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’ ABSTRACT
, The design, construction, and step-by-step
Iy tests of the near-field array as develcped a* this

laberatory are described. The optimum design and
design tolerances for several arrays have been
found by means of a digital computer. A guide for
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estimating the cost of an array for application to
a particular sonar evaluatior is derived from expe-
rience in the construction of these new arrays.
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APPLICATION GF THE NEAR-FIELD-ARRAY TECHNIQUE TO SONAR EVALUATICN

INTRODUCT ION

Fifteen years ago, sonar evaluation measurements were comparatively
simple. Space requirements could be satisfied by a test distance of
10 feet and a water depth of 20 feet. To make conventional far-field
measurements on present-day sonar transducers, however, great distances
and tremendous: volumes of water are required. For example, to evaluate
a BQS-6 sonar transducer at frequencies up toc 6 kHz, a test distance of
350 feet and a water depth greater than 130 feet would be required. These
large test distances bring new problems--ambient noise, inhomcgeneities
that refract and scatter the transmitted signal, and uncertainty in bear-
ing determination when transducers are suspended deep enough to distin-
guish direct from surface-reflected transmission.

The theory of sonar calibration in the far field, or Fraunhofer zone,
is well krown. In the far field, the wave impzdance is resistive and
quantities measured at one radial distance are related by the law of
spherical spreading to those at a greater distance in the same direction.

The problems caused by large distances can be eliminated if the
measurements are made close to the transducer in the near field or Fiesnel
zone, but the results must be expressible in terms of the far field. The
usefulness of existing calibration facilities, which is very limited for
far-field measurements on large transducers, can be extended greatly, if
near-field measurements can be used. In theory, however, the near-field
measurements are quite complex in contrast to the fairly simple conven-
tional far-field ones.

Within the near field of a directional sound source, the wave imped-
ance can be highly reactive; the pressure and particle velocity may vary
widely from point to point--they may even be in phasc quadrature at many
points. In contrast to far-field measurement procedure, a simple point-
by-point determination of sound pressure in the near field is not suffi-
cient. The sound pressure at one radial distance is not related to that
at a greater distance in the same direction by the law of spherical
spreading.

Mathematically and experimentally, the complex neir sound field can
be treated as a superposition of plane waves traveling outward in all
directions. That is to say that data obtained within the Fresnel zone by
integrating or averaging values measured over plane apertures can be
related divectly to values measured point-by-point in the Fraunhofer zone
of the scund field. Tec' “iques have been developed at the Defense
Research Laboratory, Th University of Texas, for probe measurements over
a plane aperture and over closed surfaces surrounding a source within




its Fresnel zone [1-3]. Others have treated the problem in a similar
manner [4].

Suppose we consider first the sonar transducer as a receiver instead
of as a source of sound. The transducer's characteristics are then
expressed in temms of its sensitivity to the pressure in a plane, free-
field sound wave traveling in a specified direction. We can construct a
measuring array that will produce a plane-wave, free-field sound pressure
throughout the volume occupied by the sonar transducer, even though the
measured transducer and the measuring array are very close together.
These are the essential features of the near-field-array technique. By
reciprocity, the characteristics of the transducer as a source can be
determinéd at these close distances by using the array as a receiver.

This paper presents tie design and construction of the near-field
array as it has been developed at the Undexwater Sound Reference
Laboratory. The optimum design and design tolerances for several arrays
have been found by means of a digital computer. Construction details and
step-by-step tests are described. From experience in constructing these
new arrays, a cost estimate can be made on a proposed array for applica-
tion to a particular sonar evaluation. The theory leading up to the
array technique has been presented in earlier papers [5,6].

REQUIREMENTS FOR A NEAR-FIELD ARRAY

The near field of a directional sound source can be treated mathe-
matically as a superposition of plane waves, or as the superposition of
2 plane wave and a diffracted wave. A circular piston source can be
considered as producing a plane wave plus a wave, due to diffraction,
emanating from the edge of the piston. Interference between these two

waves produces the highly reactive and widely varying Fresnel-zone sound
field so well described by Stenzel [7].

The sound pressure p on the axis of a circular piston ssurce is
derived from

P = (ipc/i)ei“t I u0(1/r)e~ikr ds, (1)
S

where pc is the plane wave impedance, A is the wavelength of the sound,
ug is the velocity amplitude of the piston, w is angular frequency,

k = 2n/x, and r is the distance to the position point of p on the axis of
the beam from the surface element ds = 2wr dr. If the position point is

at distance x along the beam axis and the radius of the piston is R, then
(Ref. 7, Eq. (110))

(R2 + xz)%

(1/5)e" K= ds = (~2n/ik) {exp[-ik(R2 + x2)}] - e~1kx}
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and
p = pcuo{exp[i(wt - kx)] - exp[i(ut - k{R? + xsz)]}. (2)

Equation (2) shows that the sound pressure amplitude on the axis of a
circular piston source is due to a plane progressive wave (the first
term) modulated by a second wave delayed by the distance to the edge of
the piston. Thus, for this simple case, the sound field of the source
can be treated mathematically as the superposition of a plane progressive
wave and a diffracted wave emanating from the edge at the surface of the
piston source. If wo can eliminate modulation of the direct wave by the
diffracted wave within the Fresnel zone, then we will have the required
measuring transducer--one that pzoduces a plane-wave, free~field sound
pressure taroughout the volume occupied by the sonar transducer when the
two transducers are clsse together. Absence of the pressure undulations
normally produced by the interference of these two waves should be an
indication that the goal has been achieved.

The array must be accustically transparent so that standing waves do
not develop between it and any transducer to be measured, and so that it
will not alter the normal radiation impedance load on the measured trans-
ducer. Transparency is achieved by constructing the array of many piezo-
electric transducers, each smal) with respect to the wavelength, widely
spaced, and operating well helow resvnance. The elements of the array,
operating well below resconance, will be unaffected by changes in the
radiation load caused Ly the presence of the measured transducer. If the
impedance of the individual elements is equal to or greater than the pc o
the medium, then the average admittance of the array will be equal to the
admittance of the medium, and the array will be transparent. Shading--
reducing the source strength of the peripheral elements--eliminates the
effect of the diffracted wave within the region of interest.

