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ABSTRACT

This report presents the results obtained during the
first year of a program for the analysis of the effects of sonar
dome-transducer interactions on transmit performance. The

D P 1 NI 2 A Rty AN e

anaiytical woik has bheen directed toward (a) modeling a cylin-
dricai transducer surrounded by an elliptical dome, (b) the 3
application of an integral formulation of the radiation problem f

to sonar domes and transducers, and {c) limited analysis of a

spherical transducer and concentric dome and a cylindrical dome :
with supporting structure. The analytical phases of the program :
have been supported by an experimental study whose main purpose
has been the development of a small, high frequency transducer

and appropriate instrumentation for measuring beam potterns and
transducer displacements.
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Numerical results for the elliptical dome model demonstrate 2
the dependence of side lobe structure and level on beam steering ;
angle. While beam patterns lack symmetry about the beam axis if ‘?
the beam axis is not normally incident on the dome surface, no

beam steering errors are incurred. The computed source level is :
strongly dependent on beaw steering angle. 3

R M,

The development of several modifications to thes usual g 3

application of the integral formulation of radiation probliems has '

led to the successful modeling of large transducers. Numerical ;

results applicable to several current sonar equipments have been ‘ 1

obtained. The integral formulation now offers considerable pro- ! 3
!

mise of application to fairly general dome-transducer configura-
tions.
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: The computed effects of a concentric dome on the beam

patterns of a spherical array are similar qualitatively to those
for a concentric cylindrical system: namely, a general increase ;
in side lobe level with no significant change in the major lobe. 3

The changes in transducer element interaction coefficients due :
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to the dome also were computed. It was found that the dome did

not alter the oscillatory nature of the coefficients (as a function
of :iement separation); however, the amplitudes of both the reac-
tive and resictive components varied appreciably, depending on
dome-transducer spacing. A very limited analysis of a dome with
simple suppcrting structure has demonstrated that the presence

of the structure alters both beam pattern and source level com-
pared to a homogeneocus shell-type dome.
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1. INTRODUCTION

This report summarizes the results achieved during the
past year under Contract NObsr-95349, Long Range Dome Studies.
The report is divided into two volumes. Volume I contains a
general description of studies conducted during the past year,
including numerical results of the studies and conclusions based
on these studies, and a description of tasks to be conducted in
the second year of the program. Volume II contains a detailed
account of the mathematical models and analytical methods em-

ployed to obtzin this year's resuits.

The b>sic gosls of the exploratory development program
for sonar domec are (a) to develop guidelines for the sonar dome
designer sc that he can base his designs on scientific knowledge
of the roles played by the system parameters in determining dome-
array performance, and (b) to establish realistic models for pre-
dicting dome-array performance for the purpose of evaluating
existing and contemplated dome-array systems. Many factors must
be considered in developing design guidelines and performance
prediction models. Among these factors are hydrodynamic and
structural requirements, materials, and noise (platform and flow-
induced), as well as the effect of dome-transducer interactions
on transmit and receive beams. TRACOR's participation in this
program has been primarily in the area of dome-transducer inter-
actions. The studies conducted at TRACOR have been principally
analytical in nature, although during the past year, the analyti-
cal studies have been supported by an experimental program.

the analysis of dome-

transducer interactions, the studies conducted during the past

year have been directed toward the formulation of mathematical
.sodels which represent logical develcpments of previous efforts.

At the beginning of the past year's work, the basic dome-transducer
model consisted of a two-dimensional cylindrical transducer
surrounded by a concentric shell-type dome. While this model
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provided some insight into the importance of various dome-transducer
parameters in determining system performance, it had cbvious
geometrical and structure shortcomings. These shortcomings have
been attacked through the development of several new mathemat-

ical models, the emphasis being on a model with improved geometry.

Consistent with this zoal, work has focused on a two-
dimensional model representing A cylindrical transducer surrounded
by an elliptical, shell-type cdome. In conjunction with this study,
an effort has been directed toward mathematical methods which can
be applied to the analysis of fairly general dome-trransducer con-
figurations. The development of these general anmalytical methods

is essential to the evolution of a realistic dome-transducer model.

As a result of prozress on the above tasks, other brief
supporting studies were corducted in the past year. These studies
are related to comparisons of certain two- and three-dimensional
models and to possible methods of treating more complicated types
of domes in which structural members are included.

DPuring the past year, the analytical studies have been
directly supported by an experimental program, with the principal
effort directed toward the development of a scale model of a
cylindrical transducer and dome. This support is considered to
have three aspects: First, experimental models can furnish vali-
dation for the rrsults obtained in the analysis tasks. Second,
experimental models can assist in defining the applicability of
analytical models to real sonar problems. For example, simplified
analytical mod:1ls such as the two-dimensional elliptical dome
model may be adequate for predicting dome-transducer performance
for non-tilted transmit operations. The experimental program
will assist in supporting such conclusions. Finally, there will
undoubtedly be dome configurations, such as are found in the in-
tricate truss work in many dome supporting structures, for which
realistic mathematical modeling is difficult, if not impossible.
The experimental procedures are expected to assist in revealing

legitimate approximations ir. the analytical work.

2
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- The exrerimental program is not intended to pursue the
E investigation of exact scale models of existing sonar systems

but rather to provide a generai facility for complementing the

; analytical work. 1In this light, the experimental program is of
3 ; great value in heiping to achieve the goals of the Long Range

? Dome Studies Program.
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2. BACKGROUND

The difficulties associated with tre exact mathematical
modeling of a real dome-transducer system have been discussed
many times. One must attempt to solve a boundary value problem
for which the boundaries do not permit a solution of the govern-
ing partial differential equations by commonly implemented tech-
niques. Further, ihe exact boundary conditions are difficult to
describe. In such a situation the inveétigator may proceed in
either of two ways: (a) he may attempt an approximate solution
to an exact model, or (b) he may attempt an exact solution to a
simplified model which approximates the geometry and boundary
conditions of the real system being analyzed. In the former case
one strives for better and better solution techniques until an
adequate solution is obtained; in the latter case one strives for
ever more realistic geometries and bcundary conditions until an
adequate model is derived. Due to the highly complex geometry
of the dome-transducer one cannot expect to obtain an exact solu-
tion for the real system via the route of (b); however, the study
nf simplified models does offer several distinct advantages.

The chief advantage of analyzing simplified models for
which exact solutions are available lies in the ability to isolate
the effects of the model parameters on model performance. Once
important parameters are recognized in a highly simplified model,
the analyst has some insight into what to look for in a more
complex model. An example of this point is the character of the
normal impedance of a shell-type dome, an important parameter
in determining the effects of the dome on transmitted beams.

Early analysis, based on a plane wave incident on an infinite
plate, demonstrater! the essentially mass-like nature of the im-

pedance. Subsequent analyses, of the circular transducer and
concentric cylindrical shell, and the spherical transducer and

concentric shell, indicate a similar result [1,2]. As another
example, analyses of the total radiated power of these models
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have irdicated the importance of dome-transducer geometry in
determining source level. While these results are qualitative
(because of the simplification of the models), they provide a
means 2f upgrading design guidelines since the general influence
of some important parameters on system performance has been
identified.

While the continuing upgrading of design guidelines
logically derives from the analysis of mcdels which can be
treated exactly, the long-range thinking at TRACOR is devoted
to the development of analysis tools applicable to general dome-
transducer configurations. If we seek an approximate solution
to the exact problem as stated in (a) above, we foresee two
methods of attack. We may proceed directly with the attempt
to solve the governing partial differential equation numerically,
taking account of the boundary conditions. The finite difference
techniques such as relaxation are an example of this approach.
Alternatively, we may seek a numerical approximation of an
exact integral solution of the boundary value problem. The
methods c¢f Chen, Chertock and others typify this procedure (3,4].
We have taken this latter apprecach, and during the past year have
developed techniques which offer a great deal of promise in
attacking the general dome-transducer problem.

Finally, it is recognized that in the analysis of a
problem as difficult as the dome-transducer, one must rely to a
certain extent on experimental support. The experimental phase
of the present program is designed to verify the qualitative
results of the simplified models and to give help over the ''hard
spots' of the more realistic models.
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3. SUMMARY

FEVCTUIRY R S YL PP TT IR

At the beginning of the previous year's work, the ;
program was divided into three distinct tasks, Task IA - General
Analytical Methods, Task IB - Elliptic Dome, and Task II - Experi-
mental Methods. The purpose of Task IA was to initiate development
of analytical tools applicable to the analysis of fairly general
dome-transducer configurations. Task IB was directed toward an
immediate improvement of the dome geometry in the model which
existed at that time: name'y, the cylindrical transducer and
concentric dome. The experimental efforts in Task II were centered
; around developing a scale dome-transducer and the related measurement
3 and instrumentation techniques necessary for driving the transducer
and obtaining transducer displacement profiles and beam patterns.

