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APPLICATION OF THE NEAR-FIELD-ARRAY
TECHNIQUE TO SONAR EVALUATION

W. James Trott and lvor D, Groves

U.S. Navy Underwater Sound Reference Laboratory
Orlando, IFlorida 32806

(Received 16 March 1966)

ABSTRACT

The design, construction, and stepi-by-step tests of the near-field
array as it has been developed at the Underwater Sound Reference Lab-
oratory are described, The optimur: design and design tolerances for
several arrays have been found ny means of a digital computer. A
guide for estimating the cost of an array for application to a particular
sonar evaluation is derived from experience in the construction of
these new arrays.

INTRODUCTION

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 to 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, inhomogeneities that refract and scatter the transmitted signal, and uncertainty
in bearing determination when transducers are suspended deep enough to distinguish direct
from surface-reflected transmission.

The theory of sonar calibration in the far field, or Fraunhofer zone, is well known. In the
far fiz1d, the wave impedance 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 Fresnel zone, but the results must be expressible
in terms of the far field. The usefulness of existing caiibration facilities, which is very lim-
ited for far-field measurements on large traneduccrs, can be extended greatly, if near-fivid
measurements can be used. In theory, however, the near-field measurements are quite com-
plex in contrast to the fairly simple conventional far-field ones.

Within the near field of a directional sound source, the wave impedance can be highly re-
active; the pressure and particle velocity may vary widely from point to point — they may even
be in phase quadrature at many points. In contrast to far-field measurement procedure, 2
simple point-by-point determination of sound pressure in the near ficld is not sufficient. 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 near sound field can be treated as a
superposition of plane waves traveling outward in all directions. That is to say that data ob-
tained within the Fresnel zone by integrating or averaging values measured over plane aper-
tures can be related directly to values measured point-by-point in the Fraunhofer zone of the
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sound field. Techniques have been developed at the Defense Research Laboratory, The Uni-
versity of Texas, for probe measurements over a plane aperture and over closed surfaces
swirounding a source within its Fresnel zone,!-3 Others have treated the problem in a simi-

iar manner,4

Suppose we concider first the sonar transducer as a receiver instead of as a source of
sound. The transducer's characteristics are then expressed in terms 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 meas-
uring 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 determined
at these close distances by using the array as a receiver.

This paper presents the design and construction of the near-field array as it has been de-
veloped at the Underwater Sound Reference Laboratory. The optimum design and design toler-
ances 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 application to a particular sonar evaluation.
The theory leading up to the array technique has been presented in earlier papers.5,6

THE SHADING FUNCTION

The near field of a directional sound source ¢an be treated mathematically as a superpo-
sition of plane waves, or as the superposition of a plane wave and a diffracted wave. A circu~
lar 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.”

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

p = (ipe/N) eiet I ug(1/c) e tkrds, (0

where pc is the plane wave impedance, A is the wavelength of the sound, u, is the velocity
amplitude of the piston, « is angular frequency, k = 2n/A, and r is the distance to the position
point of p on the axis of the beam from the surface element ds = 2nr dr. II the position point
is at distarice x along the beam axis and the radius of the piston is R, then (Ref. 7, Eq. (110))

(R1ex?y1/?
f (1/e) emikfds = (=2n/ik) (expl~ik(R? + x3)1/?) - o-ikx}

and

Ic, W. Horton and G. S. Innis, Jr., "The Computation of Far-Field Radiation Patterns from
Measurements Made Near the Source," J. Acoust, Soc, Am, 33, 877-880 (1961).

2C, W. Horton, "The Prediction of Far-Field Radiation Patterns from Measurements Made Near
the Source," JUA{USN) 14, 511-516 (1964) (Confidential),

3D. D. Baker, "Computation of Far-Field Characteristics from Near-Ficld Measurements,"
JUA(USN) 14, 525-547 (1964) {Confidential).

4"Special Features -- Near-Field Studies," JUA(USN) 14, 497-588 (1964) (Confidential) {Seven
articles devoted to near-field calibration studies). .

5W. J. Trott, "A Cenventional Transducer Calibration Unconventionally Close," JUA(USN) 14,
101-114 (1964) (Confidential).

6w, J. Trott, "Underwater Sound Transducer Calibration from Nearfield Data," J. Acoust. Soc.
Am. 36, 1557-1568 (1964).

7H, Stenzel, Leitfaden zur Bercchnung von Schallvorgingen (Julfus Springer, Berlin, 1939),
part 2, section 4,
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p = peuy{expli(at - kx)] - expli(wt - k{R%+ x2)}1/ 2]}, (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 pregressive wave and a
diffracted wave emanating from the edge at the surface of the piston source. If we can elimi-
nate modulation of the direct wave by the diffracted wave within the Fresnel zone, then we will
have the required measuring transcducer ~ one that produces a plane-wave, free-field sound
pressure throughout the volume occupied by the sonar transducer when the two transducers
are close together. Absence of the pressure undulations normally produced by the interference
of these two waves sheuld be an indication that the goal has been achieved,

The array must be acoustically transparent so that standing waves do not develop between
it and any transducer to be measured, and so that it will nct. alter the normal radiation imped-
ance load on the measured transduser. Transparency is achieved by constructing the array of
many piezoelectric transducers, each small with respect to the wavelength, widely spaced, and
operating well below resonance. The elements of the array, operating well below resonance,
will be unaffected by changes in the radiation load caused by the presence of the measured
transducer. If the impedance of tlie individual elements is equal to or greater than the poc of
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 diffracted wave.

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 diffracted wave is eliminated and only a plane wave of
finite extent exists in nearby y, z planes, then, within the near field, the sound pressure func-
tion p(x,y, z) must be equal to |p(y,z)|ei(¥t-kx) 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 for the array of point sources. A radial
Gaussian shading function exp(-ar?) is of this type, but is unacceptable because it does not
produce a constant-pressure region of sufficient uxtent for near-field measurements.

