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ABSTRACT

Dispersion and impedance properties in various structural wave-
guides, including non-uniform rods and beams were examined. Here are
some conclusions: (1) Even though both a dilatational and a shear
potential are required to express longitudinal wave motion in 3-
dimensional cylinders, the axial modal impedance equals Pc,, where p
is density and c, the modal phase velocity. (2) At cut-off the axial
modal and radial modal impedances respectively diverge and vanish.

(3) Except for torsional waveguides, whose wave motion is expressible

S e eemsd exad e NN

in terms of a single potential the drivepoint impedance can not be

calculated as an eigenmode series, as these do not form a complete

-

orthogonal set. (4) In non-uniform longitudinal waveguides, increasing

density and Young's modulus give rise to attenuation by backscattering.

J

'g - Whether these parameters vary exponentially or as a power of the axial
¥ coordinate, their contribution to the attenuation is precisely half the
; spreading loss due to a similarly varying cross section. (5) Cut-~off
52 behavior of the fundamental longitudinal mode exists for exponentially

varying parameters if Young's modulus and density are identical

functions of the axial coordinate; when these parameters vary as powers

- of the coordinate, certain powers lead to non-propagating deflections

- or exponentially decaying waves; wedges or cones undergoing flexural

- vibrations display a cut-off frequency when supported on continuous

springs. -
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LIST OF SYMBOLS

r,z2 cylindrical coordinates

T o S M Tt AR 3T

Y axial wavenumber
c,¢ phase velocity

A,k Lameé's constants

ook ipeesd s Amm TN N

Cq7C, rC dilatational, shear, and bar velocity, respectively

k longitudinal wavenumber w/ c,

p density

Bed
o]

Young's modulus

- S cross sectional area
’ﬁ 3 K3 3
I cross sectional moment of inertia
S rg cross sectional radius of gyration
75 on
i u,w axial and transverse displacements of the fundamental
2 mode of non-uniform waveguides
- A,B,C,a,e,8 coefficients describing the variation of parameters
%. in non-uniform wavegquides (p. 22)
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I. DISPERSION AND CUT-OFF PHENOMENA IN RODS AND BEAMS

A. [Introduction and Principal Results of this Study

This study was proposed to ONR Structural Mechanics Program as a
result of in-house research which led to the conclusion that uniform struc-~
tural waveguides of small transverse dimensions (1) display a vanishing
impedance at every modal cut-off frequency; (2) that each cut-off frequency
coincides with the natural frequency of the corresponding standing-wave
rode of the cross section, the modal configuration being independent of
the z-coordinate defined here as the coordinate along the wavequide axis.,
The preliminary study was restricted to homogeneous waveguides whose cross-
section and material properties are z~independent. Furthermore, as already
stated the analysis was limited to wavequides whose transverse dimension
was small enough to eliminate thickness vibrations, e.g. Euler beams on
distributed springs, simply-supported strips, and thin cylindrical shells. N
In other words, three-dimensional elasticity theory was not required. In
the next section, we shall rnaview the current .tatus of the theory of
uniform three-dimensional solid elastic waveguides. In Section 3, new
theoretical results generated from the present study will be stated for
three~dimensional semi-infinite z-independent waveguides. In Section 4,
the properties of the fundamental mode of propagation in semi-infinite wave-
guides with z-dependent parameters are discussed. Starting with a
review of the existing literature, we proceed to analyze non-uniform wave-
guides which have apparently not been analyzed, particularly waveguides

with rapidly varying physical constants and cross sections.

Results generated in this study and solutions to problems which have

to our knowledge not been published are:

Joscrime o w

1. In three-dimensional elastic cylinders conducting longi-
tudinal axi-symmetric waves, the axial modal impedance defined as the ratio
of the axial stress averaged over the cross section, divided by the similarly
averaged axial velocity equals pc,» where c, is the modal phase velocity.

The simplicity of this result, reminiscent of acoustic waveguides, is
surprising, because both a dilatational and a shear potential are required

to describe the wave motion.
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2. For the same waveguide, an expression was obtained for the
radial modal impedance, defined as the ratio of the radial shear stress
averaged over the cross section divided by the radial velocity of the

cylindrical surface.

3. At cut-off, the radial modal impedance, and consequently
the resultant radial drive-point impedance vanishes. Simultaneously, the
axial modal impedance diverges.

4. In non~uniform wavegquides located in the region z > 0, whose
properties change either exponentially or as a power of z, the effect, on
the decay of the fundamental mode with increasing z, of a change in cross
section has precisely twice the magnitude of a change in density or in the
Young's modulus (see Table 1).*

5. The phase velocity of tie fundamental mode equals the local

"bar" velocity.

6. Exceptionally, viz. for a constant phase wvelocity, the
fundamental mode of non-uniform waveguides with exponentially varying
parameters displays a cut-off frequency. This is a generalization of the

well known property of acoustic horns.

Tor the non-uniform waveguides conducting longitudinal waves, analytical
solutions have been constructed in the long wavelength limit, for the

following situations (see Table 1):

a. The density, Young's modulus, and cross sectional area
vary exponentially with the axial coordinate z at different rates, no
restriction being placed on the rate of change with z excep: in so far as
radial displacement are not accounted for. This applies to subsequent

configurations as well.

b. The density, 7oung's modulus, and cross sectional area

each vary as a different arbitrary power of z.

* This conclusion is based on the asymptotic large-argument or far-field form
of the solutions ’n Egs. 29 and 36. It was pointed out to the authors that
this asymptotic expression is tantamount to the WKB approximation which does
place some restriction on the rate of variation of the waveguide parameters.
Our conclusions regarding the respective effects of E, p, and S are not
restricted to the two analytically tractable classes of waveguides analyzed
here but can be generalized to other waveguides to which the WKB approximation
is applicable.
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7. For flerural waveguides for which the product of bar

1/2 times radius of gyration (I/s)l/2 varies parabolically or

velocity (E/p)
linearly with 2, e.g. a cone or a wedge, the long-wavelenzth solution for
the fundamental antisymmetric (i.e. flexural) mode was constructed, both fox
the free waveguide and the wavequide supported on a distributed spring whose
stiffness varies like the crcss sectional area. The spring-supported wave-
guide displays a cut-off frequency at the natural frequency corresponding to

rigid-body translational vibration.