&

3.1 TASK IA - GENERAL ANALYTICAL METHODS

The effort in Task IA has been directed toward the applica-
tion of an integral formulation of the radiation problem. The
appealing feature of this apprecach lies in its versatility, at
least as a formalism, in regard to the geometry of the radiating
body. Whereas the usual method of seeking a separabtle solution
to the scalar wave equation (describing acoustic radiation) is
restricted to a small class of radiator configurations, the inte-
gral formulation suffers from no geometrical restraints. The chief
difficulty lies in obtaining numerical results from the sclution
3 once the problem is formulated. Because of this difficulty, the
a use of the integral formulation has been restricted in the past
to relatively small radiators - much smaller than a medern sonar
transducer. In the past year, however, definite progress has been
made in applying the integral approach to the dome-transducer problem.
Good numerical results have been obtained for radiators comparable
in size to the AN/SQS-26 and AN/BQS-6. As a result of these N
s developments, the application of integral methods to the dome- §
transducer problem appears promising.
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3.2 TASK iB - ELLIPTIC DOML

While the long range goal of Task IA is to develop
geneval methods of analysis, Task IB, the elliptical dome model,
has provided an immediate upgrading of dome-transducer models.
Although the model is two-dimensional, the plan view geometry is
considerably more realistic than earlier, circular dome models.
Conceptually, the elliptical dome model is similar to the circular
dome model in that a solution to the scalar wave equation has been
obtained through the standard separation of variables technique
for boundary conditions specified on the transducer and the mid-
surface of the shell-type dome. In the elliptical case, a bit
more finesse is required since solutions must be obtained in both
cylindrical coordinates (transducer) and elliptical coordinates
{dome) and a transformation rule for passing between the two
coordinate systems must also be derived. The computed results
for the elliptical dome model are more interesting than those
for the concentric cylindrical dome because of the lack of
symmetry in beam incidence on the dome and the variable dome-
transducer spacing. The comprted beam pattern structure demon-
strates a lack of symmetry for stecering angles other than 0° and
90° relative bearing, but the main lobe is not affected appre-
ciably. Although the average side lobe levels for elliptic and
circular dome models are about the same, the elliptic dome causes
a relatively large side lobe for certain steering angles. Some
cavity resonance effects are observed in connection with the
computa:tion of transmitted energy; however, the dependence of
radiated energy on dome-transducer spacing is not the well-behaved
periodic dependence found in models for which the dome and trans-

ducer surfaces are uniformly spaced.

3.3 RELATED STUDIES

During the course of the above studies several secondary
problems were considered from the standpoint of assisting in the

isolation of the effects of certain parameters on dome-transducer
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interactions. These problems can be classed in three general
areas as (1) problems related to the role of dome-transducer
geometry in interaction phenomena, (2) problems related to dome
construction, and (3) problems related to comparisons of two-
and three-dimensional models.

3.2.1 Studies of Dome Geometrv

The elliptic dome model originally was viewed as the
next logical improvement of the concentric, cylindrical dome
model. However, the development of relatively straightforward
analytical methods for treating a cylindrical transducer and
nonconcentric dome led to the possibility of treating an improved
model immediately [3]. Consequently, a limited number of numerical
results was obtained to determine dome effects on transmitted beams
for cases in which the bean axis was not normally incident on the
dome surface. The results indicated that for such cases the minor
lobe structure was not symmetric about the beam axis; however, the
maximum response of the beam pattern was in the steered directiom.
No beam steering errors resulted from the non-normal incidence of
the beam axis on the dome. These results are in qualitative agree-
ment with results subsequently obtained with the elliptic dome
model. A brief analysis was conducted for an infinite planar array
with a flat dome. The radiated energy of this array was observed
to have a periodic dependence on dome-transducer spacing, as was
the case with the cylindrical, concentric dome model. In comparison,
the radiated energy for the elliptic dome model varies with beam
steering direction (along with dome-transducer spacing); however,
the dependence is not simple., Finally, a model consisting of a
spherical transducer and concentric, shell-type dome was analyzed.
Computed bean patterns indicated the effects of the dome for this
configuration were similar to those for the cylindrical models:

namely, an increase in side lobe level with little effect on the
major lobe.
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3.3.2 Dome Structure

The studies to the beginning of this vear's work had
assumed the dome behaved as a thin shell. Two brief studies
were originated in an effort to generalize this assumption. In
the concentric dome model, the thin shell was replaced with a
thick shell for which a solution of the linear equations of
elasticity were required to specify its response to the acoustic
pressure field. (It was necessary to consider boundary conditions
on both the inside and outside shell surfaces rather than at the
mid-surface only - as with the thin shell). Comparisons based on
a limited number of thin and thick shell results indicated that
the thin shell theory (a much sinpler problem) was adequate for
sheil thicknesses up to about 0.06 of the transmit wavelength.
In addition a concentric dome model which included a number of
mass-like inhomogeneities (ribs) was analyzed. Again, only a
small number of results have been obtained to date, but these
indicate a decrease in source level and a changed lobe structure
of the beam pattern as a result of the presence of the ribs. Also
of interest was a comparison of the nature of the normal acoustic
impedance of the spherical dome and cylindrical dome. It was
found that for the parameters used in the study, the normal imped-
ance of the spherical shell was essentially mass-1like, as was the
case for the cylindrical and planar domes.

3.3.3 Comparison of Two- and Three-Dimensional Models

Some modifications to the two-dimensional cylindrical
transducer and concentric dome permitted the computation of three-
dimensional beam patterns which are of particular interest for
tilted beams. The modification enteiled replacing the infinitely-
long array with a finite-length array. The dome and the baffle
in which the array was mounted remained infinitelv long. It was
found that azimuthal beam patterns computed at 0° tilt with this
model were identical to the beam patterns computed with the two-
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dimensional model. Further, a simple rule was discovered for ;
relating the azimuthal beam pattern for depressed beams with ‘

the azimuthal beam patterns computed with the two-dimensional |

12 v«m»..smmv_ml.o,ummwmmmmmuum&mmmm\n‘

model. Another interesting comparison was made between the
mutual radiation forces existing between transducer elements

in the cylindrical model and elements in the spherical model.

It was found that for equal frequencies, transducer radii, and
element sizes the magnitude and variation of the interaction

forces with element separation were very similar for the two
configurations.

b e S R e T

3.4 TASK II - EXPERIMENTAL PROGRAM

et ) E‘ ;nm-lm!ll M

The requirements for the experimental program included
the development of instrumentation and measuring techniques
suitable for obtaining velocity profiles and beam patterns for
a small cylindrical transducer, and the construction of a sound
source (transducer) which was tractable from a mathematical stand-
point. This latter feature imposed fairly severe constraints on
the source; for example, uniform azimuthal and vertical velocity
i profiles on the transducer surface. The problems associated with

ROV A 23RN ORI LI Syt

At

pihed LS

instrumentation and measuring techniques were overcome success-

% fully. However, the constraints placed on the transducer have

% resulted in a great deal of difficulty in developing an acceptable
2 design. As a result, experiments which were to be performed in
the first year of studies have not yet been conducted. The pro-

5 blems with an acceptable source are expected to be overcome with

a design presently under evaluation, and the experimental program

z should proceed in a more normal course during the second year of
studies.
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4, GENERAL METHODS
4.1 INTRODUCT ION

This section summarizes studies conducted under Task IA
of the past year's program. The objective of Task IA is to develop
analytical techniques which are applicable to a larger class of
dome-transducer geometries than can be treated by classical methods.
The past year's effort under this task was concerned with the appli-
cability of the integral equation formulation of radiation acoustics
to dome-transducer problems. During this feasibility study, the
basic equations of the integral formulation have been modified to
include the capability of treating a dome. Two techniques aimed
at increasing the size of dome-transducer geometry which can be
treated have been tested for no-dome cases. The procedure followed
in applying the integral formulation will be summarized in suffi-
cient detail so that the techniques which have been considered can
be discussed. Conclusions, supported by a limited number of numeri-

cal results, are presented, and recommendations for future work are
made.

The integral equation formulation of acoustics is derived
from the wave equation. The integral form relates the acoustic pres-
sure within a fiuid to a distribution of pressure sources at the
boundaries of the fluid. The strength of these sources is related
to the acoustic field variables eraluated at the boundaries, the
particular relation depending on which integral formulation is

employed. For the two most common formulations, the integral equa-
tion has the form (4,5]

p@ = [ «@l3) 8@ - £@) . 1)
S
In Eq. (1) q is the field point, i.e., the position vector at which
the pressure p is to be computed. The source point q° is the posi-

tion on the surface S at which the source strength ¢ is evaluated,
and S is comprised of both the transducer surface and the surface
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of the dome. The kernel, K(ala’), is a measure of how strongly
the source at q° on S is felt at q. The inhomogeneity function
£(q) is completely determined by the boundary conditions, and

is assumed to be known for any given problem. Explicit forms
for the terms in Eq. (1) are given in Volume II. It should be
noted here that the generality of the integral equation formula-
tion is due to the fact that the surface S in Eq. (1) can have
any shape. Thus, the method is applicable, in principle, to

any dome-transducer geometry.