”

-

Consider the measuring array in the y,z plane, the origin at the
center of the array, and radiation in the direction of x. If the dif-
fracted wave is eliminated and only a plane wave of finite extent zxists
in neaxby y,z vlanes, then, witt-n «sc .. .- fleld, %“e sound pres: e
function p(x,y,z) must e equal to ip(y,z;iel(““ - %5} and the magnitude
|p(y,z) |must be the same function as the velocity shading function u(y,z).
This relationship could be used in a series of simultaneous equations to
derive the shading function “2r the array of point scurces. A radial

Gaussian shading function exp(~ar2) is of this type, but is unacceptable
because it does not produce a constant-pressure region of sufficient
extent for near-field measurements,

The radiation impedance of a piston source is reactive at low fre-
quencies and approaches pc loading as the diameter of the piston source
becomes one wavelength or more. It seems logical that the dimensions of
the array must be equal to or greater than a wavelength before a plane
wave is produced. The depth of the plane-wave region along the x axis
will increase with increasing ize7juency. This s in agreement with the
cxperimental data.




THE SHADING FUNCTION

As stated In the original papers [5,6], the shading function is based
on a line array of elements whose source strengths are shaded from the
center’ out ‘in proportion to the coefficients of the binomial probability
distributieri for r occurrences in n independent trials when the proba-
bility in any Single trial is *. This fact makes it convenient to find
the shading coefficients in tables [8].

‘The basic unit 1o which this line shading function is applied is a
line array of equally spaced elements whose source strengths are propor-
tioned to the coefficients of a binomial series haviag the power n. The
unit is replicated n times with a center-to-center spacing equal to the
element spacing d. Like the Gaussian shading function, the basic unit
does not produce a constant-pressure region for near-fleld measurements,
but, by replication, the resultant shading function [8] does. The far-
field directicnal response of such a line array in the plane of the line
is given by

p(8) = [(sin nd)/(n sin ¢)] cos™ ¢, (3)

where ¢ = (md/A) sin 8, d is the element spacing, A is the wavelength,
and 8 is the angle in the plane of the line between the normal to *he
line and the direction of observation.

In deriving a suitable shading function, unshaded elements are added
to or deleted from the center of the line array, depending on the value
of n. When this is done, Eq. (3) is modified to

p(8) = [(sin mp)/(m sin ¢)] cos™ ¢, (4)

where (m - n) is the number of unshaded elements added to the center of
the line array. If m in Eq. {4) remains fixed and n increases without
limit, the expression approaches a Gaussian pattern. A plane array shad-
ing function is cubtained by means of the second product theorem [5,6,97.
This shading produces approximately circular symmetry and at the same time
simplifies design and construction of the array, as is shown later in this
paper.

COMPUTED SOUND FIELD

From the information in the original papers [5,6], Hanish selected a
shading function for a 2500-element plane array suitable for measurements
on the BQS-6 sonar. He devised a Fortran program for the IBM 709 com-
puter to determine sound pressure and phase ovex planes parallel to the
array at several distances along the x axis fron. the origin at the center
of the array. For every element position (y,z) in the array, there is a
computed value for the pressure and its phase relative to that of the
source velocity in each plane at positions x.
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Hanish [10] shows that a shading function represented by m = 36,
n = 26 produces, close to the array, a plane wave throughout a vslume
sufficient to contain the BQS-6 for measurements at frequencies from
1 to 6 kHz. The element spacing in this array is 8 inches, or 0.8 wave-
length at 6 kHz. The phase remains constant over the measuring region,
but the calculations indicate a spherical wave at the periphery with as
much as 100-degree phase delay from a plane wave at x = 74 wavelengths
at 3 kHz and 20 wavelengths at 6 kHz. At 1 kHz, the sound pressure
across the region of measurements shows some undulations. Above 6 kHz,
where the element spacing exceeds 0.8 wavelength, the sound field no
longer is suitable for measurements, as is shown by the computations for
9 and 12 kHz [10].

Upon review of these data, a new shading function m = 37, n = 49 was
recommended by the first author. This function represents a line shading
for 50 elements in the values of 0.00468, 0.0145, 0.0378, 0.0843, 0.164,
0.279, 00423, 00578’ 0.721, 0.837, 00916, 00962’ 00986, 0.995’ 00999,

20 elements 1.000, 0.999, 0.995, 0.986, 0.962, 0.916, 0.837, 0.721,
0.578, 0.423, 0.279, 0.164, 0.0843, 0.0378, 0.0145, 0.00468. With per-
mission of S. Hanish, the computed sound pressure and phase for his plane
array based on this line shading is shown in Table I for one quadrant of
the planes along x. The x axis is at the lower right corner of each
tabulation. The phase is quite stzble over the area in the xy plane equal
to the area of the array and is equal to the plane-wave phase due to an
array of point sources (kx + (¥)n). The computed sound pressure and

phase variation for x = 25 cm at 1 kHz and for x = 325 cm at 3 kHz agree
with x = 750 cm at 6 kHz, thus proving a 1/) relationship along x

(Eq. (1)). The maximum variation in sound pressure and phase appears
along the diagonal of any square aperture along the x axis. This
acceptable variation is the result of trying, for simplicity and economy,
to achieve circular symmetry by means of the second product theorem,
which produces circular symmetry only for line shading that is Gaussian [9].

On the basis of these computed sound fields, one can estimate the
optimum shading function by selecting values of m 4nd n for the new array
such that the shading matches a plot of this shading function (the one
that has produced the best sound field) m = 37, n = 49 versus position.

Our experience indicates that the requirements for a measuring array
azres (1) the dimensions of the array must be twice those of the trans-
ducer to be measured, {2) the number of elements required depends on the
upper frequency limitation--that is, the number is determined by element
spacing equal to or less than 0.8 wavelength, (3) the cutoff for the
shading (the shading coefficient for the peripheral elements) should be
about 0.03 to 0.08, and (4) the source strength of the elements half way
from the center to the edge should be between 0.94 and 0.98.

Suppose it 1s desired to obtain measurements in an area 12\ by 12\ at
the upper frequency limit. The number of spaces within the constant-
pressure region will be 12)/0.8\ = 15. Figure 1 is a plot of the optimum
shading function with the element positions shown in percentage of line
length from the center. The shading function m = 22, n = 16 follcws the
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Table 1. Computer da*a for one quadrant of a plane
array showing pressure amplitude and phase in planes
at distance x from and parallel to the array. ’
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Table 1 (continued)
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Table 1 (continued)
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(g) Pressure amplitude, AUWE rectangular array,
2 kHz, x = 2.032\ (152.4 cm, 5 ft).