B. Dispersion and Cut-off Characteristics of Three-dimensional

Elastic Wavequides

1. Torsional Waveguides

The theory of torsional wave motions in cylindrical wave-
guides, as well as that of compressional and flexural waveguides, is

2,3,4 It need therefore not be

rresented in a number of classical texts.
paraphrased here. The torsional waveguide differs from the latter two in
that it requires only one potential to describe its dynami: behavior. 1In
contrast, compressional and flexural waveguides require both a dilatational

and a shear potentizl as will be illustrated in Section C.

The solution of the torsional wavequide is as straight-forward as
that of an acoustic waveguide, the single potential required to describe
its response being the solution of the wave equation or, for the harmonic
conditions assumed, of the Helmholtz equation. It is therefore a simple
matter to match an excitation, viz. an oscillatory torque, to the modal
series describing the prescribed shear stress distribution over the cross
section being excited. Onoe5 was thus able to construct the driving point
impedance or, in his formulation, its reciprocal, the admittance, as a
modal series, in the same simple form arrived at for the elementary
structural waveguides analyzed in Ref. 1. As in the latter study, Onoe's
drive-point admittance, defined as the angular velocity divided by the
oscillatory torque, becomes infinite at every cut~off frequency. As

explained in Ref. 1, the reason is that the admittance is a modal series

CAN:RRIDGE ACOUSTICAL ASSOCIATES, INC.
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whose terms have a denominator proportional to the axial wavenumber of

the various modes. By definition, this wavenumber vanishes at the cut-

off frequency of a given mode. This is apparent if one examines Onoe's

8gq. 29, and notes that 2m is an axial wavenumber. The reason the resultant
impedance vanishes (i.e. the resultant admittance becomes infinite) is

amply discussed in Ref., 1 and need not be repeated here.

2. Compressional and Flexural Waveguides

For these waveguides dispersion curves have been plotted and
impedances have occasionally been computed numerically. This may be an
opportune place for correcting an error perpetuated in a familiar mono-
graph,6 which erroneously states that the characteristic equation of
flexural waves in cylindrical waveguides admits only one root corresponding

to a ringle modal dispersion curve.

The reason the impedances (or admittarces) of compressional and flexural
waveguides have not been formulated rigorously as modal series is that the
normal modes of propagation do not yield orthogonality relations suitable
for expressing a prescribed end loading as a modal series.5 Furthermore,
the Pochhammer-Chree frequency equaticn which governs the dispersion curves
of cylindrical waveguides and the Rayleigh-Lamb equation which governs the
dispersion curves of plates, admit roots in the form of complex wave numbers
extending down to vanishing frequencies. Other roots are as for torsional
or acoustic waveguides, imaginary below cut~off and real above. The
existence of complex roots was first pointed out by Adem7 for cylindrical
waveguides conducting compressional waves. We will see in subsection C.4
that the values of drive-point admittance he computed from a modal series
appear to be incorrect becauvse the modes do not form a complete orthogonal
set. The existence of complex wavenumbers has been exhaustively studied
by Onoce et al. for plates. His results are reproduced in Ref. 4, page 137.
This figure shows, in particular, the existence of a large number of higher-
order modes which, even though exponentialliy damped, display a complex

wavenumber, i.e. a finite phase velocity at vanishing frequency, incompatible

with the cut-off phenomenon. Several other authors, such as Mindlin and
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McNiven have obtained similar results both for cylinders and plates, but
there is no need here for an exhaustive biblingraphv. The interested
reader is referrel to Miklowitz's excellent even though somewhat dated

review paper.8

Both these characteristics, i.e. the unsuitability of the normal
modes for constructing a series expression of the admittance, and the
absence of true cut-off frequencies for a number of modes, prevent the
analytical formulation of the drive-point impedance (see subsection C.4).
This defeats a portion of the original purpose of this study. We can,
however, formulate some interesting results concerning modal impedances
not formulated by earlier authors by limiting ourselves to modes displaying
cut-off frequencies, i.e. imaginary or real rather than complex wave
nunbers. Even though the drive-point admittance is intractable as a mndal
series, its behavior at a modal cut~off frequency, being governed by a

single mode, is tractable.

cC. Axial and Radial Modal Impedances of Longitudinal Wave Modes in

Solid cCylinders

1. Statement of the Characteristic [quation, Stresses, and

Displacements

The purpose of this section is to derive some novel proper-
ties of the modal impedances of the higher modes of propagation of solid
structural waveguides conducting compressional waves. For the purpose
of this analysis, we have selected the axisymmetric wave motions of a
semi-infinite cylindrical waveguide. We shall start from the equations
of motion as formulated by R,edwood,3 page 137, and in Davies' monograph.9
For longitudinal excitation the results will be expressed in the form of
two modal impedances. The axial modal impedance is defined as the ratio
of the axial stress averaged over the cross section divided by the similarily
averaged axial velocity. The radial impedance is the space-averaged
axially symmetric. radially oriented shear stress divided by the radial

velocity of the cylindrical surface.
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The displacements are derived from a dilatational potential ¢ and a
shear potential y. For axisymmetric wave motions, both potentials are
governed by the two-dimensional Helmholtz equation in z and r:

v2¢+ﬂ;¢=o

Ca
(1)

2 m2
V¢+-—2-w=0
e
Here 4 and c, are respectively the velocity of dilatational and transverse
waves in the elastic medium. If A and uy are Lamé's constants and p the

1/2 1/2.

density, the former velocity equals [(A + 2u)/p] and the latter (u/p)

Selecting solutions of the form

¢ = ¢°(r)exp(iyz-imt)

and similarly for ¥ , one finds that ¢ and ¢ are Bessel functions
o o o

2
$(2) = A J_(hr) explivz-int), b = &5 - 2
(o]
a
(2)
2 m2 2
¥(r) =C J_(kr)expl(iyz-iwt), k” = =5 - v
[o]
t

Note that ¢ and A have units of length squared, while ¢ and C have units of
length cubed. The corresponding radial and axial displacements are

_3, Py

r  9r = 9rdz

[

(3)

2
o =93¢ _ 3% _13¢
zZ 9z ar2 r 9r

!
[+)]
[}
5 AN 148 v

. e - ————————— a7 TS % ea S— s -
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Ry A

The stresses are then cbtained from the generalized form of Hooke's law,

AR

% (aur u_ auz) aur
P A \G TTR ) AR (4
(aur u Buz) auz
Tzz =2 or + ?+ 3z + 2 '} (4b)
- aur auz)
: =W \T tE (4c)

The notation used for stresses is Redwood’s.3 The boundary conditions are

T = Tpr = 0 at r=a. One thus obtains a characteristic equation whose

R R Ry AT RS P O R ML A N A TR

s
= roots yield the dispersion curves:
” 2
1 ‘ZE_J"_(E).-_]-_ﬁ*. .‘9_2_- 2 _J.‘Z(_hi)__=o (5)
* J,(ka) _ 2a 2 2° Y hJ_ (ha)
1 c 2c 1
t t

-w The boundary conditions can also be used to express the coefficient A in
- Eg. 2 in terms of the coefficient C, or vice versa

C _ _-2ihy Jl(ha) )
. A k(yz-kz) Jl (ka)

This ratio has units of length as anticipated fr m the statement after

§ Egs. 2. At cut-off where y=0, this ratio, and hence the shear potential

vanishes.

