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Suspended Rigid Underwater Arrays

F. T. GEvuing*
Bell Telephone Laboratories Inc., Whippany, N. J.

The potential uses of large underwater arrays, supported in the sound channel without near
field obstructions, have been of recurrent interest. This paper treats two proposed sus-
pended array configurations designed to maintain a two- or three-dimensional matrix of
transducers within given dimensional tolerances under normal environmental conditions.
These tolerances result from a statistical analysis of array performance in response to struc-
tural deformations and random perturbations of the medium. One structure involves pre-
stressing a network of suspension wires that hold the hydrophones in position; and the other
uses an inflated envelope to protect the hydrophone array against the environment. The per-~
formance of critical components of each configuration is examined under static and dynamic
loads. The behavior of each structure as a rigid body, held by its mooring lines, is investi-
gated in some detail, including translational movement and attitude changes in response to
steady and transient loads. For structures with a protective envelope, an acoustic analysis

is required to assure tolerable effects at the hydrophones.

Nomenclature

membrane radius

speed of sound (in water)

wave number

direction of planar acoustic wave

steering vector of array

bouyancy force of flotation chambers; per unit area of
membrane above mooring ring

Py weight (in water) per unit area of membrane

p: = internal pressurization of membrane
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P, = mooring force from anchor lines per unit length of
mooring ring; assumed uniformly distributed

r = radial coordinate

U = transverse deflection of plane array

¢ = membrane thickness or time

E = Young’s modulus

N = number of hydrophones

Ozxy, x3, 73 = rectangular Cartesian system

R = radius of spherical membrane

14 = ambient current velocity

Wy = bouyancy force

AXpj = differential position vector

a@; = amplitude parameter

B = angle between z, axis and incoming wave

v = membrane density

S¢u = phase change of uth hydrophone response

= direction of ambient current in horizontal plane,

or wavelength (evident from context)

- = standard deviation

@e = external velocity potential

@5 = internal velocity potential

P = density of water

Q = characteristic frequency of a structure
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1. Introduction

ECENT underwater sound activity has included studies
and speculations on potential uses of the sound channel
for long-range transmission and reception of acoustic signals.
Although several prognoses have been favorable, this pos-
sibility must be ultimately explored by experiments, some of
which are under preparation. If they prove encouraging and
have interesting system implications, there may be a need for
structural assemblies to maintain highly directional arrays of
hydrophones near the axis of the sound channel without sur-
face flotation or bottom support.

Simple devices of this kind are in use: single moored lines
forming vertical linear arrays and tripod moorings for single
instrument packages (often referred to as “seaspiders”).
Immediate extensions of these might be relatively flexible two-
dimensional arrays of the ‘“fish net”’ type, a neutrally buoyant
pipe between two seaspiders supporting a horizontal linear
array, and two-dimensional frames suspended similarly.
Sizable underwater structures become extremely awkward,
if not impossible, to manipulate unless they are at least
neutrally buoyant. For this reason, conventional structural
frame designs must be eliminated a priori.

In this paper we examine prestressing and inflation as
schemes for achieving structural rigidity with minimum
weight underwater. Examples have been chosen to explore
areas of interest, such as structural stiffness, dynamic re-
sponse, and acoustics. The proposed configurations seem
acceptable from these points of view, but are beyond the
practical state-of-the-art and may be an upper bound on the
complexity of underwater technology for some time to come.
Field trials, to advance their practicality, must resort to
greatly simplified or scaled-down prototypes, as discussed in
the final section.

The first structure studied consists of four compression
members connected at a common joint, whose outer ends
mark corners of a tetrahedron (Fig. 1). They are held in
position by pretensioned cables, forming the edges of the
tetrahedron. The structure is provided with buoyancy in
the compression members or by separate flotation units (not
shown) at the upper corners.  This upward force enables it to
be moored rigidly with three main lines to gravity anchors on
the ocean bottom. Each anchor line is connected by three
strands attached to the corners of one face of the tetrahedron.
Each triangular face serves as a suspension [rame for a net-
work of high-strength cables that are pulled inward by a set
of guy wires connected to the eentral joint of the structure.
Each guy wire loads one node of the triangular net, thus help-
ing to prestress it. Hydrophones mounted at these nodes
form the acoustic array.