135 106 110 103 103 01 99 97 97 7 %6 9T 97 9T 9T 96 98 98 90 ¥ Y8 9% 38 ¥ 9
R44 124 A18 112 09 104 103 102 101 101 101 101 302 102 102 10) 10D 103 103 103 103 10D 104 104 104
L4e 530 114 112 311 100 503 104 103 107 103 104 [O4 103 105 193 103 103 1.6 106 106 106 106 108 106
138 124 ti4 439 109 10T 304 102 102 102 102 102 103 3103 102 104 104 104 104 104 104 104 104 104 104
127 210 i1@ 106 104 102 100 28 - 98 93 96 99 99 99 100 100 100 100 100 100 1940 100 100 108
430 120 112 KG7 10% 303 101 99 99 9% 99 9% 100 100 100 1(0 101 301 101 103 10 101 U103 103 101
139 123 134 tOF 107 103 102 100 100 100 100 400 101 101 101 102 302 102 102 102 102 102 102 102 102
336 323 LIA 0% 164 104 101 100 99 99 9% 10C 100 101 101 101 143 101 101 100 191 101 101 162 10)
132 428 102 ST 103 103 100 99 90 S8 90 99 99 100 100 100 100 100 100 100 102 100 100 100 100
130 134 131 107 105 10J 100 99 98 9¢ 9% 93 99 99 100 100 100 144 100 300 100 10C fvé 100 109
131 120 112 197 303 1c3 10t 90 9% 99 9 100 100 100 100 101 101 101 101 101 301 161 101 161
134 122 113 G0N 106 104 101 100 9% 9 99 100 100 101 101 101 101 101 101 103 101 101 101 101
134 322 113 108 108 1G4 LOL 9 99 99 49 100 100 3100 101 103 101 100 101 %01 101 S 101 10y
132 121 112 127 146 183 101 99 e ) 99 100 100 100 100 101 101 101 10} 103 101 161 101 101
130 120 112 301 4§29 102 101 9 99 99 9% 100 100 100 100 361 101 100 391 101 100 101 101 101
331 120 312 167 s 104 101 99 9% 99 100 100 100 19T 10t 104 102 101 10} 101 101 103 101
134 122 113 dnw Qtd 104 161 100 99 99 49 100 100 301 101 101 10F 103 101 101 101 01 101 101
135 122 114 108 104 148 101 100 93 99 #% 100 100 100 161 101 101 101 141 101 108 101 01 108
133 321 313 59K 4CA JO4 101 9% 90 99 99 100 100 100 108 101 30t 161 101 101 101 101 101 103
1IN 120 152 ANF 107 143 101 ¢ 90 99 9 100 100 100 100 1C1 3181 101 101 100 101 161 101 101
§31 120 132 107 106 164 101 89 )9 ¢ 9% 10y 100 100 301 101 161 101 101 101 100 1J1 10t 101
132 022 13D 100 104 104 401 100 99 99 99 100 100 201 161 10% 101 101 101 101 191 101 101 101
133 323 104 102 10k 104 101 100 98 99 99 10¢ 100 TO1 101 101 161 1LY 100 3 103 101 101 108

135 2% 113 108 308 104 101 99 99 99 99 100 100 101 101 lol 101 101 161 10t 101 101 103 301

2223232822333

130 2w 0012 337 304 10a $01 WY 99 09 9% 100 120 100 101 101 101 101 101 161 101 101 101 191

(1) Phase, AUWE rectangular array,
2 kHz, x = 2,032\ (152.4 cm, 5 ft).
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ELEMENT SHADING

curve very well and yields the 15 spac.es in the region that has consiant
plane-wave pressure within & dB. Thus a 30x30-element array m = 22,
n = 16 is suitable for this measurement. This conclusion is based on the
computed data for m = 37, n = 49 in which the pressure amplitude function
matched the shading function in the region extending outl at least 30
wavelengths along the beam axis from the measuring array at the upper
frequency limit. This was not the limit of useable sound field; the data
computed for 250 cm and 1 kHz indicate that the limit of the near field
for this 30x30-element array should extend out about 60 wavelengths at
the upper frequency limit.
1.0 The shading function used in
the published computations [10] is
shown in Fig. 1 as circles desig-
nated as m = 36, n = 26. It is
seen that this shading exceeds the
limits at the position half way
from the center to the end of the
line (the 25-percent point in
Fig. 1), The computed sound field
for this shading function was
acceptable at the upper frequency
limit out to x = 750 cm but iess
desirable at the lower freguency
limit, showing a spot +2.6 dB re
average in the measuring region at
S S T ) % = 250 cm at 1 kHz compared with
ELELCHT POSITION IN PCR CCRT OF OVECR-ALL LENGTH 0.5 dB at the same position and

. . ) frequency for m = 37, n = 49. The
Fig. 1. Element shadingasa func- ,;iginal near-field array built by
tion of over-all length of line USRL 6 12%12-e1 %

(0 percent is center of line). [5,6] was a 12x12-element
array; the shading function for it
is shown by the x marks designated m = 9, n = 5 on Fig. 1. Some varia-
tion in the sound field of this array was shown tc be due to the cutoff
at 0.19.
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The plane array need not be square, if the transducer to be measured
produces a near field of rectangular cross section. In a special design
requiring an array to produce a constant sound pressure over a volume
10 feet high, 50 feet wide, and 50 feet deep, the elemen? spacing in the
50x50-element NRL array designed by Hanish was increased horizontally
more than it was vertically. The horizontal spacing was increased from
8 to 24 inches and the vertical spacing was increased to 9.6 inches, pro-
ducing a 40x100-fcot array. Because of the 24-inch spacing, the upper
frequency limit for this array is 2 kHz. Computations, Table i, showed
that this array would produce a plane-wave, constant-pressure sound field
175 feet high, 5C feet wide, and 50 feet deep, thus meeting the require-
ments. Additional elements can now be fitted in along the shading curve
to reduce the element sparing and raise the upper frequency limit.of the.. .
array. This design was aevised for the Admiralty Underwater Weapons
Establishment.,
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DESIGN OF THE SECOND USRL ARRAY

Measurements made on the first USRL array consisting of 140 elements
in a 12x12 array, corner elements left off, demonstrated that a uniform
sound field is obtainable and that the design calliig for capped piezo-
electric ceramic cylinders is practical to construct. Another large:s
array consisting of 21 identical wvertical lines has been designed and
constructed. It is shaded to produce a plane array having approximately
¢ircular symmetry. Horizontal shading is achieved by connecting series
capacitors to each individual line. The combination of identical shaded
lines (shaded by means of the series capacitors), all lines and their
capacitors cornected in parallel, is the relationship referred to as the
second product theorem in the original papers [5,6].