The radiation impedance of a piston seurce is reactive at low frequencies and approaches
pc loading as the diameter of the piston source becomes one wavelength or more. It seems
logical that the dimensijons of the array must be equal to or greater than a wavelength before a
plane wave is produced; iikewise, the extent of the shaded area must be about one wavelength
in order to eliminate the diffracted wave, The depth of the plane-wave region along the x axis
will increase with increasing frequency. This is in agreement with the experimental data.

THE SHADING FUNCTION

As stated in the original papers,5'6 the shading function is based ox a line array of ele-
ments whose source strengths are shaded frc:- the center out in proportion to the coefficients
of the binomial probability distribution for r occurrences in n independent trials when the
probability in any single trial is 1/2. This fact makes it convenient to find the shading coeffi-
cients in tables.8

The basic unit to which this line shading function is applied is a line array of equally
spaced elements whose source strengths are proportioned to the ccefficients of a binomial
series having the power n. The unit is replicated n times with a center-to-center spacing
equal to the element spacing 4. Like the Gaussian.shading function, the basic unit does not
produce a constant-pressure region for near-field measurements, but, by replication, the re-
sultant shading function8 does. The far-field directional response of such a line array in the
plane of the line is given by

8National Burcau of Standards, Applied Mathematics Series No, 6, Tables of the Binomial Prob-
ability Distribution (U.S. Government Printing Office, Washington, D.C., 1950).
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p(8) = {(sin ng)/(n sin ¢)] cos" ¢, (3)

where ¢ = (nd/A) sin 6, d is the element spacing, A is the wavelength, and ¢ is the angle in
the plane of the line between the normal to the line and the direction of observation.,

In deriving a suitable shzding function, unthuaded 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 modi-
fied 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 shading function is obtained by means of the second product theo-
rem.5:%,9 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 of the Naval Research Laboratory
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 7094 computer to determine sound
pressure and phase over planes parallel to the array at several distances along the x axis
from 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.

Hanish10 shows that a shading function represented by m = 36, n = 26 produces, close
to the array, 4 plane wave throughout 2 volume sufficient to contain the BQS-6 for measure-
ments at frequencies from 1 to 6 kHz. The element spacing in this array is 8 inches, or 0.8
wavelength at 6 kHz., The phase remains constant over the measuring region, but the calcu-
lations indicate a spherical wave at the periphery with as much as 109~degree phase delay
from a plane wave at x = 7-1/2 wavelengths at 3 kHz and 20 wavelengths at 6 kHz, At 1 kHz,
the sound pressure across the region of measurement 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, 0.423, 0.578, 0.721, 0.837, 0.916, 0.962, 0.986, 0.995,
0.999, 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 permission 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 stable 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 +(1/2)r). The computed
sound pressure and phase variation for x = 125 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 aceeptable variation is the result cf trying, for simplicity and economy, to
achieve circular symmetryby means ofthe second product theorem, which produces circular
symmetry only for a line shading that is Gaussian.?

9NDRC, Summary Technical Report of Division 6, Vol. 13, "The Design and Construction of
Magnetostriction Transducers," Section 5.5.3 (1946).

105, Hanish, M. A, Blizard, and R, A, Matzner, "Design of a Plane-Wave, Near-Field Calibra-
tion Array," Naval Research Laboratory Memorandum Regort No. 1565 (2 Sept. 1964).

UNCLASSIFIED

o

. e - - . e -
T SR P eyt "2 Nt = £ oty P _t \

e e —




ot VAR s

[N i

Oy reaac

AR Y A"

El
3
o
-'2
3

“

R e\ e iaiaton

TE W e, e

6 8
a 10
0 13
13 17
17 22
0 2%
» N
2 N
32 a2
38 a7
M52
L1 14
LY 1
L1 ]
5 o
LI 13
5
30 43
L1
LI
LTI 3]
LI Y]
LI}
L I
A o3

101 8
"
10 53
5T A
AT N
3 23

T 1

B s st Wi 2 gl A

10
8
w
2
2
n
a
v
"
")
o
3
"
)
.
"
[ 13
"
o
Y
"
n
)
"
o

-0

L]
2
3
»
A
L)
LY
3
3
2

13
14
2
2
3%
.3
S
»
(3]
"
[ +]

10
108
108

103
103

103

(4L}
=16

"
22
26
35
L1}
S
»
18
[

20
26
3
L]
3%
(1]
"
”
108
"
12¢
13
e
15%
140
142
182
1
150
158
157
1%
154
154
157

28 28 32 3 M0
3137 a2 a1 %2
81 AT S 41 67
SV 40 4 71 05
75 06 %% 106
T4 *1 108 117 120
3 109 125 180 156
109 127 186 143 170
125 186 146 184 208
180 143 166 200 230
158 179 205 230 253
166 19% 222 250 273
117 206 234 246 200
185 216 284 276 306
190 222 253 206 313
193 225 257 290 VT
193 225 250 280 310
192 228 254 207 31
190 222 25% 204 313
188 220 251 202 310
187 218 250 280 308
106 218 200 279 30T
186 218 289 210 307
187 218 200 219 307
187 219 250 209 308

L1 Y N Y A 11
57 40 43 88
1!‘ moe e
2 98 103 104
118 122 127 1
139 188 155 160
166 177 165 100
196 206 206 222
222 236 %6 253
258 240 270 200
273 291 300 5\3
206 316 329 338
318 334 A 340
320 380 545 ST8
338 300 376 307
303 305 380 302
A6 340 302 393
382 343 380 301
338 360 374 M7
335 3%6 373 33
323 35 370 set
332 353 349 310
332 353 54% 310
332 353 340 300
332 353 34¢ 300

s

(1]