T Rpendemg T whdpthes et

2. The Axial Modal Impedance Zz

e Combining Eqs. 6 with 4b, we obtain the axial stress
- - 2 2 J (ha)
_ w2 4y hk 1
. Tyy = pctA 5 2h Jo(hr) S5 F ) Jo(kr) (7
c Y -k 1
. t
. The axial velocity is
- J. (ha)
s . _ 2hk 1
u, = -iwu, wAY [Jo(hr) + Yz—kz Jl(ka) Jo(kr)]
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This impedance governs the axial modal response to an axial excitation.
It is defined here as

BT S A R T R

a
(f) tzz(r) rdr
z a
: S u (r)rdr
0
The integrals are readily evaluated by moting that
a a
J 3 (hr)xrdr = — J, (ha) (9)
o © h 1l
_ and similarly for Jo (kr) . Consequently, the integral in the numerator
1 yields
“‘,’ a Apcia m2 2 4 2h2
- -f rzzrd:.. = =5 - 2 + —Y-—-z > Jl(ha) (10)
0 c Y -k
» t
e Multiplying through by ci, veducing the terms in brackets to the same
g’ . denominator, and noting that, from Eq. 2,
S 2
b
‘ E - Eg. 10 becomes
:: *; a ApmzaJl(ha) 2 2
= o - rzzrdr = ) (Y -k~ +2h ) (11)
B R o h(y -k")
'7 l The denominator of Eg. 8 similarly yields
% H a ] 2
g I Jurar =28 (7, 2} 5 (ha)
- 2 h 2.2 1
E g ‘ 0 (v"-k%)
- { 12
- § = ——-2—-—2—-—- (v -k“+2h"%)
E “ h(y -k")
2 g :
|

e o T e e ————

= o i ¥ awaAT T
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Substituting Egs. 11 and 12 in Eq. 8, the impedance now takes the simple

form

z, = pw/y (13)

R TIOR AT

Referring to Eq. 2, we note that the axial wavenumber is related to the

&

£

phase velocity as

TN

hAl

Y= w/cz

The impedance thus reduces to

zz = pcz (14)

R AR AR s

0
b

et et . W e S AN

MR

The axial modal impedance of the compressional waveguide is in the form of

S

the plane-wave impedance. This result is remarkable by its simplicity if
one considers that two potentials characterized by two different charac-

3 and ct are required to formulate the modal impedance.
" Even though Davies9 evaluates this impedance his expression is lengthy and

teristic velocities ¢

involved, being expressed in terms of auxiliary functions. He therefore
o did not realize the potential compactness and the physical meaning of this
impedance. Since cut-off is characterized by y=0, cz=m, Egs. 13 and 14

indicate that the axial modal impedance becomes infinite at cut-off.

B 3. The Radial Modal Impedance

This impedance is defined here as the radially-oriented
shear stress averaded over the cross sectional area divided by the radial

velocity ur(a) on the cylinder surface.

Ry a
_g tzrrdr
e Z = e —— (15)
r 2.
ra au (a)
r

The radial velocity is readily constructed from Egs. 2 ani 3,

3 2 J. (ha)

. s 2Y 1 -
u_(r) = iwha k2 Jl(ka) Jl(kr) Jl(hrﬂ (16)

r 2
-Y-
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Setting r=a, this reduces to

3
. 2,2 iw”hA J, (ha)
2 (a) = iwhA(y +k7) . J.(ha) = 1 (17
r 2.2 1 2, 2 2
Y -k c (y =k")

where use has been made of Eq. 10a. The shear stress is, from Eq. 4c,

9 Jl(ha)
Ty = -12pctyhA Jl(hr) - EIZE-)— Jl(kr) (13)

The integrals in Eg. 15 can be evaluated by means of the x:elationlo
a

Ta
{’Jl(hr)rdr = oh [Jl(ha) liio (ha) - !jl (ha)Jo(ha)]

Where Ijn is the Struve function. Substituting this, and the equivalent

expression for the integral of Jl(kr) . the numerator in Eq. 15 becomes

a 2 h hJo(ka)gl(ka)
23’ 'rzrrdr ==~ 121rpctAay Jl(ha) Ijo(ha) - % 5 (ka) + le(ka)
- Jo(ha)gl(ha) (19)
The radial impedance finally becomes
2mocy (v 2) . 3 (ka) B, (ka)
2_ = * (= H (ha) + = t H (ka) - ———r""—
r ahw3 0] k 0 Jl(ka)
. Jo(ha)Ijl (ha) 0
Jl(ha)

At cut-off, the modal radial impedance vanishes, since y=0. The cut-off
frequency is therefore seen once again to represent a resonance of the two-
dimensional z-independent standing wave system of the waveguide cross
section. It was shown in Ref. ). that the divergence of a single mode is 1

sufficient to cause the drive-point admittance to diverge.
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4, Discussion of the Drive-point Impedance

If the stresses and displacements given above were functions
of a single pctential, the boundary condition prescribed over the driven
cross section, e.g. tzz(r) could be simply computed by expanding it as a
series of Bessel functions, and using the orthogonality relation of Bessel
functions to compute the modal coefficients. More generally, this method
can be used when the boundary condition takes the form

Jn(ka) + AJn(ka) =0 (21)

s e

where A is a constant and k a wavenurber. The fact that Tzz' Eq. 7 contains

W

two Bessel functions, one for each potential, eliminates this approach .even

though each potential separately, being a solution of the Sturm-Liouville equa-

LR
e g e
b s mees med WEE s DEN DR

tion can be expanded in an orthogonal set of eigen functions.ll Because their

<

SRR Y AL N SRR

- stresses are expressible with a single potential satisfying that equation,
, torsional waveguides are the one 3-dimensional elastic waveguide whose impedance

is analytically tractable.5 The coupling of eigen modes in thick cylindrical

ot

shells rigorously analyzed as a problem in three-dimensional elasticity is

e,

RO
t }!‘;,'a‘?#:i.‘ﬁh» ‘ﬂ‘c“\ A

noted by Armenakas et al.lz We must be uneasy about the manner in which
Adem7 formulates the forced response of a cylindrical waveguide in terms of

v

its eigen functions: "If we know only some of the roots (of the character-

R A L L]

istic equation), then for the other roots we can take B(Eq) = 0," where

s

< B(Eq) is the amplitude of the eigen mode of order q. Quite clearly the
ii .- fact that one can arbitrarily eliminate some eigen functions, shows that
%ﬁ - they do not form a complete orthoyonal set.