The procecure employed in the integral equation approach
is as follows: First, in Eq. (1) tbe field point g is allowed to
approach the surface of integration, resulting in an expression
for p on the surface in terms of an integral of v, an expression
involving p. If p is then written in terms of w, an integral
equation for ® results. This integral equation is then solved
for @(E') on the surface. Finally, m(a') is substituted into
Eq. (1) to obtain p(q) at points in the fluid. The second step,
the solution of the integral equation, is the most difficult
part of the procedure. For most problems the integral equ-tior
cannot be solved analytically, so a numerical solution technique
must be used. The use of high-speed computers to obtain a numeri-
cal solution to this integral equation is a subject of much re-
cent interest among acousticians [6-117. The usual method of
obtaining a numerical solution to the integral eguation is dis-
cussed in the references cited above. The procedure is initiated
by subdividing the radiating surface into a finite number of
patches which are small enough that the variation in the unknown
source strength over an individual patch can be assumed to be
negligible. On the basis of the assumption, the integral equa-
tion reduces to a system of algebraic equations for the unknown
source strengths. The number of these equations is equal to the
number of patches into which the surface has been divided. More-
over, the above assumption implies that there is one unknown
associaied with each patch: namely, the source strength on

the patch; therefore, the number of algebraic equations exactly
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equals the number of unknown quantities. Once the system of
equations has been formulated for the particular geometry of
interest, existing computer algorithms can be used to cbtain

a numerical solution for the source strengths. This numerical
approach has the desirable feature of being extremely general
in the types of geometrical configurations to which it can be
applied. Moreover, the assumptions made in obtaining the approx-
imate equations are not restrictive in the sense that they pre-
clude analysis of a physical problem; rather they impose a re-
quirement on how the radiator is to be subdivided in order for
the results of the analysis to be physically meaningful.

On the other hand, the requirement that the surface of
the radiator be subdivided finely enough that variations in the
source strength over individual surface elements are negligible
means that the total number, N, of algebraic equations which must
be solved to analyze a realistic-sized radiator becomes quite
large. For example, Chen [6] used subdivisions corresponding
to N = 80 and N = 320 to analyze a spherical radiator having a
circumference of two wavelengths. To analyze a spherical radiator
having a circumference of 36 wavelengths, using surface elements
having areas the same as those used by Chen in the above example,
would require values of N equal to 25,920 and 103,680, respec-
tively. Even with the largest computer available today, the
simultaneous sclution of systems of equations of these orders
of magriitude would be impracticable. From the above example
it seems evident that the application of the numerical scheme
described above to arbitrary radiators is possible from a
practical point of view only when a characteristic length of
the radiator is of the order of a few wavelengths. Moreover,
the size of a dome-transducer system which can be analyzed is
correspondingly reduced because it is mnecessary to subdivide the
surfaces on both the transducer and the <dome.
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4.2 OUTLINE OF PRESENT TECHNIQUE

In view of the large number of zlgebraic equa‘ions which
arise from applying Eq. (1) to a realistic-sized radiator it is
clear that, to be able to apply this technique to a dome-transducer
system, it is necessary to look for wavs of reducing the number
of equations required to analyze a given sized radiator. Two
devices which allow a reduction of the number of simultaneous

equations that must be solved have been considered.

The first is based on the following observaticns. The
reason such a large number of equations are required is that
the kernel, K in Eq. (1), is two-dimensional, i.e., a given point
on the surface is determined by specifying two coordinates. It
is shown in Volume II that, for certain special shapes, it is
possible to replace the two-dimensional kernmel by a family of
one-dimensional kernels, and, for geometrical configurations
which belong to this special class, a solution of Eq. (1) is
equivalent to solving a set of one-dimensional integral equations.
There are two classes of geometrical shapes for which the above
decomposition is possible, and these two classes contain a large
variety of configurations of interest in acoustic radiation studies.
Included in these two classes are (a) cylindrical configurations
of arbitrary cross section having infinite height (all two-
dimensional configurations are a special case of this class+),
and (b) axi-symmetric configurations; i.e., those geometrical
shapes which are generated by revolving one or more plane curves
about a common axis*. Problems of each type are presented in

the next section.

+An application of the integral formulation to radiators of this

class is given in Banaugh and Goldsmith [9].
“An application of the integral formulation to radiators of this
class is given in Chertock [8].
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The decomposition of the kernel, K(glq') gives rise to

a set of one-dimensional integral equations which can be written
in the form

. m—— v o on
TPRPRL Py NS Murvbn

. —————— A —————

ma(u) = J ma(u°) Ka(u,u’) du® - fa(u) . (2)

The quantities appearing in Eq. (2) have the same interpretations
as discussed previously. The subscript, a, appearing on all
quantities in Eq. (2), distinguishes the different equations in-
volved in the set. The integral in Eq. (2) is a definite integral
rather than a surface integral as in Eq. (1). The interpretation
of the variable, u, depends on the class of problems one is con-
sidering. The limits of integration have been left unspecified

since they depend on the parametric representation of the geometry. |
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After a sclution to Eq. (2) has been obtained for each
value of "a' for which the inhomogeneous term, fa(u), is non-zero,
the final solution for the source distribution is obtained by

{ summing the contributions frcm all the @, involved ir. the given
problem#.
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The second device which allows a reduction of the number
3 of simultaneous equations for a given radiator and frequency is
: based on the following considerations: One may consider the

3 process of approximating the integral equation by a set of alge-
i braic equations &s being equivalent to constructing a table of
values to define the unknown function in the entire interval of
integration. The number of equations corresponds to the number
g of entries in the table. The assumption described in the pre-
ceding section implies that the values of the function must be
tabulated closely enough that no interpolation is necessary to

: determine the function at values of the independent variable

N 7 A RPNCERLS AV A a0 SAT IR R vy 23 UL s nmna Y 08

#

The sum for the infinite cylinder case is actually a Fourier
Integral since the subscript '"a'" takes on continuous values.
The sum for the axi-symmetric case is an ordinary Fourier series.
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which are between the tabulated entries. Fewer entries would
be required if s physically meaningful interpolation process
were used to evaluate the tabulated function at points other
than the table entries. The interpolation scheme used here
is based cn the fact that the function to be tabulated varies
smoothly throughout the range of integration.

The interpolating procedure can be implemented by
specifying an nth order polynomial (interpolating function)
to pass through (nt+l) entries in the table. An interpolating
function which satisfies the physical smoothness constraint
is then uniquely determined. Once a set of interpolating
functions is determined for the entire range of integration
the tabulated function can be evaluated at any point within

that range.

4.3 NUMERICAL RESULTS

Ccupputational algorithms which incorporate the methods
and restrictions outlined above have been devised to calculate
source distributions and farfield directivity patterns for
several radiators in the absence of a dome. These algorithms
were designed primarily to determine whether the numerical
approach outlined could in fact be used to analyze a radiator
of realistic size with a reasonable amount of computational

effort, and to determine some guidelines concerning the relation-

ship between the boundary conditions imposed on the radiator
and the manner in which the radiator must be subdivided to ob-

tain meaningful results. Consequently all of the results which

are presented are for geometrical shapes for which predictions
can be made readily by eigenfunction expansions.

Figure 1 shows the farfield patterns obtained by two
methods, eigenfunction expansion and numerical solution, for
a plane-wave phased circular radiator with a circumference of
18 wavelengths (ka = 18, where a is cylinder radius) having
four active staves 7.5° wide. The solid line is the result
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- obtained from an eigenfunction expansion. The dashed line is

the numerical solution obtained using a parabolic interpolation

function and an equidistant mesh point spacing of 3/8 wavelength.

(IO ATt

3 This results in an algebraic system of 48 equations with complex

coefficients. The dotted line is the numerical solution obtained

k. v S B AR

by adding mesh points at the edges of the outer staves in addi-
tion to the 48 equidistant points, and defining the velocity at
these points as the average of left and right values. The agree-
ment between the latter numerical solution and the eigenfunction

solution is seen to be better in the forward portion, but it hes

AR LA rAP £ 5. 10 TR WA IOk 4 DITAYE,

been found that, within the limits of these numerical experiments,
the quality of predicted patterns from numerical results depends
more strongly on the total number of mesh points rather than )

their specific location.

Figure 2 shows results for the same transducer with a

TN T AT PR

larger active portion. The solid line is the eigenfurction
expansion; the dotted line is the result of using a parabolic

PP A A Bk

interpolating function with 3/8 wavelength spacing as explained
for Fig. 1. The dashed line is the numerical resuit from using
3/8 wavelength spacing and a constant interpolating function
(i.e., a step function). This figure shows the superiority of

a higher order interpclating function over that of a lower order
function. Also, a comparison between the eigenfunction solutions
and equivalent numerical solutions (the dashed line of Fig. 1

and the dotted line of Fig. 2) showe that the pattern of a

radiator is easier to predict when the active portion is large than
when it is small., This is a result of the numerical approxima-
tions used to solve Eq. (2). It is shown in Volume II that the
accuracy of an approximate solution is better for a slowly vary-
ing velocity distribution, as is the case for the results of

Fig. 2.
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Figure 3 corresponds to a cylindrical radiator having
a size and a velocity distribution representative of the AN/SQS-26;
i.e., it has a circunference of 36 wavelerngths (ka = 36) with
a plane-wave phased velocity distribution resulting from 24
staves, each stave being 5° wide. Again the solid line is the
eigenfunction expansion. The dotted line corresponds to a
numerical solution using a parabolic interpolating function
and a mesh point spacing of 1/4 wavelength, while the dashed
line results from a constant interpolating function and 1/4
wavelength mesh point spacing. This radiator represents the
largest body to which the present technique has been applied
and was obtained by solving a system of 72 equations+.