”»
tor
133
162
198
225
257
218
317
383
343
381
3
3n
30
I
n
38
30
3
3
385
30

208
38
385
30
30

S0 A
5 N
L LI 1]

132 11
141 15¢

302 370
343 31
383 380
30 300

(14

(1]

[ 1]
108
12¢
158
"
220
3
22
30
335
35
318
388
308
i
38
302
s
e
s
3
e
s

UNCLASSIFIED NEAR-FIELD-ARRAY TECHNIQUE TO SONAR EVALUATION

TABLE I, Computer Data for One Quadrant of a Plane Array
Showing Pressure Amplitude and Phase in Planes at Distance
x from and Parallel to the Array

NS N8 A8 NE AP
43 43 43 43 43
a1 8 e
103 103 103 103 1038
128 128 128 128 128
15T 156 136 156 157
167 186 186 107 187
218 218 218 218 210
250 280 209 289 230
280 219 270 21¢ 200
308 307 307 307 308
333 337 332 352 832
35% 353 353 333 353
370 549 349 4% 349
581 370 310 380 360
384 384 380 385 384
304 305 385 386 30
384 382 383 83 36
380 379 sre 380 S8
376 315 315 3% aTM
313 372 313 313 A
372 31V 372 312 313
313 312 312 512 313
313 312 312 313 3N
316 375 373 3 3V

(a} Pressurc amplitude, NRL square array,
1 kHz, x = 1,667\ (250 cm)
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(b} Phase, NRL square array, 1 kHz, x = 1.667A {250 cm}
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10 14 19
1% 21
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16 108 149
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TABLE I (continued)
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42 A2 & 2 &
6 63 8 63 &
M 9T 9T 7 W
130 137 137 137 107
191 191 19t 191 10}
251 251 251 2351 2%
314 313 31 e 31
379 378 378 378 378
435 434 434 4)5 A
489 439 488 409 AN
337 533 539 336 33
ST 573 312 5713 312
999 599 598 99% 398
411 610 610 &1l 610
624 623 82) 624 02}
527 627 620 627 &24
427 627 626 421 620
626 675 623 826 025
620 627 62Y 428 821
624 420 62) 424 42)
626 423 023 028 825
425 623 626 023 424
823 424 82 426 024
826 623 426 020 828
629 624 024 023 424

Pressure amplitude, NRL squarc array,
6 kHz, x = 30)\ (750 cm)
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(i Phase, NRL square
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TABLE I (continued)

$ T % 11 13 1s 1% 16 1T 17 16 18 10 10 1 18 18 1

$2 36 21 2% 39 34 I7 39 Al 4l 42 4 42 A2 43 A2 a2 O
17 23 29 36 42 AT 31 33 ST €6 8572 SO 39 39 39 3% 39 3y
20 30 A9 41 TZ 08 AT I2 94 98 99 100 99 97 100 99 99 100

AL 96 71 87 103 U1 125 133 138 148 142 144 143 14D 144 144 143 144 300
C6 73 9¢ 117 130 139 16T 178 103 108 191 193 192 192 193 193 192 194 19
T3 90 123 193 161 202 219 233 240 244 249 232 251 231 25) 232 <351 28) i2
90 121 184 189 22) 230 271 268 306 304 J09 JE2 311 311 13 It 21 2 I

T2 104 141 179 220 2359 290 14 338 348 333 I58 D62 260 160 Je3 381 Y60 3ar 3ol

B1 B1S 137 200 245 A% 323 330 JT2 JA7 393 J98 402 401 401 404 407 403 A0) 40

00 127 171 218 267 318 332 361 406 422 A28 434 438 437 437 440 438 437 440 AN

90 136 103 232 283 336 IT6 406 43I A4S0 457 46T 408 14T 467 470 448 466 44t A8

WO 4T 190 241 293 J49 390 422 450 A60 AT AB1 ABT 443 483 480 480 A0 A7 Ase

99 14D 192 243 300 354 J93 A28 436 AT4 481 480 493 A92 491 493 493 491 494 )

9% 140 183 246 01 I56 I8 430 430 ATT 403 490 493 404 404 40T 493 A% AT 490

00 143 193 249 304 I8¢ 402 434 44D 401 400 4¥4 500 498 496 301 499 490 301 300

02 146 197 281 J07 J62 406 439 448 484 49) 308 308 504 304 307 503 304 307 306

02 147 198 232 308 J64 407 440 449 409 495 02 503 304 306 309 307 500 509 308

OF 146 197 230 JOT 362 403 438 447 4035 92 499 303 303 303 %06 S04 302 306 304

00 148 193 249 J0% 359 403 436 444 402 489 493 501 499 499 302 500 499 301 3Ol

0L 143 196 249 305 60 403 436 444 483 490 404 502 300 300 303 301 300 503 302

02 147 197 231 308 143 404 439 440 407 494 501 S04 $04 304 308 308 S04 307 308

02 147 198 2U2 309 64 ACH 441 470 489 494 50) 3508 307 507 510 808 308 309 508

144 197 231 J07 342 404 A9 447 404 593 300 503 504 304 (T 303 903 306 563

€3 131 a3 193 2a9 305 D40 403 435 444 402 480 494 20T 490 439 €0) BO) A9 302 302

(g) Pressure amplitude, AUWE rectangular
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2 kHz, x = 2,032\ (152.4 cm, 5 ft)

103 101 99 92 97 97 96 9T 97 97 OF 93 93 ¥ 9 W W W
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109 107 104 102 102 102 302 102 10) 103 103 104 104 104 104 104 104 104
0 98 48 98 98 9% 9% 99 100 100 104 100 100 100 100
103 103 100 9% 99 99 9% 99 160 100 100 1¢0 101 101 1061 101 101 108
107 103 102 100 100 100 100 100 101 101 101 102 102 102 102 102 102 102
166 104 101 199 ¢9 99 90 100 100 101 103 101 101 101 101 101 101 100
105 10 103 99 98 98 98 99 99 100 100 100 108 100 10 106 100 200
103 103 (GO 9% 90 98 93 95 9% 99 100 100 100 180 100 160 100 100

108 1.3 101 99 99 99 99 99 100 100 100 100 103 101 101 131 101 10}

-
.