The second structure employs a pressurized spherical mem-
brane (Fig. 2) to provide over-all rigidity and to prestress an
internal system of steel cables suspended in a meridional sce-
tion of the sphere. This supports a vertical array of hydro-

EDGE TENSION MEMBERS

COMPRESSION MEMBERS

TRIPLE TO ANCHOR

P LEADS FROM
ANCHOR LINE

Fig. 1 Tetrahedral array (mooring lines from backface
omitted for clarity).
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FLOTATION CHAMBERS
DISTRIBUTED ALONG
TOP OF ARRAY

MOORING

ANCHOR LINES
DISTRIBUTED
AROUND ARRAY

PLANAR PRETENSIONED
ARRAY INSIDE SPHERICAL
ENVELOPE

SPHERICAL ENVELOPE
PRESSURIZED WITH
SEAWATER {100 DIAMETER)

TETHER LINES
FOR ATTITUDE
STABILITY

Fig. 2 Underwater radome.

phones.  The spherical envelope also protects the array from
environmental forces, thus resembling a radome. The mem-
brane is filled with sea water, both for convenience and for
acoustic match. Internal pressure and some buoyancy are
provided by an air pocket at the top. Additional buoyancy
is provided by several compartments distributed over the
polar cap of the sphere which are filled with a lighter-than-
water liquid. The unit is moored to the ocean bottom by
anchor lines connected to a mooring skirt that runs along a
circle of latitude above the equatorial plane.

Proceeding to the feasibility of the primary components of
the two configurations, the spinal compression members for
the tetrahedral array come close to current technology.
They might be lattice columns assembled from modules with
built-in flotation chambers or they could be individually de-
ployed by mechanisms controlled from a surface vessel.
While their basic feasibility is not a serious problem, the op-
posite is true of the over-all prestressing scheme proposed for
the tetrahedron. Its response to steady drag forces from
ambient currents and dynamic transients {rom the mooring
system must be explored. Similar questions arise with the
underwater radome of the second configuration, including its
acoustic effects on the internal hydrophones. In both cases
the feasibility of maintaining a fixed position and attitude for
the entire structural unit by the proposed mooring system
must be explored.  Finally, since residual distortions of the
array are unavoidable, their effects must be evaluated acous-
tically and compared with other acoustic degradations result-
ing from the ocean environment.

2. Prestressed Cable Nets

Internal prestressing has been widely accepted as a means
of reducing structural weight and enhancing rigidity. Sus-
pended arrays should be no exception. The principles in-
volved in the tetrahedral array are three-dimensional exten-
sions of prestressed cables.

Consider a string under uniform transverse load, which
produces the well-known parabola. Suppose this load to be
anticipated by a uniform distribution of transverse guy wires
(Fig. 3), all stressed to the same level. When the actual load
is applied, the prestress of the guy wires will relax. The
amount that each wire shortens due to elastic recovery repre-
sents a deflection of the main cable, and is one or two orders of
magnitude less than the cable deflections without prestress-
ing. In practice the guy wires will converge to a limited
number of suitable anchor points, and the prestressing sys-
tem will be designed as a compromise between several environ-
mental loads from various directions with different distribu-
tions.
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| | | I I | I I | | l | | | I 'UNlFORM ENVIRON-
MENTAL LOAD

MAIN CABLE

PARALLEL GUY
WIRES STRESSED
TO THE SAME LEVEL

ALTERNATIVE SCHEME WITH CONVERGENT
GUY WIRES

Fig. 3 Prestressing of single cable.