Figures 4 and 5 show the results of applying this
technique to an array of 16 quarter-wavelength staves centered
on an elliptical baffle whose major to minor axis ratio is 10.
The dashed line shows numerical results obtained with a parabol-
ical interpolating function using 60 mesh points which are
spaced equidistantly along the parametric variable u, where

1l

X a cos u, and

% y = b sin u,

denote points on the elliptical circumference. The solid line
represents an eigenfunction expansion solution [12] for a planar
strip baffle the same width as the elliptical baffle. This

width corresponds to 4.5 wavelengths., Figure 4 is for the
array steered to broadside and Fig. 5 corresponds to endfire

GEig S L AT sy

steering. Since the present computer program is not set up

to handle a strip, the thin ellipse was used. The deviation,
however, between the results for the endfire case seems to be
in the direction one would expect on the basis of the different

TThe radiator has a symmetry plane which allows the number of
required mesh points to be distributed cver only half the radiator.
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FIG.4 — BROADSIDE BEAM PATTERN FOR AN ELLIPTICAL BAFFLE
16 QUARTER WAVE-LENGTH STAVES ACTIVE
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gecmetry. For example, one would expect the ellipse to be
more efficient in steering a beam to endfire because of the

slight curvature of the baffle, and this is indicated by the
results.

Figures 1-5 have shown typical results from applica-
ticn of the numerical technique to two-dimensional radiators.
Figure 6 shows the result of applying the technique to a three-
dimensional spherical transducer with a radiating spherical cap.
The circumference of a great circle of the sphere is 18 wave-
lengths, and the angular half-width of the cap is 22.5°. The
solid line shows the directivity pattern from an eigenfunction
expansion discussed elsewhere in this report. The dashed line
is the result of a numerical solut.on using 25 equidistant mesh
points, while the dotted line results from using 33 equidistant
mesh points. Both numerical solutions used a parabolic inter-
polation scheme. The numerical soluticns are essentially the
same for the forward portion of the pattern, but the solution

with 33 points shows closer agreement with analvtical results
for the backside.

4.4 SUMMARY

In the development of general analytical methods the
emphasis, up to this point, has been centered on implementing
the integral formulation as a means of predicting radiation
patterns. The advantage of this formulation over classical
methods of analysis results from the fact that it applies, in
principle, to any dome-transducer geometry. The integral
formulation relies on the solution of a system of simultaneous
algebraic equations. The number of these equations increases
with the size of the radiating system so that computational
ability places a restriction on the size of the radiating
system which can be analyzed by this method.
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By specializing the formulation to cylindrical and
axi-symmetric configurations, and by using higher oraer inter-
polating functions, the size capability of the integral formula-
tion can be increased. An application cf these ideas to the
analysis cf several simple radiators shows good agreement with
directivity patterns obtained by methods discussed elsewhere
in this report.

The primary conclusion evident from the results pre-
sented above is that a numerical solution to the integral formu-
lation is a feasible approach to the problem of predicting direc-
tivity patterns for radiators of realistic size. Moreover,
within the framework of the methods summarized in the preceding
sections and described more fully in Volume II, the method is
also practical in the sense that it allows an analysis of
realistic~sized radiators by means of a system of equations
which is not unduly large by present-day ccmputer standards.
This fact is of utmost importance for a practical analysis
of a coupled dome-transducer system since the introduction
of a dome increases the number of equations which must be
solved simultaneously.
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5. ELLIPTIC DOME
5.1 INTRODUCTION

The elliptic dome, circular transducer model provides a
significant upgrading of dome-transducer mcdels with respect

to geometry, since the plan view geometry is considerably more

realistic than the earlier, circular dome models. Only a limited

However, a complete
tudy of this model should permit the formulation of design guide-

ines concerning the effects of non-constant dome-transducer
spacing.

number of results have been obtained to date.
s
1

The geometry of the elliptic dome and circular transducer

is shown in Fig. 7. The problem is two-dimensional; all physical

quantities are independent .. :l.. a..ial coorc.nate. To simplify

the analysis, the dome is assumed to behave as a mass-like imped-

ance discontinuity. This assumption is supported by the results

of studies with the circular dome. The analysis is further sim-

plified by allowing the surface mass density (product of dome
thickness and mass density) to vary slightly with position. This
surface density variation is indicated as a variation in thick-
ness in Fig. 7. The pressure field in the fluid, interior and
exterior to the dome, obeys the scalar wave equation. At any
point at the transducer surface the normal component of the

fluid particle velocity is equal to the velocity of the trans-

ducer element at that point. For the portion of the study des-

cribed herein, the transducer elements are phased to a plane

and have a uniform amplitude distribution. By use of the mathe-

matical techniques outlined below and described in detail in

Volume II, the farfield beam pattern can be computed for various
dome eccentricities and array steering angles.

The general solutions for the pressure fields in the

neighborhood of circular and elliptic boundaries are well-known

infinite series of eigenfunctions. Each term in the series is
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a product of an arbitrary constant and known functions of the
independent radial, angular, and time variabies. The pressure
field between the transducer and the dome can be expressed in
terms of either the elliptic geometry solution or the circular
geometry solution. By requiring the two representations of the
pressure field to match at all points between the dome and trans-
ducer, the constants in the solutions can be evaluated, and thus

the pressure field can be determined.

5.2 NUMERICAL RESULTS

The results obtained to date are for the dome-transducer
geometry shown to rough scale in Fig. 7. The cylindrical array
has a radius of 5.6 wavelengths (ka = 35.2, "a" being cylinder
radius) and has 24 active half-wavelength staves. The staves
are phased to a plane and are given uniform velocity amplitudes.
The dome has semi-major and semi-minor axes of 7.6 wavelengths
and 6.4 wavelengths, respectively. The dome surface density
varies from 1.35 gm/cm2 at 0.0° to 1.59 gm/cm2 at 90.0°. Were
the dome composed of rubber of specific gravity 1.7, the thick-
ness would vary from 3.68 cm to 4.35 cm (1.45 in. to 1.71 in.).
For a steel dome the thickness variation would be from 0.80 cm
to 0.94 cm (0.31 in. to 0.37 in.). Beam patterns have been
computed for steering angles of 0.0°, 11.0°, 22.5°, 34.0°, 45.0°,
56.0°, 67.5°, 79.0°, and 90.0°. These are shown in Figs. 8 to
16. Although the model does not permit the computation of
absolute source level, it is possible to evaluate the peak
intensity in dB relative to the intensity at 0.0° steering.

This quantity is plotted as a function of steering angle in

Fig. 17. Finally, the beam patterns for two concentric circular
domes were computed for comparison with those for the elliptic
dome. The beam pattern for a circular dome of radius 7.6 wave-
length and surface density 1.35 gm/cm2 is shown in dashed lines
in Fig. 8 for comparison with the elliptic dome beam pattern
with 0.0° steering. Figure 16 compares the beam pattern for a
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circular dome of radius 6.4 wavelengths and surface density 1.59

gm/cm3 with the pattern for the elliptic dome with 90.0° steer-
ing.
5.3 DISCUSSION OF RESULTS

Several observations can be made about the behavior
of the beam pattern as the beam steering is changed from 0.0°
to 90.0°. The main lobe does not change with steering, and its
peak intensity is always in the desired direction. The first

Falhr e & SACE M (LN Men S Sak A 1L K a3

At tad

rasavad

side lobes vary from about -8 dB to -12 dB as steering is changed.
For 0.0° steering the first side lobes are about the same as those
for a circular dome of radius 7.6 wavelengths and surface density

e T A R A A LY S AN 2 Lt S e v

1.35 gm/cmz. For 90.0° steering they are about the same as those
for a circular dome of radius 6.4 wavelergths and surface density
1.59 gm/cmz. The average minor lobe level for the elliptic dome
is about the same as that for a circular dome. For the elliptic
dome, however, isolated lobes, which can be as large as the first
side lobe, begin to appear as the steering angle increases. For
a steering angle as small as 34.0° a -11 dB lobe has developed
(at about 6.0° in Fig. 11). This lobe increases in magnitude
with increasing steering angle, and its directior. of peak inten-
sity apprcaches that of the main lobe from the direction cf
maximum dome-transducer spacing. The phenomenor: of a large lobe
structure appearing betwecn the main lobe and the cirection of

maximum dome-transducer spacing was noticed in the study of the
non-concentric cylinder dome model.

The plot of source level versus steering angle does not
display any obvious trend of behavior. The source level data
have been plotted as a function of various parameters, such as
dome-transducer separation along the active array center-line,
for the varicus steering angles. None of these attempts has
succeeded in isolating a simple behavior pattern such as that
for the infinite planar geometry described in Section 4.5 for
the concentric dome models treated in earlier work.

(R VITDIPT IR PR PORTE WL TR REIN VO S PUL AL RS S

b asic

P I T T PRV VL SURTON-L PSRN ETev, TPPO IS PYSVERLAF LS S




; .
YT UM 1) 6500 TRACOR LANE AUSTIN, TEXAS 78721

5.4 SUMMARY

The results obtained to date from the elliptic dome ;
model should be regarded as preliminary to a complete study of
that model. Hopefully, a parametric analysis based on the
elliptic dome model will provide certain information about the
effects cbserved in the beam patterns presented in this section.
It may be poscsible to isolate the physical mechanism which causes
the large side lobes in these beam patterns. It would be desirable
to find a simple rule for estimating the location and amplitude
of these lobes for given values of maximum and minimum dome-
transducer spacing and steering angle. A thorough study of the
elliptic dome model may yet yield an explanation for the varia-
tion of source level with steering angle in terms of the simple
model described in Section 4.5.