100 164 101 Y " 9 99 100 100 101 101 10t 101 10V 101 101 10}

106 104 101 99 o9 oy 49 100 100 160 101 103 181 101 101 1€} 10}

106 103 101 9% 99 9 49 100 100 100 (00 191 103 101 101 103 10}

1 99 9t 9 49 160 100 100 100 105 201 300 101 101 160

106 184 161 %9 99 99 4% 100 100 100 ICH 161 101 101 103 1M 30

183 184 101 189 99 90 49 100 100 103 101 101 101 101 181 10l 10}
106 104 101 100 99 9 09 108 108 tUl 101 101 101 101 101 A0 103
AL L L 4 100 190 300 101 10} 101 101 101 103 10}
193 100 101 % 99 o9 99 160 100 100 103 101 101 10} (01 201 281
S0 100 100 106 101 101 101 101 (05 101 10}

166 164 (01 9 %

108 104 181 100 9% 9 90 100 100 162 103 16} 19 Y

1Ca 164 101 180 99 w9 49 100 106 101 2101 103 103 0 108

166 104 101 99 9% 90 49 190 1C8 100 IS0 10l 1wl W (11]

$ 2353232322383

104 184 101 %9 9% B9 190 100 100 101 101 101 101 101 (0L 10}

(h) Phase, AUWE rectangular array, 2kHz,
x = 2.032) (152.4 cm, 5 ft}
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s &

v 10
19 18
23 2v
33 3
4 sz
se o3
o1 70
19 e
9 o4
9t 12
193 110
190 123
1o 127
1y k29
113 130
1z 130
112 130
112 130
1z 130
12 130
133
12 129
1y 13

$12 13

-39 =79
=17 =99
88 200
266 233
239 e
136 248
258 242
31 200
230 238
56 238
230 239
230 229
231 280
232 243
232 240
233 24y
233 20y
233 241
%) 21
233 242
233 1)
233 202
233 241
233 2
) 42

r
12 14
20 23
n »
“ s
3% 68
15 8
20 103
108 121
120 137
129 148
137 15?7

144 183

1an 167

148 169
tee 171

140 171

1av 1

1491

149 11

19 111

150 172

149 170

130 171

149 1N

(1) Pressure amplitude, AUWE

g1 =99
200 292
250 Za)
240 233
238 230
234 228
232 224
230 222
220 220
229 209
129 220
229 22%
230 201
1 222
0 e
23 20
232 2y
232 11>
232 210
332 e
I
232 226
22 W)
27 3

)2 23

195

w2
30 3
40 32
6> 74
68 100

1z 128

w2 a7

223 252
222 %0
223 232

722 1%

TABLE I (continued)

s 13 ar 19
23 26 286 M
Je 43 7 s2
S8 64 7t 78

8z %1 100 11

281 211 343 376
280 310 342 378
281 311 343 37
281 11 34D 37
201 3:1 343 378
280 JI0 342 373
781 N2 36 77
280 310 347 O
201 2 3 3P

28¢ 311 82 37y

20 22
3 s
36 60
83 91
120 129
ez 174
203 220
243 263
288 309
J27 I3
353 319
ITA A2
323 421
399 424
403 AN
409 Ady
40T AN
409 439
408 438
406,438
407 437
4C0 439
407 437
409 439

408 o308

23
38

1)

LI

ELI £
40 42
T 10
101 103
L84 349
168 202
244 23
293 308

344 338

AMT7 469
459 4gs

ATe ADS

418 307

36 30

ans 307
AAS 307
436 300
409 30e
454 309
4a¢ 308

487 308

2kHz, x = 20.32\ (1524 cm, 59

Ei{L)
L)
mny
Ry
NI

2319
mn
2w
U
E113
214
21e
e
26
0e
tts

21

256 28t

238 2»)

222 b
210 210
21y 200

n1 205

KT 200
207 283
8y 222

08 203
Wy ¥oN
a0y 30¢
2UG 334
A0 204
s 2¢n
N6 205
218 223
Vis 204
ite 2
00 206
ne 2%

10 208

5]

236 243 28y 240

2UAY 216 216 212
212 209 237 e

207 204 201 200

97 L4 192 10
197 176 192 170
198 195 19) 191

198 1935 193 1M

200 190 k36 198
240 197 193 1%
200 190 1% 1IN
206 197 193 A%
200 197 193 1%

208 (N2 193 3N

2 222
12 2112
203 209

190
194 194
193 193
19¢ 1w
193 193
196 t94

196 (%

19

1
(11}
1%

(LI

241 24)
326 224

e 218

192 1%

193 198
194 196
19 19
193 192
193 197
193 o7

193 197

1€3 1e7
Ve de7

17 Wy

20 2r 27 21 2;r 26 25 2% 2%
43 A4 A% A4 a4 A A2 ML M)
T2 T3 T4 T4 T3 12 70 4% 0
109 1t1 T2 110 110 1Ce 108 104 103
158 157 159 138 134 15) 1530 147 148
203 212 214 213 211 207 20) 199 197
262 268 270 209 263 200 233 251 249
314 321 24 322 218 312 J06 D01 298
369 377 384 37V 374 347 39V 153 »0
A1 AL A3L 427 A2% ALe ALT 401 DWY
432 461 405 404 437 440 440 432 428
AT9 A89 49D AN ABS 476 46T 439 433
503 312 517 S16 504 499 499 a0k 77
S 320 526 324 317 607 497 459 esd
318 329 533 331 324 314 304 496 a9y
923 34 539 )7 330 520 20 301 49
522 532 337 533 528 518 507 498 a9
323 534 5% 337 330 320 309 301 498
523 334 338 336 529 319 309 301 49é
323 334 538 3J7 322 519 309 30C 49
S21 53T 337 333 328 319 303 499 493
324 533 540 378 331 52t 510 502 497
521 S31 536 334 527 17 SOT 498 4
324 333 339 $38 531 320 510 302 97