! The orthogonality of the modes in infinite or semi-infinite places

1 Ao (Lamb waves) was examined by Lyon.13 He was apparently the first worker
. to point out that these modes do not form an orthogonal set with respect
.. to the plate thickness. This problem has been receiving some attention in
E N the Russian literature.M'15 Even though the latter two papers construct
some orthogonality relations, they are not suitable for the series

g expansion of applied loads, i.e. for the construction of the drive-point
impedance as a modal series.

b . -11-
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D. The Fundamental Mode of Non-uniform Waveguides Conducting

Iongitudinal and Transverse Waves

1. General Discussion

The motions in axisymmetric wavequides of exponentially
varying cross section, i.e. in solid horns, have been studied by means of
an approximate theory valid when the transverse dimension is small in
texrms of wavelengths,16 thus automatically eliminating three-dimensional
cut-off phenomena.

Keller and one of his students constructed an asymptotic WKB-type
solution for higher modes including flexural, torsional; and lonyitudinal
wave motions, restricted to solid waveguides with a slowly varying cross
section.17 This restriction results in a solution which predicts local
z-dependent cut-off frequencies equal to those of the uniform cylinder
whose local cross section equals that of the non~uniform waveguide cross
section at z. In view of the difficulties mentioned in the preceeding
section, it is not surprising that the authors made no attempt to evaluate
drive-point impedances.

We can however, draw certain conclusions from Ref. 17, We have seen
that the axial modal impedance becomes infinite at cut-off. Consequently,
if we consider acoustic energy propagating ir the direction of decreasing
cross sections, all modes but the plane-~wave mode will gradually be
reflected back, thus giving rise to standing waves. A similar conclusion

. R . . . 18
is reached for acoustic waveguides of slowly varying cross section.

We shall examine some specific non-uniform waveguides which admit an
analytical solution but which have not yet been treated in the literature.
We shall obtain dispersion relations for the fundamental modes of longi-

tudinal and flexural wavequides, but shall not construct the Green's
influence functions.
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2. longitudinal Waves in Wavequides with Density, Young's Modulus,

and Cross-section Varying Exponentially at Arbitrary Rates

These quantities vary as

= eaz
P =0,
€Z
E = Eo e (22)
s=s &2
o]

The constants a, €, and § are not restricted in magnitude. For the long-
wavelength situation exclusively considered throughout this Section D, radial
motion associated with the fundamental mode can be neglected. The steady-
state equation of motion of a non-uniform waveguide is therefore an ordinary

D.E. formulated in terms of the axial displacement, which need no longer be
identified by the subscript z:

az (ES a-z') + wpSu =0 (23)

dzz E dz dz E (24)
? For the parameters described in Eq. 22
+
dzu du 2
% ; T -+ (e48) =7 ko exp[(a-€)z] u=0 (25)
= dz
E % de
5 i where we have used the bar velocity and wavenumber
2 b
1
2 - i, 1/2
= c, = (Eo/po) r cl(2) = c, expl(e-a)z/2] (26)
= i -
el ko = w/c, o ¥(z) = k, exp{ (a-£) z/2]

g

=T

]

U
]
w

1
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We aow make the transformation of variables

u=ﬁexp(--§-;s—z)

2 2= - 2
du_ [i-%- (es) 38, Le¥b) ﬁ] exp (-%‘;z)

Substituting in Eq. 25, one cbtains the equation governing u:

! 2-(E-90) = (-F2)

2= 2
Q—%+ [kz exp(a-€)z - (_e_+§__)__] u=0
dz [o} 4

We now perform a transformation in the independent variable

2 -
’ z=="3z
a-€

The equation now becomes

ke 2
2~ 4k - 2
du+[ o e22_(e-6)]u=0

d§2 (at+e) 2 {a-£) 2

AARY R

This in the form of Bessel's equation.]'9 The transformed variable u is

obtained in the form of a cylinder function C of order (e+)/(a-c) and

R TP 4

argument 2k°e2/ (a~e). Transforming back to the original variables, we

T finally have
2k
- - _ 8 o a—e
u(z) =U exp ( > ) Cle4 )/ lame) [a-e exp ( > z)] (29)

The particular cylinder function selected must be well behaved in the region
of 2z relevant to the situation being investigated. We shall construct
general solutions but shall not illustrate the matching of linear combinations
of cylinder functions to particular excitations. We shall merely concern
ourselves with the dispersion characteristics of the phase velocity. For this

T purpose, we consider waves propagating in the positive z-direction. Assuming,
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€e+6 >0, a -¢ >0, a suitable zolution, i.e. one which converges as

z+», is the Hankel function of the first kind.. For large argument
r
gD . (e e‘ 172 (a-—e ) %, .
(e48) /(a-¢€) 1rk a-€

(30)
exp (3-23) z - -} (2v+l1)

where v is the order of the Hankel func:tion. Wwhen this is substituted in
Eq. 29, the solution becomes

1/2 X
=y (L - atetd i
u(z,t) U 1rk ) exp ( 2 z) e {31)
where
= =2 a-e - - _
¢ = ooe P (3 )z wt (2v+1) (32)

The variation of the amplitude of the solution with increasing z is embodied
in the real exponential term. The change in cross sectional has twice the
effect of either the density or the Young's modulus for comparable exponential
coefficients. Signal attenuation by the increase in cross section is in the
nature of a spreading loss. The attenuation associated with the increase

in Young's modulus and density embodies gradual backscattering as the signal
penetrates into a region of ever increasing characteristic impedance. For
negative powers of the expomentials in Eq. 22, the signal increases, as
anticipated. The solution displays z-dependence on the coefficient deter-
mining the cross sectional area variation that is precisely twice that of

either modulus of density coefficients. The phase velocity is obtained from
the phase angle

-g—%%;‘;‘; (33)
where
3 _ . . 8¢ _ (a_-.e_ ) ,
e = "0 P Tk, e\ (33)
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We can solve for a dispersive phase velocity which equals the locul bar
velocity, Eq. 26.