It is also of interest to see how sensitive the far-
field beam patterns are to small changes in the elliptic dome
geometry and surface density.
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6. OTHER DOME-TRANSDUCER MODELS
6.1 THREE-DIMENSIONAL CONCENTRIC DOME MODEL

The three~dimensional concentric dome model is geomet-
rically similar to the earlier, two-dimensional model, but the
infinitely-long staves are replaced by an active array having
finite dimensions. The array, shcwsn in Fig. 18, is composed
of an arbitrary number of rectangular elements each having a
prescribed velocity amplitude and phase. Present use of the
rodel is limited to farfield computations because of certain
difficulties associated with the numerical evaluation of the
solution in the nearfield. (These problems are discussed in
Volume II.) The model does represent an extension of the two-
dimensional model, however, since three-dimensional beam patterms,
including patterns for tilted beams, can be computed.

One interesting result obtained from the solution is
the relation between the horizontal bean pattern for a tilted
beam and that for a particular two-dimensional problem. Suppose
a beam is depressed to an angle 3 by assigning constant phase
delays between adjacent layers of the transducer. The horizontal
beam pattern computed at that depression angle (that is, the
beam pattern computed on the cone making constant angle 5 with
the horizont:al) will be nearly the same as that for a two-
dimensional (zero tilt) problem with the wave number (2+/wave-
length) multiplied by cos 3. The comparison becomes more exact
as the stiffness effects in the dome become less impertant, and,
as mentioned previously, stiffness effects are small in the
models studied to date. To examine this comparison, beam patterns
were computed for three-dimensional and two-dimensional cases
which were related as described above. For the three-dimensional
case an array of twenty-four staves and eight layers was phased
to a plane to produce a narrow beam, tilted 42° relative to the
horizontal. The radius of the cylindrical array was 5.6 wave-

lengths (ka = 35.2, where a is the cylinder radius and k the
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wave number) and the radius of the dome was 7.6 wavelengths.
The array was composed of close-packed half-wavelength square
elements. The dome was 0.018 wavelength thick steel for this
case. In the two-dimensional case, twenty-four half-wavelengtn
wide (infinitely long) staves were phased to direct a narrow
beam. The array and dome parameters were the same as for the
three-dimensional case, but the wave number was reduced by a
factor cos 42.0°. The beam patterns for these two cases are
plotted in Fig. 19. The agreement is seen to be rather good,
the discrepancies being caused by small stiffness effects.

There is one particularly important result which can
be derived from the form of the solution for the farfield pres-
sure. When all of the elements of any stave are given the same
shading and phasing, the resultant horizontal beam pattern is
identically equal to that of the two-dimensional model. Thus
the two-dimensional model is as valid as the three-dimensional
cylinder model for ccmputing horizontal beam patterns. Of
course, a three-dimensional model must be used to compute beam

patterns for depressed beams (with the exception of the approxima-
tion described above).

While the effect of a cylindrical dome on horizontal
beam patterns of cylindrical arrays has been analyzed extensively
in studies based on two-dimensional dome models, the three-
dimensional cylinder model is the first model that permits an
estimation of the effect of a dome on vertical beam patterms
and directivity indices of cylindrical arrays. Extensive studies
have not been performed with the three-dimensional model; however,
several beam patterns have been computed to estimate dome effects
and to compare with the results of other models. 1In Fig. 20,
vertical beam patterns for the 8 x 24 array described previoucly
are shown for both dome and no-dome cases. It is seen that the
addition of the dome has modified the lobe structure to some
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extent and has broadened the main lobe. The directivity index
has changed from 25.3 dB to 24.2 dB and the peak intensity is
reduced by 1.1 dB.

From a computational point of view, the cylindrical
dome model is ideal for computing farfield quantities. The
computer programs for predicting horizontal and vertical beam
patterns, scurce levels, and directivity indices are relatively
inexpensive to run. The analytical model is s rather accurate
representation of the transducer, even though the dome model
is not guite so realistic. Unfortunately, it is difficult to
obtain nearfield acoustic quantities from this model. On the
other hand, the spherical array-dome model described in the
next section 1is suitable for both nearfield and farfield computa-
tions. However, the computer programs based on the spherical
mcdel are somewhat more expensive to use than those for the
cylindrical model. In some active arrays the horizontal
dimension (number of staves) is several times larger than the
vertical dimension (number of layers). For such arrays, it
may be a reasonably accurate procedure to compute farfield
quantities as if the array were on a cylindrical baffle, wichin
a cylindrical dome, and to compute nearfield quantities as if
the array were on a spherical baffle, within a spherical dome.
The accuracies of these approximations are treated in the next

secticn.

6.2 SPHERICAL DOME MODEL

The analysis of the spherical transducer array within

a concentric spherical dome was presented in an earlier memorandum
[2]. Several new results have been obtained from this model, and

the analysis has been extended to include the capability to com-

pute acoustic interaction forces among the array elements. Before

the results for the interaction coefficients are presented, the
earlier work will be briefly reviewed and several new results
will be given for comparison with those of the three-dimensional

cylindrical model.
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The dome-transducer geometry is shown in Fig. 21. The

dome is modeled by a thin elastic shell whose dynamic properties
are described by the strain energy expressions derived by Lcve
(see Volume 1I). Results obtained from this model are qualita-
tively the same as those of the earlier cylindrical model. That
is, the main lobe of a narrow beam is not changed by the additicn
of the dome, but the side lcbe levels are raised. Even with :

the doubly curved dome, the dome surface density is mcre important
than the stiffness parametars in determining the modal impedance

rd s fn e b 8 ¢ et

of the dome and, consequently, tue effect ¢f the dome on trans-
mitted beams.

To study the effects of dome curvature on a depressed
beam, an array consisting of eight layers and twenty-four staves ;
was positioned on the spherical baffle. Although the elements
were circular, they were given the same area and center-to-center
spacing as the rectangular elements of the cyl}ngrical array, dis-
cussed in Section 6.1. The elements were phased to a plane in
order to depress a narrow beam to 42°. A spherical 0.018) thick
steel dome of radius 7.6) was positioned about the array, and

PP

T STy

vertical and horizontal beam patterns were computed to compare
with those of the three-dimensional cylindrical model. (A is
the wavelength of the transmit frequency). The horizontal beam
patterns for the two models are shown in Fig. 22 and the vertical
beam patterns are in Fig. 23. It is seen that, even for this
large depression angle, there is good agreement between the

main lobes and first side lobes of the horizontal beam patterns,
and fair agreement of the major lobes of the vertical pattern.
The agreement should improve for smaller depression angles since,
for small depression angles, the ensonified regions of the two
models are geometrically similar. For comparison, the bare-
transducer vertical beam patterns are shown in Fig. 24, and for

this case the agreement is seen to be very good.
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While the sphierical dome-array model permits the computa-~
tion of nearfield pressure distributions, the only nearfield quan-
tity which has so far been programmed for computation is the
acoustic interaction coefficient Zi" The ccefficient Zij is
defined as the acoustic force produced on the jth array element
when the ith element vibrates with unit velocitv amplitude and
zero phase, and all the elements except the ith are fixed. (The
use of these cuantities to take element interaction into account
in computing beam patterns will be discussed in a later technical
ncte.) The analytical expression for the Zij is derived in Volume
ITI. All of the interaction coefficients presented here are normal-
ized to ocA (product of fluid density, speed of sound, and area
of eiement).

Interaction coefficients have been computed for circular
elements of area 0.217)\2 on a spherical baffle of radius 5.6
wavelength (ka = 35.2). One set of coefficients has been computed
for the no-dome case to compare with those for rectangular elements
of the same area on a cylindrical baffle of the same radius [13].
In Figs. 25 and 26, the real and imaginary parts of the interaction
coefficients for nc dome are plotted as continuous functions of
the center-to-center separation in degrees. TFor 0.0° separation
the interaction coefficient is the self impedance. 1In fact, for
separation angles less than about 5° the elements are physically
overlapping. The small triangles in these figures are for the
rectangular elements on the cylindrical baffle. It is seen that
the Zij for the cylindrical baffle lie very close to those for
the spherical baffle.

In Figs. 27 and 28 the real and imaginary parts of the
interaction coefficient are presented for three differer.t spherical
domes. All of the domes were steel shells of thickness 0.018
wavelength, but three different values of dome radius were used.

It is seen that the curves for the no-dome case and the three

cases with domes are similar. They are decaying oscillatory
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functions of angle znd differ mainly in the magnitude of oscilla-
tion. Since the self impedance seems to serve as a measure of
the difference among the Zij curves, it was decided to compute
the self impedance as a function of dome-transducer separation
for the steel dome. These curves are shown in Fig. 29. The

self impedance oscillates with decaying amplitude about the no-

ot i

dome self impedance as the dome-transducer spacing increases.