S22 933 537 333 328 Sis 346 300 495

vectangular array,

ft)

243 246 2648 2a9 231 252 72 233 1%)
22€ 229 23V 232 233 230 230 234 238
207 209 229 222 223 223 228 228 213
211 212 206 213 216 237 P10 218 218
203 207 208 210 204 212 712 213 213
232 203 203 206 207 208 209 209 209
200 201 203 204 2¢5 206 2OF 207 207
197 199 201 202 203 204 204 205 208
196 [Y7 397 200 200 20X 203 20) 203
198 197 19T 200 201 202 70D 263 243
196 190 199 201 202 203 20) 208 204
196 198 199 201 202 203 20 204 204
197 199 23¢ 261 293 233 204 roe 203
199 200 201 202 203 204 203 2C> <06
198 2600 201 202 203 204 243 203 208
199 200 202 203 200 203 286 206 206
199 200 202 203 208 203 246 208 208
199 281 €02 20) 206 263 208 206 206
199 201 202 20 20s 203 206 206 207
199 200 202 204 203 2¢e 286 207 207
199 261 202 203 00 200 206 208 204
199 201 202 208 208 204 208 267 207
179 200 202 201 204 203 266 208 208
E9Y 201 202 zoa 203 203 208 290 207

199 201 302 201 205 193 406 280 207

Phase, AUWE rectangular array,
2kHz, x = 20.32A (1524 cm, 50 {t)
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ELEMENT SHADING

JOURNAL OF UNDERWATER ACOUSTICS
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On the basis of these computed sound fields, one can estimate the optimum shading func-
tion by selecting values of m and 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.

] | 1 1 1
20 30 40 50
ELEMENT POSITION IN PERCENT & OVERALL LENGTH

! 1 3
0 10

Fig. 1. Element shading as a function of
overall length of line (0 percent is cen-
ter of line)

Our experience indicates that the re-
quirements for a measuring array are: (1)
the dimensions of the array must be twice
those of the transducer to be measured, (2)
the number of elements required depends
on the upper frequency limitation — that is,
the number is determined by element spac-
ing 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 be-
tween 0.94 and 0.98.

Suppose it is desired to obtain meas-
urements in an area 12\ by 12\ at the up-
per frequency limit. The number of spaces
within the constant-pressure region will be
121/0.8x = 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 follows the curve very well
and yields the 15 spaces in the region that
has constant plane-wave pressure within
1/2 db. Thus a 30x30-element array m =
22, n = 16 is suitable for this measure-

ment. This conclusion is based on the computed data for m = 37, n = 49 in which the' -sure
amplitude function matched the shading function in the region extending out at least 3 ‘e~

lengths along the beam axis from the measuring array ut the upper frequency limit,

[

wvas

not the limit of useable sound field; the data computed for 250 cm and 1 kHz indicate tc . the
limit of the near field for this 30 x 30-element array should extend out about 60 wavelengths at
the upper frequency limit.

The shading function used in the published computations!0 is shown in Fig. 1 as circles
designated as m = 36, n = 26, It is seen that this shading exceeds the limits at the position half
way {rom 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 em

but less desirable at the lower frequency limit, showing a spot +2.6 db re average in the meas-
uring region at x = 250 cm at 1 kHz compared with 0.5 db at the same position and frequency
for m =37, n = 49. The original near-field array built by USRL5:6 was a 12x12-clement array;
the shading function for it is shown by the x marks designated m = 9, n = 5 on Fig. 1. Some
variation in the sound field of this array was shown to be due to the cutoff at 0.19.

The plane array need not be square, if the transducer to be measured produces a near
field of reciangular cross section. In a special design requiring an array to produce a con-
stant sound pressure over a volume 10 feet high, 50 feet wide, and 50 feet deep, the element
spacing in the 50 x 50-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 ver-
tical spacing was increased to 9.6 inches, producing a 40 x 100-foot 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 17-1/2 feet high,

50 feet wide, and 50 feet deep, thus meeting the requirements. Additional elements can now be
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fitted in along the shading curve to reduce the element spacing and raise the upper frequency
limit of the array. This design was devised for the Admiralty Underwater Weapons Estab~

lishment.

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 2 uniform sound field ic ohtainable and that the
design calling for capped piezoelectric ceramic cylinders is practical to construct, Another
larger array consisting of 21 identical vertical lines has been designed and constructed. 1t is
shaded to produce a plane array having approximately circular symaetry. Horizontal shading
is achieved by connecting series capacitors to each individual line., The combination of identi-
cal shaded lines (shaded by means of the series capacitors), all lines and their capacitors con-
nected in é)arallel, is the relationship referred to as the second product theorem in the original

papers.5

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-foot transducer at 10 kHz, a 5x5-foot
one at 8 kHz, and 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 thickness. 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, 0952, 0.895, 0,798, 0.661, 0.500, 0.339, 0.202, 0.105, 0.047.!! Element spac-
ing is 4-1/2 inches center to center, resulting in a line 113 inches long. The elements are
housed in a 10-foot length of 5/8-inch-1.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 me-
tal termination seals.