In studying the tetrahedral structure, consider a single
quasi-triangular net whose corners are 100 ft apart and whose
interaction with the remaining structure is ignored by specify-
ing ad hoc kinematic constraints at the edges (Fig. 4). All
prestressing guy wires are anchored at a point 20 ft behind
the centroid of the triangle. The layout of members in the
network is dictated by the desire to increase the density of
nodes, and hence hydrophones, toward the center for acousti-
cal reasons. Typical cable diameters for high-strength steel
are 0.25 in. for the edge members, 0.10 in. for interior mem-
bers, and 0.075 in. for guy wires. Each node is preloaded by a
guy wire. For computational convenience, the drag loads are
discretized to act also at these points, and estimated for a 1-
knot current. The static analysis of such a structure follows
standard methods for truss caleulations, except that members
that might ordinarily go into compression become slack and
are dropped from the stiffness matrix.

Numerical results for this single-net structure under
drag loading normal to the plane of the triangle show that de-
flections are about a foot without prestressing and fractions
of an inch with prestressing. The significance of these slight
deformations is decreased a little further because their homo-
logous components are ignorable for acoustic purposes; i.e.,
each new node position should be compared with its counter-
part on a parallel transposition of the unloaded, but pre-
stressed, net made to coincide with the loaded shape at the
center point (1 in Fig. 4).

To study the complete tetrahedral array, the artificial
edge constraints for each net must be replaced by equilibrium
and compatibility equations that connect it to adjacent nets.
For simplicity, consider a current parallel to a plane of sym-
metry of the tetrahedron, thus involving one half of the front
face and the adjacent side face. Suitable prestressing mem-
bers are introduced between the edges of the top face, and de-
formations of the spinal compression members are taken into
account. The iterative procedure required to meet all the
governing conditions and to allow for slack members becomes
involved, and care must be taken to assure numerical con-
vergence. The technique is based on minimizing the poten-

Fig. 4 Prestressed cable network.
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COMPRESSION MEMBERS,
PINNED AT CG

i
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DISPLACEMENTS

ON FRONT FACE
{FIG. 6a)

CURRENT

Fig. 5 Top view and load diagram for tetrahedral array.

tial energy of the structure.! Figures 5 and 6 show the struc-
tural geometry and the set of node displacements for the pre-
stressing and current load previously given.

Further studies should include the dynamic response of the
prestressed tetrahedron. Although the attitude and moor-
ing transients to be discussed in Sec. 4 will probably not af-
fect the structure significantly, strumming of individual cables
due to vortex shedding and its carryover to other cables and
hydrophones is of concern. This effect may be mitigated by
hydrodynamic spoilers on the cables and acoustic isolation of
the hydrophones. A complete design study may also reveal
that slackening of some members, in view of highly divergent
directions and distributions of drag loading, is hard to avoid.

NODAL DISPLACEMENTS NORMAL
TO FACE (MAX. DISPLACEMENT .3IN)

PLANE PROJECTION OF
UNLOADED CABLE NET.

Fig. 6a Normal displacements on front face of prestressed
tetrahedral array under 1-knot current.

NODAL DISPLACEMENTS NORMAL
TO FACE (MAX DISPLACEMENT .31IN)

PLANE PROJECTION OF
UNLOADED CABLE NET

Fig. 6b Normal displacements on side face of prestressed
tetrahedral array under 1-knot current.
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This suggests that the tension in some of the guy wires be
made adjustable from the center of the structure to maintain
favorable stress conditions at all times.

3. Analysis of Inflated Membranes

In the second array configuration an inflated spherical
envelope serves to rigidize the hydrophone supports, instead
of prestressed guy wires. Thus, the deformation and internal
stresses of the inflated membrane under environmental loads
must be understood. Also, since it encloses the hydro-
phones, its acoustic effects are of interest. Practical prob-
lems of manufacturing and deploying a sizable balloon of this
kind and of maintaining it against marine life are not dis-
cussed in this paper.

A. Structural Analysis
1. Static response

Static analysis of the inflated buoyant spherical mem-
brane fastened to the mooring system of Fig. 2 involves
standard application of membrane shell theory. The load
system under normal conditions of deployment is shown
schematically in Fig. 7. Superposed on this pattern are
pressures due to the ambient current, modeled as potential
flow for simplicity.