6.3 THICK DOME MODEL

The thick shell model for the dome was formulated to
determine how well the thin shell model approximated the dynamic
behavior of the dome in the computation of beam patterns. How-
ever, the thick shell model will also permit a study of elastic
wvave effects within the dome. Because of the limited time available

D M MR i) MM Sy AT b St 1o s g 10 S

: for analyzing this model, the computer program for evaluating the
solution to the model was not as general as might be desired. For
this reason, only a limited amount of computation was performed

¢ to compare the thick shell model results with those of the thin \
¢ shell model.

The model geometry is identical Lo the two-dimensicnal
cylinder model used in previous studies, with the exceptica of _
the dome thickness. 1In the thick dome model the boundary condi- ’
tions at the inner and outer surfaces of the dome are actually
satisfied at these surfaces, rather than at the dome middle sur-
face. Further, the dome itself is considered as a region of
elastic material in which it is necessary to solve for the velo-
city field. The velocity field within the dome material obeys
the equations of linear elasticity, which can be decomposed

Ml ¢4

¥ pS 5 1 £

into a pair of wave equations, one for compression waves and
one for shear waves. A description of the solution of these
equations, along with the solution for the pressure field in
the fluid, is given in Volume II.
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Beam patterns for several thicknesses of steel domes
have been computed using both the thick shell model and the
thin shell model. For all cases the transducer had a radius
of 5.6 wavelengths (ka = 35.2) and contained 24 half-wavelength
staves. The staves were phased to a plane and given cosine
shading. The radius of the middle surface of the dome for both
thick chell and thin shell models was 7.6A. The results pre-
sented here are for dome thicknesses of 0.029x, 0.058x, and
0.116x. The beam patterns predicted for these cases by the
two models are compared in Figs. 30, 31, and 32. While the
discrepancies between the predictions of the two models in-
crease as the dome thickness increases, it should be noted
that the average side lobe levels of the beam patterns pre-
dicted by the two models are about the same.

Hopefully, the computer program based on the thick
dome model can be made more efficient and more general, so
that further studies can be made. In particular, it would
be desirable to modify the program to include the capability
to treat thick rubber domes, since wave effects in such domes

might increase the energy absorption above the estimates based
on a thin shell model.

6.4 STRUCTURE MODEL

The analytical model described here is the first to
permit an estimate of the effect of the supporting structure
of a sonar dome on transmit beam patterns and source level,
although an earlier study [14] investigated amplitude build-up
in the dome skin and transmission loss due to structure. While
the present model has been simplified to make the mathematics
tractable, it still has the ability to predict mode coupling
and standing waves between structure members.
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The analytical modei consists of a circular transducer
within a concentric circular shell whose dynamic properties are
described by the Fliigge thin shell equations. The properties
of the structure are included by specifying the point driving
impedance of a structure element at the locacion on the shell
where it is attached. Since the model is two-dimensional, the
attachments must be considered to pe ribs which extend indef-
initely in the axial direction. It is assumed that the width
of a rib is small relztive to the wavelength and that its effect
is due to the added mass which must be driven by the shell. The

analysis of the structure model is described in detail in Volume
: IT.

This model has been used to predict the beam pattern

for one structure configuration to date. A number of structure
2

elements whose mass per unit length is equivalent to a 1 in
steel rod were attached to a steel dome of thickness 0.018 wave-
length and radius 7.6 wavelengths. The transducer had a radius ‘
of 5.6 wavelengths and had 24 active half-wavelength staves. The 1
staves were phased to a plane to direct a narrow beam, and 40
structure elements were located at (.65 wavelength intervals

on the dome so that they were symmetrical about the beam direction.

ok Aidlnad £

The structure extended over an angular range of 200 degrees in
front of the active array, which subtended 120°., The 0.65 wave-
length spacing corresponds to two flexural wavelengths in the
shell at the frequency of interest. The beam pattern for this
structure configuration is shown in Fig. 33 in solid lines. The

Rakiahines Opeaiaaiie AR RSN LS AL A A

e

dashed curve in that figure is for the same dome with nro structure.

4 ‘ While Fig. 33 shows the small change in the beam pattern
> due to the addition of structure, it does not show the change in
peak intensity. The peak intensity has been decreased 1 dB
relative to the no dome peak intensity. This small difference

, seems more significant when one realizes that it is caused by

F an amount of structure which, were it averaged or 'smeared out'

pdR

over 120° of the dome, would increase the dome thickness by only
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0.4%. The effect of the structure may have been enhanced by

the spacing, which was an integral number of flexural wave-
lengths in the shell.

There are a number of further studies which shoculd
be conducted with the structure model. First, the velocity
distribution on the shell should be computed for enough cases
to determine the existence of standing wave resonances between
structure elements. Also, it would be of interest to sez how
the structure changes the modal density of, say, the farfield
beam pattern. Finally, it will be useful in the formuliation
of new dome analyses to determine an acoustic performance trade-
off between a few large ribs and many small ribs.

6.5 NONCCNCENTRIC CIRCULAR DOME MODEL

The nonconcentric circular dome model was developed
prior to completion of the elliptic dome model to provide an
immediate analysis of transmit beams nonsymmetrically incident
on a dome. Details of the analysis conducted with this model
are reported in an earlier technical memorandum [3]. The dome-
transducer geometry is shown in Fig. 34. The dome is modeled

by a thin elastic shell positioned eccentrically wich respect
to a cylindrical transducer.

A typical beam pattern predicted by the nonconcentric
dome-transducer model is shown in Fig. 35. For this data, the
transducer radius was 5.6 wavelengths. As usual; 24 half-
wavelength staves were phased to a plane to produce the beam.

The eccentricity of the dome-transducer-active array configura-
tion is shown to scale in the inset in Fig. 35. The beam pattern
predicted by the elliptic dome model for a comparable case is
shown in dashed lines in the figure and the geometry is indicated

in the inset. It is seen that the beam patterns show qualitative
agreement.,
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The results obtained from this model led to several i
interesting conclusions. First, the main lobe of the beam ’
pattern was not altered by the nonconcentric dome. Second, |
the minor lobe structure became unsymmetrical about the steer-
ing direction for steering angles other than 0° and 180°.

Finally, a relatively high intensity region appeared in a
directior. between the main lobe and the direction of maximum
dome-transducer spacing. Qualitatively, the same conclusions
were subsequently obtained from the elliptic dome model. The
laczer results are of course more realistic; however, the simi-
lar nature of results of the two models indicate the effzct of
dome geometry on beam patterns.

6.6 INFINITE PLANAR DOME-TRANSDUCER MODEL

In a previous irnvestigation (1] of the concentric
cylindrical dome model, the transmitted power was observed to
have a periodic dependence on dome-transducer spacing. This
dependence is readily explained in t=2rms of the interference
of the waves reflected from the dome with the waves emanating
from the transducer face. In the more complicated geometry
of the elliptic dome, the transmitted power variec as a lunction
of steering angle, as do the dome-transducer spacing aud the
angle of beam incidence on the dome. 1In an effort to gain some

] insight into the dependence of transmitted power on dome-
transducer spacing for beams non-normally incident on the dome,
the simple model of the infinite planar transducer and planar

dome was analyzed. While the infinite planar dome-transducer

TR TR

model is not capable of predicting beam patterns and source
levels, it clearly displays the dependence of transmitted power
on both steering angle and dome-transducer spacing. Further,

TN YR EIY IR

the mathematical form of the solution for the pressure field 1is

(el i

readily analyzed to separate the standing wave between the dome
and transducer and the wave which is transmitted through the
dome.
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The model is shown in Fig. 36. The ''transducer'" is an
infinite plane with a continucus normal velocity distribution
which simulates the particle velocity of a plane wave steered
in the direction making an angle 2 with the normal to the plane.
The wave outside the dome is just such a plane wave; however,
the dome modifies its amplitude and phase. Inside the dome the
pressure field consists of a piane wave traveling in the 3
direction and a reflected wave traveling in the —-9 direction.
These two waves include the direct transmission and all of the
multiply-reflected components. The sum of all these components
add to yield a net transmitted wave plus a standing wave. The
dome is simply an elastic plate, whose dynamic properties are
described by the classical plate equation. The analysis of this
model indicates that, for frequencies of interest, the plate
vresents a mass-like impedance discontinuity. In this case the
time average intensity transmitted through the plate is a periodic
function of kd cos 9, where k = 2n/) and d is the dome-transducer
spacing. This function is plotted in Fig. 37 for a steel dome,
0.018 wavselength thick, for three values of §. The abscissa in
these plots is kd cos 5 and the ordinate is the intensity, normal-
ized to the no-dome intensity. The behavior of these curves is
exactly as predicted in the analysis given in Volume II. They

all are periodi~ functions, whose amplitude of oscillation de-
creases with increasing 9.