When a+*e, i.e. when the bar velocity is z-independent, the order of
the Hankel function diverges, as does its argument. Returning to the
criginal differential , Eq. 25, we note that the coefficient of
the linear term becomes z-independent. The solution is an exponential,

say exp(Nz), where N is a solution of the characteristic equation

Nz + (et8)N + ki =0

This is a quadratic equation with two roots. The axial displacement now

becomes

T, 1/2
u(z) =0 exp({- (e;&) + [(e+46) - ki] }z) R a=c (34)

This is an exponentially damped solution which admits damped propagating

waves in the frequency range where the square root is imaginary, i.e. above
the cut-off frequency.
(e46)c
_ o

fco = o=t (35)

If a = € = C, this cut-off frequency reduces, as anticipated, to the

familiar result obtained for the exponential horn.

3. Longitudinal Waveguide Whose Density, Young's Modulus, and

Cross Sectional Area Vary as Arbitrary Powers of z

The density, Young's modulus, and cross sectional area,

vary as

c = (B/A)l/z z(m-n)/2

CAMBRIDGE ACOUSTICAL ASSOCIATES, INC.
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Eg. 24 becomes

2 2
d g + mr gg_+ w A zn--m a=0 (35)
az> z dz B

This is a form of Bessel's equation.20 Its solution is proportional to a

cylinder function of fractional order:

(1-m-r) /2 2NA1/ 2, (n-m+2) /2

u({z) = Uz c (36)

(mmer) /(o-mt2) | (heme2) B1/2

As in the discussion of Eg. 29, a Hankel function of the first kind is
selected to represent waves propagating in the positive z-direction. The
resulting phase angle, when substituted in Eq. 33, leads to the usual
conclusion that the phase velocity equals the local bar velocity, Eq. 34.
In this same region, the cylinder function converges as g (I /4
amplitude of the plane wave therefore converges as z—(n+m+2r)/4. We note

that as for exponentialiy varyimg waveguide parameters, Eg. 31 an increase N
in density and in Youry's modulus bring about a comparable acceleration in :
convergence of the solution with increasing z, and that a change in cross
section has an effect of precisely twice this magnitude. Negative powers
of z in Eq. 34 produce, as anticipated, an enhancement of the signal. The
solution in Eq. 36 ‘s expressible in terms of familiar cylinder functions
for specified z-dependences of the waveguide parameters. The results are

listed on Table 1. Tae czases which admit a solution in form of Airy

functions are related to similar solutions for acoustic waveguides with
variable cross sections18 and for acoustic waveguides with sound velocity
gradients and absorptive boundaries.21 Both these analyses of acoustic
wavequides were carried through in sufficient depth to include higher modes
and cut-off frequencies. The greater complexity of the solid elastic wave-
guide requires a laborious analysis probably not justified by the limited
practical interest of this waveguide configuration. When m=n=0, the solution
reduces to the familiar solution for acoustical horns. The most widely used

is the conical horn (r=2), which does not display a cut-off frequency in

contrast to the exponential horn mentioned in the preceding section.

-17-
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' When (m-.)=2, Eq. 36 becomes indeterminate. The differential equation
. of motion becomes
S 2 2
?' :I Q—% + 955-%§-+ 9—%-u =0 m-n=2
% : dz Bz
% l The solution is in the form of U/zM. Substituting in Eq. 37, one constructs
%’ the characteristic equation
. ! 2 2
% M°-M(m+r-1) + w“(a/B) =0 , m-n=2
‘Z § Solving this quadratic equation, one obtains & soluvion in the form
2 2 1/2
+ - - - o
1 u(z) = exp (“{ e 12: = +[(m+: - QBA] }z) , m-n = 2 (38)

This deformation is in the form of a non-propagating near-field at small

% frequencies where the expcnent is real. The response is a damped propagating
- wave when the power is complex, i.e., in the fregquency range
1 (B 1/2 mir-1
£>=(= mrr--
- 2 \a 2

To conclude this section, we turn our attention to the fundamental

mode of non-uniform flexural waveguides.

;{ e

oL 4. Non-uniform Flexural Waveguides

§ - In the low-frequency limit, the Bernoulli-Euler equation

¥ which governs the steady-state flexural vibrations of non-uniform beams is
- 4 2 2
) gr $¥ d2 (ET) d‘;- psu’w = 0 (39)
) dz~ dz dz

This takes the more explicit form

4 2_ 2 2 2
- L. (1fs. 18k, 2 ma) S nh
dz dz dz 2 dz

T For a uniform beam, the coefficient of the second derivative vanishes, and
. that of the linear term is constant. The solution takes on the familiar

form

-18=-
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where ¥ is the flexural wavenumber

y = (ko/rg)l/2
where
B 1/2
c, = (E/p)
1/2
= (I/S
rg (1/8)

Eq. 40 reduces to Bessel's equation if the dzw/dzz-term vanishes and if
the coefficient of the linear term is proportional to 2-2. Both these
conditions are satisfied if the product pS varies as z-z, E and I being
constant. This is of course an unrealistic assumption. We can however
construct a meaningful mathematical model by taking E, p, and hence c,
constant, and

r =Bz y=(%mwvz (42)

This condition is satisfied by a wedge, for which

S=2az, I-= A3223 (43a)

and a cone or pyramid, for which

S = Az%, I = AB%z% (43b)

Furthermore, to make the D.E. tractable, the coefficient of the second
derivative in Eq. 40 must be negligible. The solution thus obtained will
be shown to be in the form of a cylinder function. In the large argument
limit, this solution yields the second derivative

2 2
— = -4y w Yz >> 1

The second derivatives can be ignored if 7222 << 24 for the wedge, or << 48

for the cone, conditions obviously not satisfied in the region adjoining the

waveguide apex, where z is small in terms of wavelengths.
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The approximate differential equation is now formally similar to

the flexural equation of motion of uniform beams, even though the coefficient

of the linear term varies as z-zz

4 k
-d-‘-;--y4w=u , -{2=£ (44)
dz

This equation admits a solution in the form of a cylinder function22
. 1/2
w= ch2(21qyz) = chzlziq(koz/B) 1, g=0,1, 20r 3 (45)

It is interesting to note that Kirchhoff solved the problem of the finite

wedge in terms of cylinder functions as early as 1879.