Spacing between identical lines can be equal to the element spacing
in the lines for the upper frequency limit (d = 0.8\). To cover a larger
area at lower frequencies, the lines can be spaced further apart. Design
data indicate that the constant-pressure region extends 5 feet of the
10-foot line length.

The 21-line array can be used to calibrate a 4x5-fooi transducer at
10 kHz, a 5x5-foot one at 8 kHz, arnd a 14x5-foot one at 3.5 kHz. The
lower frequency limit is about 1.5 kHz. Shading coefficients for this
array have been carried to a lower value than the 0.19 used in the first

array because the first one produced some undesired variations in the near

sound field. These new lines are shaded down to the coefficient 0.047.

Each of the 21 individual lines of this array is composed of 26 PZT-4
capped tubes, 0.5-inch diameter x 0.5-inch long X 0.125-inch wall thick-
ness. The elements are shaded in each line to the coefficients 0.047,
0.105, 0,202, 0.339, 0.500, 0.661, 0.798, 0.895, 0.953, 0.983, 1, 1, 1,
1, 1, 1, 0.983, 0.953, 0.895, 0.798, 0.661, 0.500, 0.339, 0.202, 0.105,

0.047.1 Element spacing is 4% inches center to center, resulting in a
line 113 inches leng. The elements are housed in a 10-foot length of

5/8-inch-I1.D. X 0.063-inch-wall Teflon (FEP) transparent tubing. The

inside of the tubing was etched for a length of 1 inch at each end for
cementing to the metal tfermination seals.

Clear Teflon permits visual observation and easier removal of any
trapped air bubbles. Earlier acoustic teste made on the Teflon tube had
demonstrated it to be acoustically transparent in the frequency range of
interest. Advantages of Teflon are its stiffness, which eliminates the
need for a vacuum fixture when oil filling, and its low water permea-
bility, which assures long life for the piezoelectr:: elements when the
array is submerged in water.

A magnetic and electrostatic shield of 0.002-inch-thick Co-netic AA
material is wrapped arcund the Teflon tubing over the 10-foot length to

1The computations by Hanish were not available when this array was
started, so the shading is more conservative then necessary and the
measuring volume is reduced somewhat.
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shield the transducer elements. The cable shield is electrically con-
nected to this shield and is insulated from the water.

Tygon flexible tubing, type R-3603, with a 1-3/8~inch I.D. x 1/8-inch
wall thickness provides the outside sheath that is in contact with the
water. Both the Teflon and Tygon tubing are castor oil filled under
vacuum to ensure removal of all air bubbles., The construction features
are shown in Fig. 2.

o,u arssgsarssyrs,

\\\;

THOOM TWRRED CASTOR OiL
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\N = N \
\\
— =
SHADING CAPACITOR INATOR

Fig. 2. Construction detaiis of USRL line transducer type H33-10.

Individual PZT-/ elements are capped on each end with a compression-
type glass-to-metal seal cemented with Epon VI epoxy to form o hermetic
seal. Before the element is capped, a small (0.005-inch-diameter) tinned
copper wire extending out both ends is soldered to the inside electrode.
A short length of 0.032-inch-diameter silver-plated phosphor-bronze wire
passes through the central metal tube in each seal and is soldered in
place to provide both a tension mesmber and the electrical conductor for
the inner electrode. These details are shown in Fig. 3. A typical

490" DIA. WIRE
fayg rres

Fig. 3. Construction details
of element type H33.
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element with the shading capacitor is shown in Fig. 4. Thesc elements
have been tested hydrestatically to 10,000 psi. They have been cali-
brated at 1000 psi; little or no change in sensitivity was observed.

Fig. 4. Piezoelectric
ceramic element with glass-
sealed shading capacitor
connected in series,

Element shading was obtained by two methods. If the shading coeffi-
cient was 0.798 or larger, but less than 1, a portion of the outside sil-
ver electrode was removed by etching to reduce the capacitance and thus
raise the impedance. Shading for all other elements was obtained by
connecting a glass-sealed capacitor in series with the piezoelectric ele-
ment. Capacitances ranged from 56 pF to 2200 pF. The.average value of
the capacitance for the unetched piezoelectric elements was 1150 pF.

Elements with the proper value of shading for the near-field array
are selected by considering the product of the capacitance C and the
measured open-circuit sensitivity M of each element rather than the indi-
vidual values of C and M. The unshaded elements at the center are
selected so that the products MC are as close as pessible to the same
value. Since the elements are connected in parallel, the source strength
per volt must be proportioned to the shading coefficients. Source
strength is related to short-circuit receiving sensitivitly, so the ele-
ments can be calibrated with a 1200-ohm resistor shunting the electrical
output when the sensitivity is measured at about 500 Hz. The resonant
frequency for the principal vibrational mode of the element is above
70 kHz, well above the operational frequency range (1.5 to 10kHz) of
the array.

CALIBRATION AND SELECTION OF INDIVIDUAL ELEMENTS

Each piezoelectric capped tube was calibrated in a USRL type G19
calibrator {117 by comparison with a reference standard hydrophone. The
test equipment, shown in Fig. 5, consists of a signal generator, a
General Radio Model 1554A vibration and sound analyzer, a 40-dB-gain
low-noise transistor amplifier, a calibrated reference nydrophone, and
the G19 calibrator. The calibrator was filled with peanut oil rather
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Fig. 5. Equipment used to
calibrate each ceramic ele-
ment at 400 Hz before
assembly into line.

than water. This o0il constitutes a medium of adequately high electrical
resistivity in which to submerge the unprotected elements and their leads.
The rubber diaphragm seal at the bottom of the calibrator deteriorates
after prolonged exposure to peanut oil. Distilled water can and has been
used when the elements are measured with the low-resistance shunt across
the output. The dc resistance across the element was 50,000 ohms or
higher when the element was submerged in distilled water and had negligi-
ble effect on the calibration. If a high-input~impedance amplifier is

used, as at first, to measure the open-circuit vecltage sensitivity, a
medium of high resistivity is required.