It was originally hoped that the behavior of the trans-
mitted power as a function of steering in the elliptic dome model
could be interpreted in terms of the results of the inifinite
planar dome-transducer model. The fact that no such interpre-
tation is readily awparent 1is probably due to the wide angular
extent of the array in the elliptic dome model. For most cases
of interest the dome-transducer spacing varies significantly over
the face of the array. It may yet be possible to explain the
behavior of the elliptic dome mcdel In terms of the planar model
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by employing some device, such as dividing the elliptic dome

model into regions over which the dome-transducer spacing is

effectively constant.
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7. EXPERIMENTAL PROGRAM
7.1 INTRODUCTION

The goals of the experimental program during the past
year have been (a) to establish measurement techniques, appro-
priate to the TRACOR test facility and experimental models, for
radiated beam patterns and dome and transducer displacements,
(b) to develop a sound source (transiucer) with well-defined
radiation characteristics, and (c) to perform two experimen:s
with a dome-transducer model. The first experiment was per-
formed to determine the dependence of azimuthal beam patterns
on the axial length of a cylindrical dome-transducer (this
experiment relates to the applicability of two-dimensional
analytical models to three~dimensional problems). The second
experiment was performed to validate results predicted with
the concentric dome-transducer model (homogeneous dome) and to
obtain measured beam patterns for a concentric dome containing
a simple supporting structure.

7.2 MEASUREMENT TECHNIQUES

Requirements for the experimental program in.lude
instrumentation for both displacement and sound precsure measure-
ments. Displacement measurements are necessary to determine
the velocity profiles across the sound source, and to determine
the dome response. Sound pressure measurements are required to

obtain beam patterns. The displacement measurements correspond

to the "inputs" (transducer boundary conditions) for the analyti-

cal models and the beam patterns correspond to the '"response' of
the models.

Initial experimental requirements called for very de-
tailed measurements of displacement amplitude over the sound

source area in order to establish the acceptability of several
sound sources. Initial emphasis was, therefore, directed towards
displacement measurements in air, with a parallel evaluation of
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techniques for future measurements underwater. The frequency
moculation capacitance probe technique {commonly referred to

as the "ulcracrometer'") was selected for the displacement
measurements in air. A typical arrangement of experimental
apparatus is shown in Fig. 338. The technique relies upon the
capacitance between a sensing probe and any electrically grounded
surface to form part of an oscillator resonant circuit. When

the grounced surface is an active part of a vibrating system,
variations in capacitance, caused by changes in the probe-surface
separation, produce freguency mo.iulation in the oscillator. The
output of the oscillator is coupled to an IF amplifier and FM
discriminator where the signal is detected. The system is aligned
to provide a large linear region on the discriminator curve. as
shown in Fig. 39A., 1In practicze., the displacement sensing probe
is positioned approximately 2-4 thousandths of an inch from the
vibrating surface of interest. The tuning controls on the
oscillator are adjusted to the operating point on the discrimina-
tor curve (Fig. 39A) by observing the deflection of a d.c. coupled
oscilloscope trace. Once tuned to the operating point, the zero
displacement reference is also established for the probe-surface
separation in use (Fig. 39B). The ultramicrometer calibration
curve of Fig. 39B is obtained by altering tne probe-surface
separation by known increments about zero, and observing the
corresponding d.c. voltage deflection on an oscilloscopg.
Measurements of displacement amplitudes as small as 20 A, at
frequencies up to about 500 kHz are readily detected using this
technique. In addition, random changes due to heating or spurious
vibration are readily detected by monitoring the zero voltage
reference on a d.c. coupled oscilloscope. Those changes can be
compensated for by altering the probe~surface separation. The
Rohde and Schwarz tunable amplifier shown in Fig. 38 is used

as an active filter to 'clean up" the displacement signal, and
thus provide a higher degree of resolution.
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A second technique which has also been under investiga-
tion, utilizes a CW laser beam as the light source in a Michelson
irterferometer. The principal advantage of this technique is
that it does not alter the acoustic properties of the sysfem
under test and lends itself well to remote sensing such as for
vibrating surfaces under water. A simplified schematic of a
typical laser displacement measuring system is shown in Fig. 40.

The laser light beam (S) is directed through a distance
L, to the beam splitter (B) where it is separated into two beams.
One light beam is reflected from B and traverses path L; to a
fixed mirror Ml‘ The other light beam is transmitted through
B and along path L2 to the sound source and its surface M2.
Now, since the laser light is highly moncchromatic, small
alterations in L2, produced by vibrating the surface M2 at a
frequency s will cause the reflected light to become phase
modulated. However, since M; is fixed, L, remains fixed and
its reflected beam is unmodulated. Thus, the reflection from
M, fills the role of a local oscillator when it is recombined
with the reflection from M2 at the photo-sensitive surface of
the square law detector (D). The displacement amplitude of
M, is directly related to the total light flux or electric
field impinging on the photosensitive surface of the detector
since the total electric field is the sum of the electric fields
from the two reflected beams. Consequently, the output current
of a photo multiplier tube, being a function of the scuare of
the real part of the total electric field, is also related tco
the displacement amplitude of M,. The absolute magnitude of
the displacement can be obtained by several different mathemati-
cal techniques [157.

The laser interferometer technique has been proven to
be cagable of measuring displacements in the range of 0.1 to
5000 A, in air, at acoustic frequencies to 20 kHz [16]. Further,
recent underwater tests, carried out at Catholic University,
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have shown the technique (1) to work at frequencies in excess
of 200 kHz, (2) to provide measurement of pulsed surfaceg,

{3) to have an underwater sensitivity of better than 10 A, and
(4) to verify the fact that reflecting surfaces need not be
mirror-like, but can be diffuse or granular. PYresent plans
include the implementation of a laser installation in the test
facility.

7.3 BEAM PATTERM MEASUREMENTS

In addition to the detailed displacement profiles of
the transducer element, corresponding azimuthal and vertical

As 1 AT a 1 1 A rhome+in aryine nf
radiation patterns are alsc required. A schematic drawing of

the underwater test facility is shown in Fig. 41. The test

tank is 16 feet long, 8 feet wide, and 7 feet deep. Two independent

traverse mechanisms, affixed to the top of the tank, allow pre-
cise location and rotation of both hydrophone and projector
elements.

Prior to carrying out extensive measurements on the
model sound sources and source-dome configurations, a thorough
evaluation of the test facility was deemed necessary. Of particu-
lar importance was the identification of spurious signals which
arise through multiple reflections within the tank as well as
from sound generating sources external to the tank. Additional
factors such as acceptable pulse lengths, frequencies of operation,
pulse rise times, electrical grouping, stray electrical pickup,
cross-talk, geometrical placement of source and hydrophone and
other normally encountered experimental difficulties had to be
anticipated and resalved. Since the sound sources und=r con-
sideration were designed to have operating frequenc..s between
100 and 250 kHz, and active areas measuring 5 water wavelengths
in the azimuthal plane and from 1 to approximately 20 water
wavelengths in the vertical plane, tests were necessary to
verify experimentally those regions which represented the near-
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and farfields. Finally, pro>e hydrophones required evaluation

to determine whether or not their physical dimensions, sensitivi-
ties, and resonant frequencies woculd allow detailed mapping of
both near- and farfield radiation patterns.

It was found that the commercial probe hydrophone (Edo
type 197) which is approximately % inch in length, by % inch
in diameter, was too large to provide the desired detailed
informaticn and resolution of both near- and farfield beam
patterns. In addition, its resonant frequency, 150 kHz,
put it in the middle of the frequency range of the experimental
source. Consequently, a new probe hydrophone was designed and
constructed using a 0.125 inch length of PZT 5A ceramic tubing,
having an outside diameter of 0.064 inch and a wall thickness
of 0.010 inch. This hydrophone was mounted on the end of a
length of RG 174/u cable and encapsulated with an electrically
conductive epoxy resin. A relative calibration of the hydrophone
showed it to have a sensitivity of approximately -155 dB re 1
volt/microbar. Since the data to be taken with this hydrophone
did not require the absclute source level, an absolute calibra-
tion of the hydrophone was unnecessary. Beam pattern measurements
of the probe hydrophone showed it to be ommidirectional in its
vertical plane as well. Further tests showed its lowest resonant
frequency to be about 500 kHz, far removed from those frequencies
of interest in these investigations.

7.4 MEASUREMENT APPARATUS

The experimental apparatus used for obtaining the
azimuthal beam patterns is shown in Fig. 42. A CW signal pro-
duced by a wide band oscillator is coupled, via the frequency
counter, to the General Radio tone-burst generator, The output
of the cone-burst generator is a pulse cf variable cyclic duration
and repetition time. It is applied to the input terminals of
the power amplifier used to drive the model sound source. The
signal received by the probe hydrophone is passed through the
Rohde and Schwarz tunable amplifier which, in this case, fills
the dual role of amplifying a very low level signal while at the
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same time acting as an active filter. Thus, the signal that is
applied to the oscilloscope for measurement is of very clean
waveform and of such a level as tc facilitate easy measurement.

A trigger signal from the tone-burst generator is used to synchro-
nize the sweep of the oscilloscope and allows identification of

the received signal based upon travel time.

Poor repeatability of azimuthal beam patterns during
the early phases of this inveséigation were attrituted to insuf-
ficient buildup time of the transmit pulse. Subsequent tests
showed that with typical transducer Q's running about 40, and
operating frequencies between 100 and 250 kHz, a pulse length
of about 64 cycles duration was required for most of the model
sources to reach a repeatable steady state condition. In practice,
this pulse duration requirement has been checked on an individual
basis. The measured beam patterns, which are presented in a later

(o]
section of this report, can be repeated to within about £ 1 and
= 2 dB.