Boundary conditions are derived from the need to avoid
singularities at the poles, invariance of the enclosed volume
under the action of external currents, and compatibility of
meridional displacements across the mooring ring. In the
last instance a discontinuity in the normal displacements could
be tolerated by the usual argument that bending theory elimi-
nates these by localized effects. In all of the foregoing, the
inflative pressure p; is used as an adjustable parameter to avoid
compressive membrane stresses, which mean a slackening of
the envelope. The following data were used in the analysis:

50 ft, membrane radius

= 0.25 in., membrane thickness

70 Ibs/ft3, membrane density

1 knot, ambient current

20,000 Ibs, buoyancy force

10° psi, Young’s modulus for membrane
= 0.1 psi

I

I

i

VBRIER TR
%
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Figure 8 shows the radial displacement w in vertical planes
normal and parallel to the current. In neither case does w
become negative, which augurs well for keeping the internal
hydrophone suspension under stress. The maximum value
of w = 1 in., the moderate internal pressure of 0.1 psi required
to prestress the membrane, and the relatively small mem-
brane stresses (in the order of 100 psi) make this structure
sufficiently promising for a detailed study.z Obvious study
refinements include a more realistic pressure distribution and
nonuniform mooring forces P,, due to ambient currents, de-

BUOYANCY—-MEMBRANE
WEIGHT, pp—P,,

MOORING
FORCES, Pp,

MEMBRANE
WEIGHT, py

Fig. 7 Static loading on underwater radome.
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Fig. 8 Radial displacements of inflated membrane
under mooring loads and a 1-knot current.

formations of the mooring ring, and the effect on the mem-
brane of inextensible internal hydrophone suspension cables.

2. Dynamic response

Free vibrations of the inflated envelope may be analyzed by
treating the surrounding fluid as incompressible and consider-
ing only the membrane behavior of the structure. While the
latter assumption may be justifiable, the former is question-
able, since it amounts to the requirement that QR « ¢, where
Q = any one of the participating characteristic frequencies of
the structure. Although the lowest structural modes are
usually the most strongly excited ones, at some of the higher
vibration modes (which still come into play) this inequality
does not hold. Thus, the free response was analyzed for both
types of media, with and without bending effects in the shell.?

The caleulations are based on an energy method of the
Rayleigh-Ritz type. The shell displacement components are
developed in Legendre series of the meridional angle with
time~dependent coefficients, and the potential and kinetic
energies of the shell follow from standard expressions. In the
incompressible case, ¢; and ¢, (which are governed by La-
place’s equation in this case) are also written as Legendre
series. The kinetic energy of the moving fluid is expressed
in terms of ¢ and d¢/dr at the membrane by use of one of
Green’s identities. For the compressible case a Legendre
series solution of the wave equation is used for the velocity
potential, and the dynamic pressure on the shell follows from
p = —p(0p/Ol), where p is approximately the static fluid
density. This surface pressure enters into the calculation of
generalized forces for the equations of motion. In both the
incompressible and compressible case, these equations are
generated from the Lagrangian, and ultimately reduce to equa-~
tions for the modal amplitude functions.

Examination of the numerical results in Ref. 3 shows that
the fluid interaction significantly reduces the frequencics of
the shell modes that contain bending effects, and changes the
character of membrane modes from combined radial and
meridional displacements to predominantly meridional ones
without affecting their frequencies appreciably. The sensi-
tivity of this effect to compressibility of the fluid deserves
notice. The most significant outcome of these studies is the
estimate of structural response to transient loading. Thus,
in the case of a nearby detonation, the largest part of the
energy impinging on the membrane seems to transfer to the
internal fluid (as suggested by the acoustic attenuations eal-
culated below). A simplified impulse calculation establishes
initial conditions for membrane response to blast loading
through an incompressible fluid. Thus, 300 Ib of TNT ex-
ploded 50 ft from a 100-ft envelope produces momentary de-
flections of about 1 in. and stress levels of about 2000 psi.
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Fig. 9 Tripod mooring.

These effects of a detonation seem harmless and become in-
significant at 200 ft from the source. This result does not,
however, predict how electro-acoustic instrumentation inside
the sphere will fare under such blast loading.