Eq. 45 embodies propagating waves in the form of Hankel functions of

order 2. For large argument, the function is proportional to exp(i¢) where
6 = 20x_z/B) Y 2ut

The corresponding phase velocity computed from Eq. 33 is

c = (cuBz)l/2 = (wc r )l/2

og
As usual, the phase velocity at z is the phase velocity which would be
observed in a uniform waveguide whose material properties and cross section

coincide with those of cross section z.

To conclude this section we consider a non-uniform flexural wavsguide
whose fundamental mode displays cut-off behavior. For a waveguide mounted
on a distributed spring, the equation of motion becomes

4

(EI-E-Z+K-w2pS) w=20

w=20 (46)
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where K is the spring stiffness per unit length. The waveguide's z-dependence

is still governed by Egs. 43. The spring stiffness is selected to vary
linearly with z for a wedge, Eq. 43a,

K = Dz

and parabolically for a cone or pyramid, Eq. 43b,

K=Dz2

For either configuration the ratio K/pS is z-independent. It is in fact the
natural frequency Wy of the undeformed beam undergoing translational, i.e.
z-independent vibrations. Using Eq. 44 we have

2

4 w k
d 4 n _ 2_ o

7Y 1- > w=0 , Y Bz (47)
dz w

The solution of this equation is of the form of Egs. 43 and 44, but the
2,1/4

flexural wave number is multiplied by (1 - mi/m

The construction of the dispersion curves proceeds as in the preceding

subsection:
2 1/4
1/2 (. mn
c = (wcoBz) 1-= (48)

\ w
With increasing frequency, this phase velocity tends to Eq. 45. It divarges
as w+wn, and is complex in the fregquency range w<wn. The wave therefore
attenuates exponentially as it propagates. The frequency w = W is
associated with a zero drive-point impedance, a transverse force exciting
the rigid-body resonance. Like the phase velocity, the characteristic

impedance of flexural waves is infinite at this frequency.

This cut-off phenomenon is observed in uniform spring-mounted flexural
waveguides.l The condition for its occurrence in a waveguide with variable
mass per unit length is that the spring stiffness and the mass of the beam
display the same z~dependence, thus permitting rigid-body translational

vibrations uncoupled from any rotational motion.
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Table 1 ~ Effect of Various Parameters on the Propagation of the

Fundamental Mode in Non-uniform "Longitudinal" Waveguides

(All Coefficients are Positive; the Waveguide Extends over the Region z>0)

SR
PR SR

- z-Dependent Large~z
5 E Wavequide Form of Solution Phase Velocity Convergence of
e B l Parameters Wave Amplitude
oy E;
T
> te+
‘ p =p e*® Cylinder functions E" 1/2 (e-a)z/2 exp (- g___e___ZtS_) z
o - e 4
] Egs. 29, 31 p)
E=E eEz
] s=s5&?
=+ o
. . ; . . 1/2
T Ditto with Exponential function, (no/po) ; cut~off exp (- a4d ) z
3 =
o a=c¢ Eq. 34 frequency, Eq. 35 2
- n . - . 1/2
p = Az Cylinder functions §_) z(m--n) /2 z-—(n+m+2r) /4
b n Eq. 36 A
E = Bz
s = cz¥
s Ditto with Polynominal in z, Non-propagating Negative power of
L b n=m- 2 Eq. 38 z, either real or
§ complex
: 3 _ . . |
§ 2' p = Az Airy functions B 1/2 -1/2 -1/4 |
g X Z z 1
P
L p = az" Cylinder functions B ) 1/2 /2 |
tr n for n even; spherical \A !
. E = Bz spherical Bessel
: functions for n an l
.- odd integer i
. 1/2 i
p = az" Spherical Bessel (g) P i
3 n functions for n :
;’ E = Bz integer
X s =cz"

Aty

2
o

ey,
=
=

H
= {
= i
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PART 1 - Government
Administrative and Liaison Activities

Navy (Con't.)

Office of Naval Research
Department of the Navy
Arlington, VA 22217
Attn: Code 474 (2)
Code 471
Code 200

Director

Office of Naval Research
Branch O0ffice

666 Summer Street
Boston, MA 02210

Director

Office of Naval Research
Branch Office

536 South Clark Street
Chicago, IL 60605

Director

Office of Naval Research
New York Area Office

715 Broadway - 5th Floor
New York, NY 19003

Director

Office of Naval Research
Branch Office

1030 East Green Street
Pasadena, CA 91106

Naval Research Laboratory (6)
Code 2627
Washington, DC 20375

Defense Documentation Center (12)
Cameron Station
Alexandria, VA 22314

Navy

Undersea Explosion Research Division
Naval Ship Research and Development
Center
Norfolk Naval Shipyard
Portsmouth, VA 23709
Attn: Cr. E. Palmer, Code 177

e R ke s am e

Naval Research Laboratory
Washington, DC 20375
Attn: Code 8400
8410
8430
8440
6300
6390
6380

David W. Taylor Naval Ship Research
and Development Cernter

Annapolis, MD 21402
Attn: Code 2740
28
281

U.S. Naval Weapons Center

China Lake, CA 93555
Attn: Code 4062
4520

Commanding Officer

U.S. Naval Civil Engineering Laboratory

Code L31
Port Hueneme, CA  9304)
Naval Surface Weapons Center
White Oak
Silver Spring, MD 20910
Attn: Code R-10
G-402
K-82

Technical Director
Naval Ocean Systems Center
San Diego, CA 92152

Supervisor of Shipbuilding

U.S. Navy
Newport News, VA 23607

U.S. Navy Underwater Sound
Reference Division

Naval Research Laboratory

P.0. Box 8337

Orlando, FL 32806
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Navx (Con't.)