7.5 MODEL SOURCE DESIGN

Since the experimental models are designed to furnisb
direct support to the analytical work, the experimental source
or transducer must be capable of simulation through mathematicai
analysis. This has placed the following constraints on the model
source design:

1. The model source should be cylindrical.

2. The model source must be capable of producing a
fairly directive beam pattern in order to assess dome effects.

3. The azimuthal velocity distribution should be a
reasonably smooth function of position because this distribution
(boundary condition) must be represented by a Fourier series in
the mathematical model.
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&, The vertical velocity distribution must be uniform.
5. The axial length of the source must be variable.

During the initial stage of this program, a range of
possible sound source designs was reviewed. Consideration was
first given to the idea of piezoelectric ceramic segments placed
in solid metal rings or, pcssibly, in lucite baffles, while yet
another idea involved the preferential excitation of a mechani-
cally continuous but segmentally polarized, piezoelectric ring
element. The most attrartive of chese initial source designs
was the continuous pienvelectric ring.

After some preliminary investigations with a small
ceramic cylinder to determine the feasibility of the segmental
polarization scheme, a segmentally polarized cylinder of 6.3 in.
outside diameter, 2.7 in. height, and 0.48 in. thickness was
procured. This cylinder was polarized such that the azimuthal
aperture was approximately five water wavelengths at 230 kHz,
the wall-thickness resonant frequency. It was estimated that
this aperture would produce a beamwidth on the order of 30°-35°,
adequate for the purposes of the study.

Upont receipt of the first segmentally polarized ring,
a series of displacement measurements was carried out in air.
The height of the ring was divided into four equal parts as
shown in Fig. 43 and azimuthal scans were completed through
each of these sections. The preliminary displacement profiles,
Fig. 44, showed the segmentally polarized element to have very
uniform displacement over its active portion, and to drop approx-
imately 10 dB in immediately adjacent nonactive areas. These
profiles were judged suitable in terms of the mathematical re-
quirements. Upon completion of the displacement profile, the
single ring was placed in the water tank and its azimuthal beam
pattern (Fig. 45) was obtained. Subsequently, several rings
were stacked and azimuthal beam patterns were obtained in order
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to determine the dependence of the patterns on the axial length
of the source. A pattern obtained with four stacked rings is
shown in Fig. 46. The disparity between Figs. 45 and 46 led to
the suspicion that the velocity profiles did not have the desired
distribution.

More detailed velocity profiles were obtained on single
rings and on stacked rings. Results obtained for a single ring
are shown in Fig. 47. The apparent coupling of axial modes to
the radial mode and subsequent non-uniformity of the vertical pro-
files render this particular source design useless in view of the

requirements outlined above.

In an effort to eliminate the mode coupling in the seg-
mentally polarized ring, a new source was constructed by mounting
a polarized ceramic slab in a lucite baffle. The overall dimen-
sions of the source and operating frequency remained the same as
the segmentally polarized source. The active slab was mechanically
isolated from the lucite baffle to minimize any coupling. An
extensive series of velocity profile measurements was made with
the ultramicrometer for cases of air and water backing of the
active slab. The measurements revealed the existence of several
spurious modes, probably attributable to non-uniform polarization
and lack of symmetry in the ceramic slab. Despite the undesirable
velocity profiles, beam pattern measurements were made as a
function of axial length of the source, the length varying from
five to fifteen wavelengths. The results shown in Figs. 48-50
demonstrate reasonable agreement; however, it is felt that improve-
ments must be made in the source design before meaningful experi-

ments can be conducted.
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FIG. 48 — FARFIELD HORIZONTAL BEAM PATTERN —SINGLE

ELEMENT SECTION (FREE FLOCDED INSIDE)
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7.6 SUMMARY

An analysis of the designs to date suggests that an
acceptable velocity distribution is difficult to obtain using
a single active element on the order of five wavelengths in
aperture. Present effort is being directed toward a mosaic of
individually tuned radiators whose dimensions are less than
one wavelength square. The array of small radiators will be
mounted in a cylindrical baffle as in the previous design. This
source design should prove satisfactory for the purposes of the

dome program.
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8. CONCLUSIONS

The program of work during the past year has been con-

centrated on improving the geometry of dome-transducer models in

rder to obtain more realistic assessments of the effects of dome-
transducer interactions on transmitted beams. The analytical
phase of studies has been supported by an experimental phase whose
primary purpose, during this period, has been the development of a
small, general purpose transducer which can be modeled with existing
analytical techniques. This transducer will be used in experi-
mental studies of dome structure and geometry effects on the near-
and farfields. 1In addition to these investigations, several prob-
lems related to dome construction and three-dimensional dome-
transducer geometries were analyzed. Specific conclusions resulting

from the past year's studies include the following:

1. Studies of integral techniques for solving the
scalar wave equation have led to methods which permit the treat-
ment of larger radiating bodies than heretofore possible. As a
result, the integral formulation now offers considerable promise

fcr analyzing dome-transducer systems of fairly general geometries.

2. An analysis of (a) the nonconcentric cylindrical
dome model and (b) the elliptical dome model indicates no beam
steering errors occur for any beam steering angle. In general,
the side lobe structure is not symmetric about the beam axis for
these steering directions, however, and side lobe levels can be
considerably higher than those found with the concentric dome
model. The higher side lobes are always located on the side of

the beam pattern which corresponds to maximum dome-transducer
spacing.

3. The source level computed with the elliptic dome
model varies with beam steering angle. (This is attributed to a

varying radiation loading cn the active staves.) The dependence

99

R ¥ 9725 1 .. RV

A,

P VI

oy

L AA g A P At b

PR R )

JOO




Byt iis ot A

LITAD T A G ~ 2

TR Ty, T

———— =

is not the simple periodic cne found in several models for which

the dome-transducer spacing is constant.

4. Studies of thick homogeneous cylindrical domes and

cylindrical domes with simple supporting structure shew that, for
the former, the results (beam patterns) «gree with thin shell
theory up to dome thicknesses of approximately 0.06 wavelengths.
Thicknesses of metal domes are scmewhat less than this number,
while the thickness of the rubber dome for the AN/SQS-26 is
greater. Because of the method of constructing the rubber dome,
the ratio of dome thickness to wavelength increases as the beam
steering angle increases towards broadside. For the dome with i
supporting structure, the limited results indicate the ribs
modify the side lobe structure and decrease the source level,

compared to a homogeneous dome for which the mass of the ribs 2

nas been '"'smeared out'" over the whole dome surface.

5. Computation of beam patterns for a spherical trans-
ducer and concentric shell-type dome produced results qualitatively
similar to those for the concentric cylinder model; namely, an
increase in side lobe level compared to the bare transducer, and
no change in main lobe width. A comparison of radiation inter-
action coefficients for circular pistons in a spherical baffle
and equal-area rectangular pistons in an infinite-length cylindri-
cal baffle of similar ka (product of wave number and radius)
showed strong similarities as a function of piston separation.
These results suggest the possibility of synthesizing the analysis
of real dome transducers with several simpler analytical models.

The extent to which such synthesis is valid is yet to be determined.

6. Instrumen.ation for successful beam pattern and
displacement (in air) measurements for a small, high-frequency
sound source has been developed. Attempts at using a single ele-
ment of several wavelengths' dimension in the sound source were
not successful due to the non-uniformity of the measured displace-

ment profile. These results point out the necessity of using
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several elements of small dimensions (less than one water wave-

length at the transmit frequency) in fabricating an active array.

Preliminary results indicate the required elements can be con-
. structed.
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9. PROPOSED PROGRAM FOR SECOND YEAR OF STUDIES

The program proposed for the second year of studies is
divided into five tasks:

1. General Analytical Methods

The integral formulatiorn will be applied tc larger
bodies representative of, for example, the AN/SQS-26 dome. The
procedure ther can be employed in obtaining realistic farfield
patterns from measurements of dome displacement. This applica-
tion ccmplements several nearfield-farfield techniques currently
under investigation elsewhere. The integral formulation also
will be extended to two-body (dome and transducer) problems.

2. Elliptical Dome Model

Computations will be extended to determine near-
field and farfield dome effects as a function of dome eccen-
tricity. Configurations approximating the AN/SQS-23 and AN/SQS-26
sonar equipments will be included. Computations of source level
as a function of steering angle and dome eccentricity will be
performed. A limited study of the influence of dome thickness
on transducer performance also will be conducted.

3. Spherical Dome-Transducer

A complete set of element interaction coefficients
will be computed for a typical array. These, together with an
appropriate transducer element model, will be used to study dome-
array interactions for cases with and without transducer element
velocity control. Where possible, system parameters corresponding
to the AN/BQS-6 sonar equipment will be used in the computations.

4., Dome Structure

The present structure model will be studied to
determine the dependence of farfield patterns on size and spacing
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of structural members. Possible methods of treating more realis-

tic structural members will be investigated.
5. Experimental Program

Jpon completion of the experimental transducer,
experiments will be conducted to determine (a) the dependence of
azimuthal beam patterns on axial length of the transducer, and
(b) farfield patterns with elliptic dome and other dome shapes
of interest. Further ¢xperiments wiil be conducted to determine

dome structure effects on rarfield patterns.
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