After each element had been numbered and calibrated, the elements were
arranged in groups accerding to sensitivity. Elements to have the shad-
ing coefficient 1.0 were chosen so that their sensitivities were within
20.3 dB of each other. Elements to have the 0.983, 0.953, 0.895, and
0.798 coefficients were selected to provide the proper shading with
respect to the average sensitivity of the unshaded elements. Random
variations in the sensitivity, short-circuit current sensitivity, or the
product MC of the piezoelectric ceramic elements due to manufacturing
variables made it possible to choose most of the 0.983, 0.953, and 0.895-
coefficient elements without removing part of the electrode. The sensi-
tivities of these elements are lower by 0.2, 0.4, and 1.0 dB than that of
the unshaded elements. It was necessary to etch away a portion of the
electrode for shading the elements to G.798. The series capacitor values
for the remaining elements were computed to give the proper voltage divi-

sion for the desired shading when connected in series with a 1150-pF
(average value) element.
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Time and care in calibrating the elemenis is well spent. Assembly
proceeds rapidly after the elements have been selected, and accurate ini-
tial measurements can save many hours of trouble shooting. Two separate
calibrations on each element is recommended, with a third calibration
recommended for any elements whose calibrations differ by more than
0.4 dB. The average of the measured values should be used.

ASSEMBLY OF A LINE

Each line was assembled on a 14-foot board provided with nails sepa-
rated by the element spacing d. The elements were held securely and
accurately during assembly. Accurate positioning of the élements in the
vertical lire depends on the precision of this operation.

After the center wire was soldered tc each of the elements, the
second or ground lead was run the length of the line and soldered to the
series capacitors and to the outside electrode of the unshaded elements.
The capacitors had been soldered in place before the elements were pliuced
on the board for assembly. The capacitors wére soldered to the metal rim
on the glass-to-metal seals and a small wire was soldered between the rim
and the outer electrode for greater strength and to reduce the likelihood
of pulling the electrode from the ceramic element. The wire that ioins
the capacitors to the outside electrode cf the elements was installed
with sufficient slack to permit some flexing and twisting of the line and
thus reduce the chance of damage.

When all of the soldering had been completed, the solder joints and
the elements were thoroughly cleaned by brushing with trichloroethane
(inhibited methyl chloroform) to remove rosin and other residue. The
dc resistance and capacitance across the assembled line were measured at
the glass-to-metal seal in the top termination and recorded. If the
capacitance differs greatly from the computed value, it is well to deter-
mine the cause of the discrepancy at this time. To help isolate a defec-
tive element, it was found convenient to separate the line at the center
and compare capacitance measurements of the two halves. This procedure
reduces the number of elements that require closer examination. The
capacitance of the 21 lines was 19,150 pF + 250 pF, which is a variation
of less than x1} percent. These values were obtained without cable,
transducer shield, or castcr oil.

An additional test was made to determine the correct voltage division
on the elements shaded with series capacitors. A known voltage at 500 Hz
was applied to the line input and the voltage across the elements was
measured with a vacuum-tube voltmeter. The shading of 12 of 20 shaded
elements could be checked quickly this way.

The line was then hung vertically, and the outside silver electrode
of each ceramic elemeni was coated with clear epoxy to minimize the loss
of electroding material, which would change the element impedance. After

the epoxy had hardened, the line was ready for installation in the Teflon
tubing.
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The cupro-nickel end fittings (shown in Figs. 6 and 7) are cemented to
the Teflon tubing and retained by a compression band.
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‘ Fig. 6. Cupro-nickel top end fitting (left) and top line
termination (right) showing glass-to-metal seal.
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Fig. 7. Bottom end fitting with compression nut and
line termination showing insulator and O-ring seals.
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A wire attached to a screw in the oil filling hole in the metal ter-
mination was used to pull the 26-element line into the Teflon tube. The
top and bottom of the tube were sealed with O-rings. Castor oil was
applied to the bottom O-rings to assure easy seating without damage. The
resistance and capacitance of the line were measured and recorded at the
completion of each step in the assembly to ensure that any change that
occurred duriig the preceding assembly operation would be detected and

secure, the line was ready for oil filling.

\§ corrective action could be taken. After the top and bottom seals were

poich
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The stiff Teflon tube permitted oil filling under vacuum without the
need for 2 vacuum fixture around the outside to prevent collapse of the
tube. To fill the transducer, the line was placed in a pocition approxi-
mately 30 degrees from vertical with the line inverted to place the fill-
ing hole at the top. A vacuum hose from the oil-filling system was
attached to the hole, and vacuum from a large mechanical pump was applied
for at least 1 hour. Bakers DB-grade castor oil heated to 65°C was thor-
oughly degassed under vacuum (100 micron, 0.1 mm Hg) and then introduced
at atmospheric pressure into the vacuum hose to the line transducer. The
vacuum was again applied and the process repeated two to three times until
no evidence of air bubbles remained. A small head of oil was kept on the
line until the temperature stabilized to that of the room. The oil-seal

plug was then inserted and tightened. Resistance and capacitance were
méasured at the glass-to-metal seal terminal, and the values were recorded.

The magnetic and electrostatic shield was wrapped around the outside
of the Teflon and held in place by soldering several spots along its
length. Insulating rings machined from Synthane grade XXXF were placed at
the top and bottom to keep the shield from making electricai contact with
the metal end fittings that are exposed to the water. The shield was
connected electrically to the cable shield through a small wire to a
glass-to-metal seal in the top end fitting (Fig. 6).

The outside Tygon tubing was slipped into place and each end sealed
an¢ secured to the end fittings by a tight wrap of rayon cord. The line
transducer was then prepared for oil filling of this outer sheath.