B. Acoustic Performance

Aside from the reduction of the received signal due to acous-
tic energy retained by the membrane, phase distortions im-
posed on interior waves are of interest. The first part of our
acoustical study? concerns local transmission phenomena,
based on a classical study* of transmission through a plane,
elastic, immersed layer. For the material constants given,
negligible attenuation and phase shift of the transmitted wave
are predicted, except for three critical arrival angles of the
incident wave. At the largest of these the dilatation mode in
the solid reduces to surface waves along the insonified face of
the elastic sheet. At the next angle the transmitted wave
amplitude drops sharply and practically all the acoustic
energy is reflected back against the incident wave. At the
third angle the shear mode reduces to surface waves. In each
case the dilatation and/or shear waves in the solid attain
large amplitudes, involving sizeable but tolerable stresses.
Since a spherical envelope exposed to a plane wave will
localize these critical incidence phenomena along discrete
minor circles, they are deemed to be unimportant.

The acoustic performance of a spherical envelope may be
estimated by superposing local transmission effects based on
the previous approach. A more exact treatment is obtained
by solving the wave equation in spherical coordinates in terms
of Legendre-Bessel series. They involve the usual manipula-
tions and computations to evaluate coefficients from boundary
conditions, and predict innocuous acoustic effects, as an-
ticipated. For steady excitation, the phase distortions in a
great-circle plane parallel to the incident wave front is within
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Fig. 10 Deflection at apex vs buoy drag.
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Fig. 11 Horizontal deflection vs buoy lift for different
cable weights.

0.1° for % of the radius and below 1° for the remainder.
Similarly, amplitude distortions are negligible, except for a
few points in the back half of the spherical cavity where an
amplification of 109, may oceur due to focusing of reflections
from the back wall. These could be suppressed by an ab-
sorbent coating on that wall if hydrophones are to be sus-
pended in more than one meridional plane to inerease the
horizontal view of the array. The only acoustical problem
remaining is flow noise from the turbulent boundary-layer
outside the envelope. Presumably, its spectrum will become
known and may be discriminated against.

All in all, the inflated spherical membrane is a promising
candidate as an underwater radome, because of virtual im-
munity of array geometry to environmental forces. The
price one pays is a heavy mooring system and reduced ac-
cessibility of the hydrophones. If the latter is objectionable,
the instrumentation may be placed outside the membrane,
resulting in a spherical array geometry and a somewhat in-
creased sensitivity to environmental forces.

4. Mooring Systems
A. Translational Motion

Common to all mooring systems is a system of buoyancy
forces that prestress the anchor lines. Other loads are
mostly current forces, though occasional interference from
mudflow on the ocean bottom, from trawlers, and (for shallow
installations) from exceptional tidal waves may occur.

The well-known tripod, or.‘‘seaspider,” moorings may be
extended for this application. Consider the tetrahedral
structure instead of a single buoy at the vertex. An anchor
line is assigned to each of the triangular faces, as shown in Fig.
1. With the underwater radome, a mooring sklrt is provided
where anchor lines are attached.

The analysis of multi-cable systems proceeds from the
stress-deflection analysis of single cables. For dead-weight
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ONLY) (CONNECTIONS TO
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Fig.12 Plan view of mooring system for tetrahedral array.
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Fig. 13 Attitude perturbations for tetrahedral array
against time.

loading this is the well-known catenary. For more general
load distributions derivable from various current profiles as a
function of depth, series solutions are used, as convenient.$
The significant results of this analysis are the maximum cable
tension, the terminal forces, and the sensitivity of these
quantities to displacement of the cable ends, current velocity,
and cable weight in water. The force-displacement relations
at the ends of each single cable are needed to determine the
equilibrium and compatibility equations for each joint in a
multi-cable system.

A few characteristics of tripod mooring systems apply re-
gardless of whether a simple buoy or, for example, a tetra-
hedral structure is located at the vertex. Figure 9 shows such
a system. Figure 10 shows its horizontal buoy displacement
vs buoy drag and current direction, for a current of 1 knot.
The interesting feature shown is an “upstream’ shift of the
buoy for small buoy drag, due to sag in the upstream cable
caused by current forces. This effect disappears for large
drag forces on the buoy. The cable weight in water is impor-
tant asshown in Fig. 11, The mooring system tightens against
horizontal displacement with inereasing buoy lift if the cables
are heavier than water, and this effect all but disappears for
neutrally buoyant cables.

