
also represent Qvn the normalized average flow through
the valve. The input power decreases monotonically as
KRL increases and is generally higher for larger¢. The
output power peaks at KRL approxin .tely equal to 3.0 or
4.0 and then gradually decreases for higher values of KRL.
The maximum output power for a given Q is largest for gd

= 0° and decreases asPincreases.

Figures 3.12 a, b, and ¢ are mostly the replots
of previous curves to assess the impact of increasing
Q for a given value of @ on the various output
parameters liked),a, and HDI. Figure 3.12a
indicates that the value of @ has little effect on &
up to KRL equal to 6.0 for Q equal to 1 up to 10.0
whereas there is slight variation for higher values
of Kp;. The maximum divergence (on the order of 15%)
occurs at the highest value of KRL shown. The efficiency
also shows almost no variation up to KRL equal to 5.0
whereas beyond that, the curves diverge rapidly and
at Kpy equal to 20.0, n varies from .455 for Q equal
i to 5.0 to 0.72 for Q equal to 1.0. As expected the most
w significant variaticn in HDI occurs as Q is increased.
For all values of Q the HDI curves dip down slightly
as Kp; increases from 1.0 to about 4.0 and then rise for
increasing KRL' Thus it would seem that optimum value
of Kpr for reducing harmonic distortion for a given Q is
about 4.0,
| Figures 3.13 a, b, and c are the plots of HDI
| for the flow through the valve (as compared to previous
T plots of HDI for flow through the load, i.e., flow
poad after filtering) for Q equal to 1.0, 3.0, and 5.0
with varying ¢¢. These curves are drawn to examine
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the harmonic distortion before filtering and to
measure the effectiveness of the designed filter.

Figures 3.14 a, b, and c are the plots of HDI
as a function of KRL for the double-ended device.
These values are computed from the data of single
orifice device as explained before. The harmonic
distortion in general is correspondingly less than
that for the single orifice device; the amount of
reduction depends upon other parameters like Q, ¢,
and KRL'

3.%3,5 Trade-0ff Considerations

The design objectives of a hydroacoustic
transducer-amplifier are to achieve high efficiency,
high output power and low harmonic distortion.
Fortunately, much trade-off is not required as
optimum conditions exist for a certain set of para-
meters. After a review of the description of the
curves in the previous section, the following
points are worth noting:

1) The optimum value of Kp; lies between 3.0 and
5.0 with slight variation depending on other
parameters. In this range, the efficiency is
highest or close to it, the harmonic distortion
is minimum and the output power is at its peak.
The device should be operated at its resonant
frequency. The value of Q does not make sign-
ificant effect on gorA in this range but affects
HDI considerably. A higher value of Q would
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2)

3)

be desirable and an optimum value will be
dictated by any physical constraints (size of
cavities, etc.) and the permissible harmonic
distortion. As seen in Figure 3.12¢, the HDI
is reduced dramatically when Q varies from 1.0
to 3.0 and only slightly when Q is raised from
3.0 to 5.0. The reduction is still smaller as
Q varies from 5.0 to 10.0. Thus, if the device
is to operate at a constant or almost constant
d»iving frequency, an optimum or near optimum
design can be easily achieved.

One trade-off would be an apparent choice between
the single and double-ended device. The double-
ended device leads to a low value of HDI;
comparison of HDI curves in Figure 3.12c (single-
ended) and in Figure 3.14a (double-ended) in-
dicates roughly 50% reduction in the value of HDI.
At Kp, about 4.0 and@equal to 0° this reduction
in an already small index is not very significant.
However, at other values of¢and KRL‘ the

reduced index may require attention as a design
factor. It should also be noted that for a

given power rating, the double-ended device
reguires a larger stroke (by a factor of\fE)

and two metering edges.

If the driving frequency f varies over a certain
range, the phase angle @of the load will not be
zero and will vary according to the value of f

and Q. If Q is large, a given change in frequency
will cause a greater change in phase angle
relative to the change if Q was small for example:
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.4569

o
]

1, ¢ = 60°, w/w,

.8417

O
1l

5, ¢=60°, w/w,

As noted before, a higher value of @gwill lead

to greater harmonic distortion in general. Thus,
depending upon the value of f a desirable value
of Q should be selected from the curves. Such

a value should be corresponding to highf?andOL

a small value of HDI over the range of frequency
change.

3.3.6 Other Areas of Investigation

Exploratory investigation was made in other
fields related to acoustic flows as originally proposed
while stress was placed on the areas which were of
direct and immediate benefit.

High amplitude acoustic flows in pipes and
through orifices are known to be turbulent although
a criterion for determining the existence of tur-
bulence (like critical Reynolds number for steady
flows through pipes) is not available for acoustic
flows. In the absence of a detailed mathematical
analysis, the Reynolds number for such flows may
be defined by Re = Ud where U is the average root

mean square velocity. U = R%fR T (y)y dy, where

e !
2 i‘
2(r) = —?rf; (u (r.t)) at |

R is the radius of the pipe, 4 is the diameter,
u (r,t) defines the velocify field in the pipe,




r represents the radial axis, T is the averaging time
period, (much longer than the life time of large
eddies), and V is the kinematic viscosity.

For plane waves of the type
A 2
u=1uexp (-0i X exp (i[&r X-ct])

Where &;is the attenuation factor, Ar is the wave
numbar,ais the amplitude of the plane wave at X equal
to zero,and ¢ is the phase velocity.

A simpler way tg define Reynolds number for acoustic
- L

flows is Re = V)

Neglecting the contribution by heat conduction

Kirchoff's formula for damping factor

o G- w_
dc §wWE

Mis the coefficient of viscosity. Since turbulence
increases the dissipation losses, its effect can
be accounted for by replacing the coefficient of
viscosity Mby the eddy viscosity coefficientf .
Lacking the mathematical tools to handle the theory
to turbulence, the use of eddy viscosity has been
a familiar way to estimate the additional losses.
However, there is no way to estimate analytically.
The value of £ is generally determined from experi-
mental data regarding steady flow in pipes etec.
Binder (*) used a similar technique for measuring
the damping of large amplitude vibrations of a fluid
in a pipe,and by adjusting the value of € found a
fair agreement with experiment. A more sophisticated

*Binder, R.C., "The Damping of Large Amplitude Vibrations
of a Fluid in a Pipe", Journal of the Acoustic Society

of America; P41, Vclume 15, 1943.
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handle on the turbulence losses will require an

i . intensive look into experiments on purely acoustic
and mixed (steady and acoustic) flows where loss

. measurements have been made. An approximate analy-
E | tical model is also probably feasible on lines of
the turbulent flow through jets and pipes where :
eddy viscosity is related to other parameters like i
velocity. In the mean time, a crude determination '
may be made by the approach defined above.
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