Clear Teflon permits visual observation and easier removal of any trapped air bubbles.
Earlier acoustic tests made on the Teflon tube had demonstrated it to be acoustically trans-
parent in the frequency range of interest. Advantages of Teflon are its stiffness, which elim-
inates the need for a vacuum fixture when oil filling, and its low water permeability, which
assures long life for the piezoelectric elements when the array is submerged in water.

A magnetic and electrostatic zhield of 0.002~inch-thick Co-netic AA material is wrapped
around the Teflon tubing over the 10-foot length to shield the transducer elements. The cable
shield is electrically connected o 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 pro-
vides 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.

Individual PZT-4 elements are capped on each end with a compression-type glass-to-
metal seal cemented with Epon VI epoxy to form a hermetic seal. Before the element is
capped, a small (0.005-inch-diameter) tinned copper wire extending out both ends is soldered
{o the inside electrode. A short length of 0.032-inch-diameter silver-plated phosphor-bronze

ll'I‘he computations by Hanish were not available when this array was started, so the shading
is more conservative than necessary and the measuring volume is reduced somewhat.
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SHADING CAPACITOR NsuATOR

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

wire passes through the central metal tube in each seal and is soldered in place to provide
both a tension member and the electrical conductor for the inner electrode. These details are
shown in Fig. 3. A typical element with the shading capacitor is shown in Fig. 4. These ele-
ments have been tested hydrostatically to 10,000 psi. They have been calibrated at 1000 psi;
little or no change in sensitivity was observed

Element shading was obtained by two
05" DIA. WIRE methods, If the shading coefficient was

Fagsgrar-e

0.798 or larger, but less than 1, a portion
of the outside silver electrode was re-
moved by etching to reduce the capacitance
and thus raise the impedance. Shading for
all other elements was obtained by connect~
ing a glass-sealed capacitor in series with
the piezoelectric element. Capacitances
ranged from 56 pF to 2200 pF. The aver-
age value of the capacitance for the un-
etched piezoelectric elements was 1150 pF.

Fig, 3. Construction detail
c,’fmcm t;;: ;gg fon details of Elements with the proper value of

shading for the near-field array are se-

lected by considering the product of the

capacitance ¢ and the measured open-
circuit sensitivity M of each element rather than the individual values of ¢ and M. The unshaded
clements at the center are selected so that the products MC are as close as possible 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 receiv-
ing sensitivity, so the elements can be calibrated with a 1200-ohm resistor shunting the elec-
trical output when the sensitivity is measured at about 500 Hz, The resonant frequency for the
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Fig. 4. Piezoelectric ceramic element with glass-
sealed shading capacitor connected in series

principal vibrational mode of the element is above 70 kHz, well above the operational frequency
range (1.5 to 10 kHz) of the array.

CALIBRATION AND SELECTION OF INDIVIDUAL ELEMENTS

Each piezoelectric capped tube was calibrated in a USRL type G19 calibrator!? by com-
parison with a reference standard hydrophone. The test equipment, shown in Fig. 5, consists
of a signal generator, a General Radio Mndel 1554A vibration and sound analyzer, a 40-db-
gain low-noise transistor amplifier, a calibrated reference hydrophone, and the G19 calibrator.
The calibrator was filled with peanut oil rather than water. This oil constituies 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 negligible
effect on the calibration. If a high-input-impedance amplifier is used, as at first, to measure
the open-circuit voltage sensitivity, 2 medium of high resistivity is required,

After each element had been numbered and calibrated, the elements were arranged in
groups according to sensitivity. Elements to have the shading 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 piezoeclectric 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 sensitivities of these ele~
ments are lower by 0.2, 0.4, and 1.0 db than that of the unshaded clements. It was necessary
to etch away a portion of the electrode for shading the elements to 0.798. The series capacitor
values for the remaining elements were computed to give the proper voltage division for the
desired shading when connected in series with a 1150-pF (average value) element.

12¢, c. Si]ms, "Hydrophone Calibrator," USRL Research Report No. 60 (12 Apr. 1962) [AD-
279 904].
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Fig. 5. Equipment used to calibrate each ceramic
element at 400 Hz before assembly into line

Time and care in calibrating the elements is well spent. Assembly proceeds rapidly after
the elements have been selected, and accurate initial measurements can save many hours of
trouble shooting. Two separate calibrations on each element is recommended, with a third
calibration recommended for ary 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 separated by the element
spacing d. The elements were held securely and accurately during assembly. Accurate posi-
tioning of the elements in the vertical line depends on the precision of this operation.

After the center wire was soldered to cach 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 vashaded clements. The capacitors had been soldered in place before the elements were
placed on the board for assembly. The capacitors were 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 joins the capacitors to the outside electrode of 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
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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 determine the cause of the discrepancy at
this time. To help isolate a defective 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 £1-1/2 percent. These values were ob-
tained without cable, transducer shield, ar castor oil.

i 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 ele-
ment 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 installa-
tion in the Teflon tubing.

The cupro-nickel end fittings (shown in Figs. 6 and 7) are cemented to the Teflon tubing
and retained by a compression band,

A wire attached to a screw in the oil filling hole in the metal termination was used to pull
the 26-element iine into the Teflon tube. The top and bottom of the tube were sealed with O~
rings. Castor oil was applied to the bottomn 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 during the preceding assem-
bly operation would be detected and corrective action could be taken, After the top and bottom
seals were secure, the lin? was ready for oil filling.

s = e

The stiff Teflon tube permitted oil filling under vacuum without the need for a vacuum fix-
ture around the outside to prevent collapse of the tube. To fill the transducer, the line was

B 4\1\\ | |§\ mhﬁ\mhmﬂ\hﬁlm |it§hu \ Ti‘ll\Q

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

{uel e

placed in a position approximately 30 degrees from vertical with the line inverted to place the
filling 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 thoroughly degassed under vacuum {100 micron, 0.1 mm Hg) and
then introduced at atmospheric pressure into the vacuum hose to the line transducer. The
vachum ‘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 capaci-
tance were measured 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 svots along its length. Insulating rings machined from
Synthane grade XXXF were placed at the top and bottom to keep the shield from making elec-
trical contact with the metal end fittings that are exposed to the water. The shield was con-
nected 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 and 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 I.D. pipe equipped with a short
nizple for attachment to the vacuum line. The pipe was 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 of
the outer sheath. After at least 1 hour, the deaerated, heated castor oil was introduced in the
Tygon boot to 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 trans-
ducer then was allowed to stand with a 2~ to 3-inch head of oil until it cooled to room temper-
ature. 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 mancuvered to the oil hole and removed without completely refilling under
vacuum. Should a considerable number of air bubbles be found, it is best to drain all of the
ofl from the line and refill it under vacuum with heated oil of lower viscosity.