The line was slipped into a 10-foot length of 1-5/8-inch 1.D. pipe
equipped with a short nipple for attachment to the vacuum line. The pipe
w3s closed at one end and sealed to the line transducer at the other end.
Vacuum was applied to both the vacuum fixture and the inside cof the outer
sheath. After at least 1 hour, the deaerated, heated castor oil was
introduced in the Tygon boot tc fill it completely. As with the inner
tube, the vacuum was removed from both the transducer and the fixture
when there was no further evidence of air bubbles. The transducer then
was allowed to stand with a 2- to 3-inch head of oil until it cooled to
room temperature. The seal plug was carefully installed to avoid trapping
bubbles. The line transducer then was removed from the vacuum fixture and
checked visually for air bubbles. Small bubbles can sometimes be maneu-
vered to the oil hole and removed without completely refilling under
vacuum. Should a considerable number of air bubbies be found, it is best
to drain all of the oil from the line and refill it under vacuum with
heated oil of lower viscosity.

Each line was equipped with a 40-foot length of 0.35C-inch neoprene-
sheathed, two-conductor, shielded cakle fitted with a molded gland that
is sealed to the transducer by means of an O-ring. The cable shield was
carefully insulated from the end fiiting to prevent a water ground. The
user thus has 2n option of grounding conditions so that he may find the
conditicn that minimizes electrical coupling between the array and the
measured transducer.
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BENCH TESTING THE ARRAY

The elements were carefully selected and spaced in their respective
lines; however; a bench method was devised for testing the elements
acoustically for proper shading after each line was completely assembled.
A rubber cup was molded so that the lower portion would fit snugly around
the Tygon sheath to form a watertight seal. The upper part of the cup is
large enough to hold a 2-inch-0.D. x ¥-inch-I.D. x 4-incii-long pieze-
electric ceramic ring enclosed in polyurethane. The rubber cup iand
ceramic ring are shown in Fig. 8.

Fig. 8. Piezoelectric
ceramic ring (left) and
rubber cup (right) used
in acoustic test of

- assembled line.

The transducer line was hung from the ceiling in a vertical position.
The cup and ceramic ring were slipped over the line at the bottom and
then the cup was filled with water. The line was driven by a signal
generator that produced 35 V at 15 kHz. The water-filled cup with the
ceramic ring was positioned around each of the six unshaded center ele-
ments in the line and the output of the ring was amplified 20 dB and
measured with a vacuum-tube voltmeter or the sound and vibration analyzer.
The values were recorded and averaged. The cup was then positioned around
each of the shaded elements and the measured Jevel with reference to the
average of the unshaded element signals was compared to the computed
value of the desired shading. Signal level dropped 30 dB or more when
the device was positioned between twe adjacent elements. Later when the
assembled plane array malfunctioned and, by substitution, the faulty line
had been identified, this method of bench testing was used to locate thea
malfunctioning element.

ACOUSTIC TESTS IN WATER

Each line transducer was calibrated separately. The near-field
transmitting current response was measured with a standard hydrophone
over the frequency range 500 Hz to 12 kHz. A single line produces a
finite cylindrical wave of constait pressure amplitude in the near field
along a line parallel to the line transducer and extending for half of
its length at the midsection. For cylindrical-wave spreading, the level
diminishes by 3 dB when the test distance is doubled. Direct comparison
of the recorded data for these line transducers showed some variation in
the response and some variation in the shape of the sound field--that is,
the off-axis response. The average value of the line capacitance with
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40 feet of cable was 20,300 pF. Series capacitors ranging from
0.00182 uF to 0.620 uF were used to produce the horizontal line
shading.

The line transducers were now ready for final assembly into a plane
array. The lines were connected in parallel with their series capacitors
in the termin2l strip shown in Fig. 9. Rigging was constructed to facili-
tate pocitioning of a standard hydrophone directly in front of each line
in the ascembled array. The response of each line was ascertained in
position by driving it alone shunted by a capacitor to simulate the
impeédance of the inactive lines. The driving source thus was presented
with the same load while each line was tested. The value of the series
capacitor was adjusted to correct the shading of each line to the correct
value. The shading coefficients for the 21 lines, of course, are not
the same as the 26 coefficients for the line elements.

Fig. 9. Teminal strip with capacitors.

The line transducers are hung from a horizontal 2-inch-diameter free-
flooding pipe *to form the complete array. An inverted U-shaped bracket
positions and holds each line at the top. The U-bracket of each line is
attached to a brass ring that slips over the pipe. This ring can be
moved along the pipe to adjust the spacing between lines. The lower end
of the line is held by a similar pipe-and-ring arrangements however, a
spring and turnbuckle are inserted at the end of each line to provide
approximately 7 pounds of tension. To provide the tension on ali the
lines, it was necessary to weight the lower pipe. As a precautionary
measure, tension-relief cables were installed to join the upper and lower
pipes at the center of the array and at the extreme ends. These cables
prevent excessive tension of the lines when starting and stopping verti-
cal ascent or descent of the array. Particular attention was given to
keeping the lines accurately positioned in the same vertical plane with
the correct and constant spacing between them. A 19-1ine array with
/A~inch line spacing is shown in Fig. 10.
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Fig. 10. Line array type H33-10 completely
assembled-~crossed wires in front and back
of array help to position the lines.

Best calibration results can be obtained if the array is washed with
& wetting agent and submerged 12 to 24 hours before making acoustic
measurements. In this time, temperature stability is achieved, the lines

become thornughly wet, and any remaining air bubbles are absorbed or
dislodged.

Trouil:- shooting the array can be difficult if the measured sound
field varies considerably in the frequency range of interest. For this
reason, the importance of bench tests has been emphasized. Two approaches
can yield an answer to the problem. With a standard hydrophone mounted
on the center axis in the near field, drive individually and alternately
two lines in matching positions on each side of the center axis. Compare
the responses of the two lines of each pair as the measurements are mace
progressively from the center to the extreme outside lines in the array.
The level is affected by shading and cylindrical-wave distance loss, but
each pair should yield identical response curves over the design fre-
quency range. If two lines of such a pair do not produce the same curve,
the nonconforming line must be identified. Sometimes the malfunctioning
line can be identified without further measurements. At other times, it
may be necessary to position the hydrophone in front of each line in
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question in the manner used to adjust the series capacitors to produce
the design shading.