A straightforward extension of these studies accommodates
situations, such as Fig. 2, where numerous cables are attached
to a mooring skirt. However, the actual number and sizes of
cables required to secure an underwater radome against
large drag forces raise important practical difficulties. A
typical design might involve ten 0.5-in. steel cables for a 100-
{t inflated membrane.
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Fig. 14 Displacement of tetrahedral array against time.

B. Attitude Motion

Once a large object is placed at the vertex of a mooring
system, its rigid body motion becomes of interest and it is
usually coupled with the translational response to current
loading. Analyses for attitude dynamics of suspended arrays
and a rather complete set of results are given in Ref. 6.
Equations of translational and rotational motion were de-
veloped in vector notation, using the drag formulas and force-
displacement relations of individual anchor lines employed in
the tripod analysis. A plan view of the moorings for a tetra-
hedral structure is given in Fig. 12, for a height of 8000 f{t
above the ocean floor of the over-all tripod. The anchor
lines run from Pg to P4 opposite each face of the tetrahedron,
and the direction of the current is given by A. Typical re-
sults from a digital computer are shown in Figs. 13 and 14 for
an initial angular displacement of 0.01 rad and a step function
in the current of 1 knot. Although this form of excitation is
idealized and somewhat exaggerated, it is indicative of strue-
tural recovery from changes in ambient current or trawler in-
terference. The settling time is less than a minute, with
negligible residual misalignment.

The underwater radome of Fig. 2 was similarly studied.
Typical dimensions and forces resemble those of Sec. 3, and
ten mooring lines were assumed.  Additional tether lines from
the main anchor cables to the lower pole of the sphere are es-
sential for attitude stability. Figures 15 and 16 indicate
the dynamic response to a change in current. The governing
characteristic is a long translatory period, due to mass and
drag of the balloon, and a very rapid attitude response.
Residual rotations due to a quarterknot change of current
are in the order of 3°. This may be acoustically significant
but could be acceptable in view of conservative assumptions
used for this analysis. As in Sec. 3, deformations of the
mooring ring were neglected. Similarly, the drag loads on
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Fig. 16 Attitude perturbations of underwater radome
against time.
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Fig. 17 Layout of planar array (within underwater
radome).

the anchor lines, which are probably of secondary importance,
were ignored.

5. Acoustic Array Performance

No structural scheme guarantees against array distortions.
Unusual load conditions may ecause some hydrophone sus-
pensions to “go slack,” at least temporarily. Thus, it is neces-
sary to assess the effects of hydrophone displacements on
acoustic array performance in order to develop meaningful
structural design criteria or to compensate for array distor-
tions during acoustical-data processing. One way to provide
such appraisals is in terms of modal functions for the struc-
tural deformations and to relate the statistics of their ampli-
tude coefficients to those of acoustical parameters, such as
gain, beam width, and side lobe suppression.

Considered here is the effect of structural deformations on
the beam pattern of the array of Fig. 2. The deflection of the
hydrophone plane is assumed to consist of a linear combina-
tion of a number of deflection modes, taken in the form
cos(t — 3)wr/R, where r measures distance from the center
and R is the radius of the enclosing radome. The deflection
of the supporting plane is

M
1
= Elou cos(i - ~2~> %

Here, the «, are considered normally and independently
distributed random variables with zero mean and variance
o2, which is chosen to reflect realistic deformations. Studied
below is the beam pattern for a range of values of ¢ expressed
in wavelengths of the received signal.

In Fig. 17, Ozxexs is a rectangular Cartesian system with
horizontal plane Ozix.. The vertical plane Oz;z; is the plane
of the (undisturbed) array. The unit vector 7 specifies the
direction of the incoming wave, and 7, is any unit vector to
which the array is steered.