Each line was equipped with a 40-foot length of 0.350-inch neoprene-sheathed, two-
conductor, shiclded cable fitted with a molded gland that is sealed to the transducer by means
of an O-ring. The cable shicld was carefully insulated from the end fitting to prevent a water
rround. The user thus has an option of grounding conditions so that he may find the condition
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 iines; however, a
bench mathod 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 arcund 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 1/2-inch-1.D. x 1/2-inch-long piezoelectric ceramic ring en-
closed in polyurethane. The rubber cup and ceramic ring are shown in Fig. 8.

T~ T

~ o3
B e L R — Nedn = W e

Fig. 8. Piczoelectric ceramic ring (left) and
rubber cup (right) used in acoustic test of as-
sembled 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 kl{z. The water-filled cup with the
ceramic ring was positioned around each of the six unshaded center elements in the line and
the output of the ring was =mplified 20 db and measured with a vacuum-tube voltmeter or the
sound and vibration analyzer. The vaiues were recorded and averaged. The cup was then po-
sitioned around eackh of the shaded elements and the measured level with reference to the aver-

age 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 two adjacent ele-
ments. 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 the malfunctioning
element,

ACOUSTIC TESTS IN WATER

Each line transducer was calibrated separately. The near-field transmitting current re-
sponse was measured with a standard hydrophone over the frequency range 500 Hz to 12 kHz.
A single line produces a {inite cylindrical wave of constant pressure amplitude in the near
field along a line parallel to the line transducer and extending for half of its length at the mid-
section. 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 40 fect of cable was 20,300 pF.
Series capacitors ranging from 0.00182 pF to 0.620 p¢F 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 terminal strip shown in Fig. 9.
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Rigging was constructed to facilitate positioning of a standard hydrophone directly in front of
each line in the assembled array. The response of each line was ascertained in position by
driving it alone shunted by a capacitor to simulate the impedance of the inactive lines. The
driving source thus was presented with the same load while each line was tested. The value of
the serles 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. Terminal 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 fo adjust the spacing between lines. The lower end of the line is
held by a similar pipe-and-ring arrangement; 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
all 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 stop-

ping vertical 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-line array wlth 4-1/2-inch line spacing is shown in Fig. 10,

Best calibration results can be obtained if the array is washed with a wetting agent and
submerged 12 to 24 hours before making acoustic measurements. In this time, temperature
stability is achieved, the lines become thoroughly wet, and any remaining air bubbles are av-
sorbed or dislodged.

Troubleshooting the array can be difficult if the measured sound fieid 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 rear ficld, 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 palr as the measurements are made progressively from the center to the extreme outside
lines in the array. The level is affected by shading and cylindrical-wave distance loss, but
cach pair should yicld identical response curves over the design frequency range. If two lines
of such a pair do not produce the same curve, the nonconforming line must be identificd.
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 question in the
manner uscd to adjust the series eapacitors to produce the design shading.
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Fig. 10. Line array type H33-10 completely assem-
Lled -- crossed wires in front and back of array help
to position the lines

Should this procedure fajl to provide conclusive results, an alternate method may be used.
Position the receiving hydrophone cn the center axis of the array in the near ficld. Drive the
entire array and record the response versus frequency. Disconnect the line in question and
measure 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 pro-
duces the greatest variation in the sound ficld when connected to the circuit is generally the
line with trouble. This line can be removed from the array and the individual elements 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 extreme shaded
positions and operate satisfactorily.

The sound field was explored primarily with two types of hydrophones. An LC32 trans-
ducer with an active element approximately 1-1/2 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 significantly different. The response data were recorded from 500 Hz to 12 XHz at
test distances 8, 16, 32, 64, and 128 inches along the acoustic axis and at 10, 20, and 30 inches
above, below, and on cach side of the acoustic axis. The souad field within the region to be
used in near-field measurements was constant within 1/2 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 scund field of the first array was computed by the
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Electro-Acoustic Systems Laboratory of Hazeltine Corp. The insertion o1 2 maximum random
error of 5 percent in element shading of a 14x 14-element array showed no measurable change
in the average deviation (0.05) of the normalized amplitude in the near-field sound pressure,
and no mecasurable 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 loca-
tion errors upon directivity, it is our judgment that a position error of 2 percent of the element
spacing d is permissible and can be achieved. In the first array, a 1/2-inch axial displacement
of the center of the array from a plane did produce a measurable difference in the near sound
field between the front and the back 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 alter-
native eliminates the need for series capacitors, thus putting all outside electrodes of the ele-
ments at ground potential and reducing the shielding problem. The electrode can be etched to
achieve the desired shading coefficient.

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.13 It is practical to vary the wall
thickness from 0.030 to 0.125 inch for the same 1/2-inch O.D. and thus obtain 18 db of shading.