Should this procedure fail to provide conclusive results, an alter-
nate method may be used. Position the receiving hydrophone on the center
axis of the array in the near field. Drive the entire array and record
the response versus frequency. Disconnect the line in question and meas-
ure the response of the array without this line. Return this line to the
electrical circuit and drop the line on the other side of the center in
its matching position. The line that produces the greatest variation in
the sound field when connected to the circuit is generally the line with
trouble. This line can be removed from the array and the individual ele-
ments again measured in the shop with the liquid-filled-ring technique
previously described. A line that contains minor shading discrepancies
can sometimes be switched to one of the exireme shaded positions and
operate satisfactorily.

The sound field was explored primarily with two types of hydrophones.
An LC32 transducer with an active element approximately 1% inches long
was used as well as a USRL type F37 with an active length of 8 inches.
The results of the measurements with these transducers were not signifi-
' cantly different. 7The response data were recorded from 500 Hz to 12 kHz
' at test distancés 8, 16, 32, 64, and 128 inches along the acoustic axis
and at 10, 20, and 30 inches above, below, and on each side of the acous-
tic axis, The sound field within the region tc be used in near-field
measurements was constant within #} dB, with a very few places showing as
much as 1 dB variation from the average sound pressure.

Tolerances in element shading and position have not been studied
sufficiently to specify the design requirements. The near sound field
of the first array was computed by the Electro-Acoustic Systems
Laboratory of Hazeltine Corp. The insertion of a maximum random error
of 5 percent in element shading of a 14x14-element array showed no
measurable change in the average deviation {0.05) of the normalized
amplitude in the near-field sound pressure, and no measurable change in
the average deviation (2°) of the phase of the pressure referred back to
the surface of the array of point sources. From studies of the effect of
element location errors upon directivity, it is our judgment that a posi-
tion error of 2 percent of the elemeni spacing d is permissible and can be
achieved. In the first array, a #-inch axial displacement of the center
of the array from a plane did produce a seasurable difference in the near
sound field between the front and the ba<k of the array at 12 kHz,

ALTERNATE SHADING METHODS

The same wall thickness need not be used for all of the elements.
Wall thickness of the capped piezoelectric ceramic tubes can be varied to
produce the required shading. This alternative eliminates the need for
series capacitors, thus putting all outside electrodes of the elements
at ground potential and reducing the shielding probiem. The electrode
can be etched to achieve the desired shading coefficient.

~y
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If the tubes are of the same diameter but of varying wall thickness,
the thinner walled tubes will have not only higher capacitance, thus
lower impedance, but the open-circuit voltage sensitivity of the thinner
walled elements will be higher [12]. It is practical to vary the wall
thickness from 0.020 to 0.125 inch for the same #-inch 0.D. and thus
obtain 18 dB of shading. The capacitance ratio will be 5:1 and the volt-~
age sensitivity ratio approximately 1.58:1. Even greater variations are
possible if the length of the tubes is changed also. The operational
depth or hydrostatic pressu.e and the resonant frequency of the element
will determine the minimum allowable wall thickness. The operational
frequency range will also dictate the maximum dimensions of the elements
from the standpoint of array transparency.

In large low-frequency arrays, flat disks or rectangular plates may
be more practical than capped tubes. When several thousand elements are
used to produce an array, the lower impedance of the tube elements is not
required; the area of the element can be changed to provide the required
shading. Likewise, the effeclive area and thus the impedance can be
changed by cementing two or three plates together and connecting them
electrically in parallel. A combination of different element dimensions
and use of paralleled plates, with etched electrodes for close adjustment,
can produce a more economical desigmn.

Perhaps a better method than any of the previous ones is to arrange
the elements of the array so that those to be assigned a given shading
coefficient are in a circular or a hexagonal configuration. Then, all ele-
ments associated with a given shading coefficient can be connected elec-
trically in parallel and packaged as a group. One capacitor can provide
the proper shading for each group. If this method is used, the piezo-
electric elements will be selected so that the products MC for all ele-
ments of 2 given group are, as nearly as possible, identical.

APPLICATION

We have shown that the near field of the transducer can be resolved
into a plane progressive wave and 1 diffracted wave. By suitable shad-
ing of the velocity or source strength of an element as a function of its
distance from the center, it is possible to eliminate the interfering
diffracted wave within the region of interest. The plane array thus pro-
duces a plane progressive wave of constant amplitude throughout a volume
in its near field that is suitable for calibrating a transducer of dimen-
sions less than hilf the dimensions of the measuring array. No other
information aboul the measured transducer is required to determine from
these near-field measurements the free-field voltage or current sensi-
tivity, far-field transmitting current or voltage response, or far-field
directivity of the unknown transducer.

Consider the array ard the unknown transducers as constituting a sys-

tem that is linear; passive, and reversible as shown in diagram form in
Fig. 11. The near-field transmitting current response of the measuring

23

e P S R

e e 4 SRt T W o - |t A s

e

s



()8 éf::[:] ——*-[:]:::ku Fig. 11. Transducer arrange-
ments for array calibration.
Iz
= A —

array has ﬁeen measured previously by probing the sound field with stand-
ard hydrophones it is given by

Sp = EH/MHIA’ (5)

where SA is the transmitting current response of the measuring array
within the regiocn for measurementsj Ey, My are the open-circuit voltage

output and the free-field voltage sensitivity, respectively, of the
standard hydrophones and I, is the current dziving the array. So-long 2s
the pressure is the same over the region of the unknown transducer, its
free-field voltage sensitivity is

My = EyMy/Ey. (6)
In arrangement 1 of Fig. 11,

}31/11 = S,M,.

If, as stated, the system is linear, passive, and reversible, then in
arrangement 2

En/Iy = Eq/I1 = SpMy. (7)

We want to determine the far-field transmitting current response of the
unknown driven by current I, when Ej 1s the open-circuit voltage output

of the measuring array.

The ratio of the free-field voltage sensitivity to the far-field
spherical-wave transmitting current response is equal to the spherical-
wave reciprocity parameter Jg,

My/Sx = Jg = Di/pe,

where D is the reference distance for the far-field tramsmitting current
response. In Eq. (7),

SpMy = SpSyJg = Ep/Iy,

or
Sy = Ep/(12547¢),
and
Sy = (Ea/I2)(pc/2DASy). (8)
2,
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Thus, with Eqs. (6) and (8), we can obtain the free-field receiving
sensilivity and the far-field transmitting resporse from near-field
measurements by using the techniques and calculations familiar to those
experienced in far-field measurements. ’

Rotation of the unknown within the constant-amplitude plane-wave
region will yield the free~field directivity of the unknown transducer
in the same manner as it is obtained by rotation in the far field of a
source, or when the receiver is in the far field of the measured trans-
ducer acting as a source for measuring the far-field directivity.