Chief of Naval Operations
Department of the Navy

Commanding Officer and Director
David W. Taylor Naval Ship

Washington, DC 20350 Research and Development Center
Attn: Code OP-098 Bethesda, MD 20084
Attn: Code 042
Strategic Systems Project Office 17
Department of the Navy 172
Washington, DC 20376 173
Attn: NSP-200 174
1800
Naval Air Systems Command 1844
Department of the Navy 1102.1
Washington, DC 20361 1900
Attn: Code 5302 (Aerospace and Structures) 1901
604 (Technical Library) 1945
3208 (Structures) 196g
196

Naval Air Development Center
Director, Aerospace Mechanics
Warminster, PA 18974

U.S. Naval Academy
Engineering Department
Annapolis, MD 21402

Naval Facilities Engineering Command
200 Stovall Street

Alexandria, VA 22332
Attn: Code 03 (Research and Development)
048
045

14114 (Technical Lfbrary)

Naval Sea Systems Command
Department of the Navy
Washington, DC 20362
Attn: Code 03 (Research and Technology)
037 (Ship Silencing Division)
035 (Mechanics and Materials)

Naval Ship Engineering Center
Department of the Navy

Washington, DC 20362
Attn: Code 6105G
6114
6120D
6128

6129

Naval Underwater Systems Center
Newport, RI 02840
Attn: Dr. R. Trainor

Naval Surface Weapons Center
Dahlgren Laboratory

Dahlgren, VA 22448
Attn: Code GO04
G20

Technical Director
Mare Island Naval Shipyard
Vallejo, CA 94592

U.S. Naval Postgraduate School
Library

Code 0384
Monterey, CA 93940

Webb Institute of Naval Architecture
Attn: Librarian

Crescent Beach Road, Glen Cove

Long Island, NY 11542
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Commanding Officer (2)
U.S. Army Research Office
P.0. Box 12211
Research Triangle Park, NC 27709
Attn: Mr. J. J. Murray,
CRD-AA-IP

Watervliet Arsenal
MAGGS Research Center
Waterviiet, NY 12189

Attn: Director of Research

U.S. Army Materials and Mechanics
Research Center

Watertown, MA 02172
Attn: Dr. R. Shea, DRXMR-T

U.S. Army Missile Research and
Development Center

Redstone Scientific Information
Center

Chief, Document Section

Redstone Arsenal, AL 35809

Army Research and Development
Center
Fort Belvoir, VA 22060

NASA

Structures Research Division
Langley Research Center
Langley Station

Hampton, VA 23365

Air Force

Commander WADD
Wright-Patterson Air Feorce Base
Dayton, OH 45433
Attn: Code WWRMDD
AFFDL (FDDS)
Structures Division
AFLC (MCEEA)

Chief Applied Mechanics Group

U.S. Air Force Institute of Technology
Wright-Patterson Air Force Base
Dayton, OH 45433

Chief, Civil Engineering Branch
WLRC, Research Division

Air Force Weapons Laboratory
Kirtland Air Force Base
Albuquerque, NM 87117

Air Force Office of Scientific Research
Bo11ing Air Force Base
Washington, DC 20332

Attn: Mechanics Division

Department of the Air Force
Air University Library
Maxwell Air Force Base
Montgomery, AL 36112

National Aeronautics and Space Administration

National Aeronautics and Space Administration
Associate Administrator for Adv.nced

Research and Technology
Washington, DC 20546

Scientific and Technical Information Facility
NASA Representative (S-AK/DL)

P.0. Box 5700

Bethesda, MD 20014
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Other Government Activities

Commandant

Chief, Testing and Development Division

U.S. Coast Guard
1300 E Street, NW
Washington, DC 20226
Technical Director
Marine Corps Development
and Educatfon Command
Quantico, VA 22134

Director Defense Research
and Engineering
Technical Library
Room 3C128
The Pentagon
Washington, DC 20301
Director
National Bureau of Standards
Washington, DC 20034
Attn: Mr. B. L. Wilson, EM 219

Dr. M. Gaus
National Science Foundation
Environmental Research Division

Washington, DC 20550

Library of Congress
Science and Technology Division
Washington, DC 20540

Director

Defense Nuclear Agency

Washington, DC 20305
Attn: SPSS

Mr. Jerome Persh

staff Specialist for Materials
and Structures

QUSDR&E, The Pentagon

Room 3D1089

Washington, DC 20301

Cgief, Airframe and Equipment Branch
FS-120

Office of Flight Standards

Federal Aviation Agency

Washington, DC 20553
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National Academy of Sciences
National Research Counciil
Ship Hull Research Committee
2101 Constitution Avenue
Washington, DC 20418
Attn: Mr. A. R. Lytle

National Science Foundation
Engineering Mechanics Section
Division of Engineering
Washington, DC 20550

Picatinny Arsenal
Plastics Technical Evaluation Center
Attn: Technical Information Section
Dover, NJ 07801

Maritime Administration

Office of Maritime Technology
14th and Constitution Ave., NW
Washington, DC 20230

Maritime Administration

Office of Ship Construction
14th and Constitution Ave., NW
Washington, DC 20230
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PART 2 - Contractors and Ocher Technical Collaborators

Universities

Dr. J. Tinsley Oden

University of Texas at Austin
345 Engineering Science Building
Austin, TX 78712

Professor Julius Miklowitz
California Institute of Technology
Division of Engineering

and Applied Sciences
Pasadena, CA 91109

Dr. Harold Liebowitz, Dean

School of Engineering and
Applied Science

George Washington University

Professor E1i Sternberg

California Institute of Technclogy

Division of Engineering and
Applied Sciences

Pasadena, CA 91109

Professor Paul M. Naghdi

University of California

Department of Mechanical Engineering
Berkeley, CA 94720

Professor A. J. Durelli
Oakland University
School of Engineering
Rochester, MI 48063

Professor F. L. DiMaggio
Columbia University

Department of Civil Engineering
New York, NY 10027

Professor Norman Jones

Massachusetts Institute of Technology

Cepartment of Ocean Engineering
Cambridge, MA 02139

Professor E. J. Skudrzyk
Pennsylvania State University
Applied Research Laboratory
Department of Physics

State College, PA 16801

Professor D. G. Crighton

Professor J. Kempner

Polytechnic Institute of New York

Department of Aerospace Engineering and
Applied Mechanics

333 Jay Street

Brooklyn, NY 11201

Professor J. Klosner

Polytechnic Institute of New York

Department of Aerospace Engineering and
Applied Mechanics

333 Jay Street

Brooklyn, NY 11201

Professor R. A. Schapery

Texas A&M University

Department of Civil Engineering
College Station, TX 77843

Professor Walter D. Pilkey
University of Virginia
Research Laboratories for the
Engineering Sciences
School of Engineering and
Applied Sciences
Charlottesville, VA 22901

Professor K. D. Willmert

Clarkson College of Technology
Department of Mechanical Engineering
Potsdam, NY 13676

Dr. Walter E. Haisler

Texas A&M University

Aerospace Engineering Department
College Station, TX 77843

Dr. Hussein A. Kamel
University of Arizona
Department of Aerospace and

Mechanical Engineering
Tucson, AZ 85721

Dr. S. J. Fenves
Carnegie-Mellon University
Department of Civil Engineering
Schenley Park

Pittsburgh, PA 15213

Head of the Department of Applied Mathematical Studies

University of Leeds

Leeds LS2 94T
ENGLAND
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Universities (Con't.)