If the hydrophone responses are equally weighted, the ratio
G of array signal power for any 7 to maximum signal power is

G~N—2 2_ ]z_:l cos{kAX ;- (g —

n) + épy — 69;] (1)

where AX,; is the difference in position vectors of the uth
and jth hydrophone, and 8¢, is the phase change of the re-
sponse of the uth hydrophone caused by the displacement of

OCEAN SURFACE

OCEAN BOTTOM

Fig. 18 Propagation pattern for array sensitivity study
(vertiecal scale exaggerated).
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the supporting net. If the hydrophone displacements are
orthogonal to the supporting plane, the phase variations are

M
dpu =k cosB Y, as cos(i - ~1—> T 2
2) R

The effect of structural deformations is studied by taking
expected values on both sides of (1), thereby obtaining an
“expected beam pattern.” One finds

— & var [6¢pp — d¢i]

L [cos kEAX ;- (g — A1) ]

B(G) = —

2

-
<.
I

-

3 M=
™=

®3)

where the variance of é¢, — 6¢; follows from (2);

M
var{sp, — 8¢;}= k?s? cos?B > [gog (»L — ~1_>7r_y“ _

i=1

Clearly, for 0 = 0, (3) produces the exact beam pattern, i.e.,
the pattern in the absence of structural deformations.

Equation (3) was used to study the acoustical behavior of
the array suspended in the sound channel as indicated in Fig.
18. The array receives a continuous wave originating 130
miles away. Since the hydrophones are mounted with circu-
lar symmetry, the vertical and horizontal beam patterns are
the same for zero scan angles. The vertical scan angle for the
wave shown in Fig. 18 is about 10° and the horizontal scan
angle is taken equal to zero. The vertical and horizontal
beam patterns are then so close that only one must be dis-
played.

Figures 19 and 20 show the exact beam pattern for a radome
radius of 20 wavelengths (say 50 ft), and expected patterns
for various values of O/\. Results of Fig. 19 correspond to
one deflection mode. As expected, the on-axis gain is re-
duced while the nulls in the beam pattern are being smoothed
out. Elimination of nulls is more pronounced than loss of on-
axis gain, primarily because the former is a first-order effect
of phase fluctuations whereas the latter is second order.

Figure 20 compares two expected beam patterns from one
deflection mode and from ten modes, respectively. The
standard deviations of displacements at the center were taken
to be half a wavelength in both cases. The more irregular
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Fig. 19 Beam patterns of planar array under single-mode
distortions.
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Fig. 20 Beam patterns of planar array under single-and
multi-mode distoriions.

deflection pattern corresponding to ten modes results in a
further deterioration of the beam.

The modal approach used in this computation of beam pat-
terns is of value in case the actual deformations are repre-
sented satisfactorily with a truncated (Fourier) series contain-
ing few terms. For the displacement patterns of the tetra-
hedral array (Fig. 6) this is quite unlikely. Instead, one may
use displacement vectors at each node (i.e., each hydro-
phone) with a suitable modification of Eq (3). Further de-
tails on array sensitivity studies are given in Refs. 7 and 8.

6. Conclusions

This paper discusses the fundamentals of prestressed, in-
flatable array structures and suggests solutions based on theo-
retical analyses. Several technological problems, however,
require attention, including, for example, miniaturized under-
water instrumentation (hydrophones, preamplifiers, multi-
plexers, electrical cabling, power sources) to minimize the inert
weight of the suspended structure? as well as the means for
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successful deployment. Established techniques, involving
surface vessels, and new ones, using underwater manipulators,
will have to be further developed before the assemblies sug-
gested can become practical. This includes calibration pro-
cedures to identify acoustical biases from structural misalign-
ment during installation. Finally there is the need to protect
the underwater installations from destructive influences of
the ocean environment. Here the inflatable underwater
radome presents special materials problems.

There is a tradeoff between structural refinement and other
forms of sophistication. Rather than seeking a maximum of
structural rigidity, one may monitor the deformations
that occur. These, then, may be countered by “trimming”
the structure or by compensations in the acoustical-data pro-
cessing. The approach to be taken depends not only on tech-
nical considerations but also on operational aspects and sys-
tem implications.
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