In measuring response and sensitivity of a line transducer or a
single stave of a sonar transducer, the expense of constructing a plane
array can be saved by using the equivalent of one line of this plane
array. One shaded line will produce a cylindrical wave of constant
amplitude over approximately half its length. The cylindrical wave pres-
sure will diminish 3 dB for twice the test distance, so distance must be
measured.

Equation (6) can be used where a standard hydrophune measures the
sound pressure in the region of the line. Equation (8) is modified to
correct for distance loss. If the test distance is d and the reference
distance for the far-field transmitting current response is D, then for
the line or stave

sy = (Ey/12) (d/D)F (pc/amasy),

where Sp is now the near-field cylindrical-wave transmitting current
response of the shaded line array at reference distance D, the same as
the reference distance for the measured far-field transmitting current
response Sy of the unknown.

Directivity of the unknown line cannot Le measured in this cylindri-
cal wave, but must be measured in the near field of a plane array.

To evaluate the BQS-6 sonar transducer by pulsed-sound far-field
measurements, a test distance of 350 feet and a water depth of at least
130 feet are required. The transducer must be suspended to a depth of at
least 65 feet to delay the surface-reflected sound pulse long enough for
the direct measured sound to reach steady state. To evaluate the same
transducer using the near-field measuring array, the sound pressure level
is so low (less than -25 dB) outside the near sound field of cross section
equal to the area of the array that measurements can be made pulsed or
continuous wave in water of depth less than twice the vertical dimension
of the array. The horizontal dimensions of the water basin only need be
sufficient to delay the boundary-reflected sound pulse long enough for
the direct measured sound to reach steady state. The transducer and
array can be suspended on & common frame. Shorti, stiff members will
ensure accurate bearing determination.

The system of transducer and array is a reversible one, so, when the
array is receiving, its sensitivity to surface- and bottom-reflected
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sound is also very low ir relation to radiation along its beam axis.
Refraction due to temperature gradients will have no effect on measure-
ments at near-field test distancés. Surface proximity may affect the
radiation impadance of the sonar transducer, but this is a far less
critical problem when the beam axis of a directional transducer is gen-
erally in the horizontal plane for evaluation. Of course the transducer
and array system can be suspended from a cable and lowered to greater
depths to measure the effect of hydrostatic pressure on the characteris-
tics of the sonar transducer.

The array is ideal for measurements as a function of hydrostatic pres-
sure and temperature in a closed tank. The near-field array technique
makes possible the use of a spherical tank that maximizes the operating
pressure for minimum wall stress. Such a tank has been designed for the
Underwater Sound Reference Division.

Since the test distance is not critical, the near-field array can be
suspended over the side of a ship for sonar measurements in_situ. If the
array is twice the dimensions of the transducer and dome, then the
measurements relate to the far-field of the sonar-dome system without the
influence of the ship anc water surface. Data can be compared to labora-
tory calibrations. If the array is larger and further away, then the
near-field measurements can be related to far-field measurements made
in situ. Thus the sonar-dome system, ship and surface environment, and
propagation can be judged for their effects upon system performance.

Unlike other near-field measuring methods, where amplitude and phase
must be determined point-by-point, the 2-ray technique can be used to
meature radiated noise. Here the radiated noise must be predominantly
from an area half the dimensions of the array for radiation in the direc-
tion of interest. For this measurement, the wavelength in Eq. (8) is the
wavelength of the center frequency of a narrow band of noise and the
radiated sound nressure given by Eg. (8) is Syl,.

A single near-field line array can be used in a small tank of water
for production and repair quality-control measurements on sonar arrays.
The near-field line array can be used to scan a surface other than a
plane, thus reducing the data-acquisition time for probing methods of
near-field measurements developed at cther laboratories.

CONCLUSIONS

Development and tests of the first plane array have been reported in
earlier papers [5,6]. The second array, consisting of 21 line arrays each
10 feet long and consisting of 26 elements, is described in this paper.
This design allows one to expand the area insonified at lower frequencies
by spacing the lines further zpari. This array can be used to calibrate
the S0S-23 and the SQS-26 sonar.

A plane array has been designed and is under construction at the
Underwater Sound Laboratory, New London, Connecticut, for measurements
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in a laboratory tank. A 34x34~foot plane array has been designed, ana~
lyzed by means of an IBM 7094 computer, and .onstructed at the Naval
Research Laboratory for installation at Lake Seneca in New York State.

A L0x100-foot array has been designed and analyzed by means of an

IBM 7094 computer by the Sound Division, Naval Research Laboratory, for
the Admiralty Underwater Weapcns Establishment at Portland, England. The
Electro-Acoustic Systems Laboratory of Hazeltine Corp. is adapting the
plane array theory to design and build under contract a cylindrical-
surface phased array for testing the AN/AQS-10C helicopter sonar. Here at
the Underwater Sound Reference Division, we are designing a 30x30-element
array to extend the usefulness of the 1000-psi anechoic vessel for
measurements under controlled temperature and hydrostatic pressure.

During construction of the 21-line array, a 30-minute, 16-mm color
film was produced to demonstrate details of construction and testing.
The film can be made available to those desiring to build a near-field
measuring array.
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Append.x
COST ESTIMATION

The cost of materials for an array constructed as described is approxi-
mately $12 per element. This figure can be reduced by as much as 10 per-
cent, if shading is accomplished without series capacitors. Another 10
percent can be saved in labor and material by using disks or slabs instead
of capped cylinders. The 5/8-inch-I1.D. Teflon tubing costs $6 per foot.
Other materials such as butyl rubber can be used in its place without sac-
rificing the low water permeability; however, butyl is not optically
transparent and the oil could not be inspected visually for air bubbles.
Also, an accessory would be required to prevent collapse of the tubing
during oil filling under vacuum. The technique of c¢il filling could be
practiced with transparent tubing until an air-free filling technique was

assured.

The construction of a large array like the 21-line array described
requires 3 manhours per element. The total cost of each 26-element line

for materials and labor was $624.
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