"The capacitance ratio will be 5:1 and the voltage 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 pressure and the resonant frequency of the element will determine the
minimum allowable wall thickness. The operational frequency range will also dictate the max-
imum 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 pro-
vide the required shading. Likewise, the effective area and thus the impedance can be changed
by cementing two or three plates together and connecting them electrically in parallel. A com~
bination of different element dimensions and use of paralleled plates, with etched electrodes
for close adjustment, can produce a more economical design.

APPLICATION

We have shown that the near field of the transducer can be resolved into a plane progres-
sive wave and a diffracted wave. By suitable shading 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. The plane array thus produces a plane progressive wave of constant amplitude
throughout a volume in its near field that is suitable for calibrating a transducer of dimensions
less than half the dimensions of the measuring array. No
other information about the measured transducer is re-
quired to determine from these near-field measurements
the free-field voltage or current sensitivity, far-field
transmitting current or voltage response, or far-field di-
rectivity of the unknown transducer.

::—_E] E)_——_—: Consider the array and the unknown transducers as
constituting a system that is linear, passive, and reversi-
ble as shown in diagram form in Fig. 11, The near-field

(1)

Fig. 11. Transducer ar- transmitting current response of the measuring array has
rangements for array cal. been measured previously by probing the sound field with
ibration standard hydrophone; it is given by

R, A. Langevin, "The Electro-Acoustic Sensitivity of Cylindrical Ceramic Tubes," J, Acoust.
Soc. Am. 26, 421-427 (1954).
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S = Ey/MyI,, (5)
where S, is the transmitting current response of the measuring array within the region for
measurements; E,, M, are the open-circuit voltage output and the free-field voltage sensitivity,
respectively, of the standard hydrophone; and I, is the current driving the array. So long as

the pressure is the same over the region of the unknown transducer, its free-field voltage
sensitivity is

My = ExMy/Ey. (6)
In arrangement 1 of Fig, 11,
E/I, = SpyMy.
If, as stated, the system is linear, passive, and reversible, then in arrangement 2
E)/I, = E/I; = SpMy. (m

We want to determine the far-field transmitting current response of the unknown driven by
current I, when E, is the open~-circuit voltage output of the measuring array.

The ratio of the free-field voltage sensitivity to the far-field spherical-wave tranémitt;ng
current response is equal to the spherical-wave reciprocity paramster j, '

Mx/Sx = JS = 2D>\//?C ’

where D is the reference distance for the far-field transmitting current response. In Eq. (7),
SaMy = SA8xJ, = E/1,,
or
Sx = E/(I1,8,]))
and
Sx = (E/1,)(pc/2DAS,) . (8

Thus, with Eqs. (6) and (8), we can obtain the free-field receiving sensitivity and the far-field
transmitting response from iear-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 rota-
tion 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 am-
plitude over approximately half its length. The cylindrical wave pressure will diminish 3 db
for twice the test distance, so distance must be measured.

Equation (6) can be used where a standard hydrophone 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 respouse is D, then for the
line or stave

Sx = (Eo/I1)(d/D)Y? (pc/2DNSy)
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where S, 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 be measured in this cylindrical 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 souand 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 dimen-
sion 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 a common frame. Short, 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-refiected sound is also very low in relation fo radiation
along its beam axis. Refraction due to temperature gradients will have no effect on measure-
ments at near-field test distances. Surface proximity may affect the radiation impedance of
the sonar transducer, but this is a far less critical problem when the beam axis of a directional
transducer is generally 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 ef-
fect of hydrostatic pressure on the characteristics of the sonar transducer.

The array is ideal for measurements as a function of hydrostatic pressure and tempera-
ture 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 Laboratory.

Since the test distance is not critical, the near-field arriy can be suspended over the side
of a ship for sonar measurements in situ. If the array is twice the dimensions of the transdu-
cer and dome, then the measurements relate to the far-field of the sonar-dome system without
the influence of the ship and water surface. Data can be compared to laboratory 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 environ-
ment, and propagation can be judged for their effects upon system performance.

Unlike other near-field measuring methods, where amplitude and phase must be deter-
mined point-by-point, the array technique can be used to measure radiated noise. Here the
radiated noise must be predominantly from an area half the dimensions of the array for radia-
tion in the direction of interest. For this measurement, the wavelength in Eq. (8) is the wave-
length of the center frequency of a narrow band of noise and the radiated sound pressure given
by Eq. (8) is sy 1,.

A single near-field line array can be used in a small tank of water for production and re-
pair 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 other 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 clements,
is described in this paper. This design allows one to expand the area insonified at lower
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frequencies hy spacing the lines further apart. This array can be used to calibrate the 5QS-23
and the SQS-26 sonar,

A plane array has been designed and is under construction at the Underwater Sound Labo-
ratory, New London, Connecticut, for measurements in a laboratory tank. A 34x34-foot plane
array has been designed, analyzed by means of an IBM 7094 computer, and is under construc-
tion at the Naval Research Laboratory for installation at Lake Seneca in New York State. A
40x 100-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 Weapons Establish-
ment 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-10 helicopter sonar. Here at the Underwater Sound Reference
Laboratory, we are designing a 30 x30-element array to extend the usefulaess of the 1000-pci
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 de-
siring to build a near-field measuring array.

Appendix
COST ESTIMATION

The cost of materials for an array constructed as described is approximately $12 per ele~
ment. This figure can be reduced by as much as 10 percent, if shading is accomplished with-
out 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-1.D. Teflon tubing costs $6 per foot. Other
materials such as butyl rubber can be used in its place without sacrificing the low water per-
meability; however, butyl is not optically transparent and the oil could not be inspected visually
for air bubbles. An accessory would also be required to prevent collapse of the tubing during
oil filling under vacuum. The technique of oil filling could be practiced with transparent tubing

until an air-free filling technique was assured.

The construction time for a large array like the 21-line array described requires 3 man-
hours per element. The total cost of each 26-element line for materials and labor was $624.
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