Dr. Ronald L. Huston

Department of Engineering Analysis
University of Cincinnati
Cincinnati, Oh 45221

Professor G. C. M. Sih
Lehigh University .
Institute of Fracture and
Solid Mechanics
Bethlehem, PA 18015

Professor Albert S. Kobayashi
University of Washington

Department of Mechanical Engineering
Seattle, WA 98105

Professor Daniel Frederick

Virginia Polytechnic Institute and
State University

Department of Engineering Mechanics

Blacksburg, VA 24061

Professor A. C. Eringen
Princeton University
Department of Aerospace and
Mechanical Sciences
Princeton, NJ 08540

Professor E. H. Lee
Stanford University
Division of Engineering Mechanics
Stanford, CA 94305

Professor Albert I. King
Wayne State University
Biomechanics Research Center
Detroit, MI 48202

Dr. V. R. Hodgson
Wayne State University
School of Medicine
Detroit, MI 48202

Dean B. A. Boley

Northwestern University
Department of Civil Engineering
Evanston, IL 60201
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Professor P. G. Hodge, Jr.
University of Minnesota
Department of Aerospace Engineering
and Mechanics
Minneapolis, MN 55455
Dr. D. C. Drucker
University of I1linois
Dean of Engineering
Urbana, IL 61801

Professor N. M. Newmark
University of Illinois
Department of Civil Engineering
Urbana, IL 61803

Professor E. Reissner

University of California, San Diego
Department of Applied Mechanics

La Jolla, CA 92037

Professor William A. Nash
University of Massachusetts
Department of Mechanics and
Aerospace Engineering
Amherst, MA 01002

Professor G. Herrmann

Stanford University

Department of Applied Mechanics
Stanford, CA 94305

Professor J. D. Achenbach
Northwestern University
Department of Civil Engineering
Evanston, IL 60201

Professor S. B. Dong
University of California
Department of Mechanics
Los Angeles, CA 90024

Professer Burt Paul
University of Pennsylvania
Towne School of Civil and
Machanical Engineering
Philadelphia, PA 19104
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Universities (Con't.)

Professor H. W. Liu

Syracuse University

Department of Chemical Engineering
and Metallurgy

Syracuse, NY 13210

Professor S. Bodner
Technion R&D Foundation
Haifa, Israel

Professor Werner Goldsmitn
University of Califurnia

Department of Mechanical Engineering
Berkeley, CA 94720

Professor R. S. Rivlin

Lehigh University

Center for the Application
of Mathematics

Bethlehem, PA 18015

Professor F. A. Cozzarelli

State University of New York at Buffalo

Division of Interdisciplinary Studies

Karr Parker Engineering Building

Chemistry Road

Buffalo, NY 14214

Professor Joseph L. Rose

Drexel University

Department of Mechanical Engineering
and Mechanics

Philadelphia, PA 19104

Professor B. K. Donaldson
University of Maryland
Aerospace Engineering Departinent
College Park, MD 20742

Professor Joseph A. Clark

Catholic University of America
Department of Mechanical Engineering
Washington, DC 20064

Professor T. C. Huang

University of Wisconsin-Madison
Department of Engineering Mechanics
Madison, WI 53706
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Dr. Samuel B. Batdorf
University of California
School of Engineering
and Applied Science
Los Angeles, CA 90024

Professor Isaat Fried
Boston University
Department of Mathematics
Boston, MA 02215

Professor Michael Pappas

New Jersey Institute of Technology
Newark College of Engineering

323 High Street

Newark, NJ 07102

Professor E. Kremp]l

Rensselaer Polytechnic Institute
Division of Engineering
Engineering Mechanics

Troy, NY 12181

Dr. Jack R. Vinson

University of Delaware

Department of Mechanical and Aerospace .
Engineering and the Center for :
Composite Materials

Newark, DL 19711

Dr. Dennis A. Nagy

Princeton University

School of Engineering and Applied Science
Department of Civil Engineering
Princeton, NJ 08540

Dr. J. Duffy

Brown University 1
Division of Engineering ]
Providence, RI 02912

Dr. J. L. Swedlow

Carnegie-Mellon University
Department of Mechanical Engineering
Pittsburgh, PA 15213

Dr. V. K. Varadan

Ohio State University Research Foundation
Department of Engincering Mechanics
Columbus, OH 43210
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Universities (Con't.)

Or. Z. Hashin

University of Pennsylvania

Department of Metallurgy and
Materiels Science

College o+ Engineering and
Applied Science

Philadelphia, PA 19104

Dr. Jackson C. S. Yang

University of Maryland

Department of Mechanical Engineering
Coliege Park, MD 20742

Professor T. Y. Chang
University of Akron

Department of Civil Engineering
Akron, OH 44325

Professor Charles W. Bert

University of Oklahoma

School of Aerospace, Mechanical,
and Nuclear Engineering

Norman, OK 73019

Professor Satya N. Atluri

Georgia Institute of Technology

School of Engineering Science and
Mechanics

Atlanta, GA 30332

Professor Graham F. Carcy
University of Texas at Austin
Department of Aerospace Engineering

and Engineering Mechanics
Austin, TX 78712

Industry and Research Institutes

Dr. Jackson C. S. Yang

Advanced Technology and Reszarch, Inc.

10006 Green Forest Drive
Adelphi, MD 20783

Dr. Norman Hobbs

Kaman AviDyne

Division of Kaman
Sciences Corp.

Burlington, MA 01803
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Industry and Research Institutes (Con't.)

Argonne National Laboratory
Library Services Department
9700 South Cass Avenue
Argonne, IL 60440 .

Dr. M. C. Junger

Cambridge Acoustical Associates
1033 Massachusetts Avenue
Cambridge, MA 02138

Dr. V. Godino

General Dynamics Corporation
Electric Boat Division
Groton, CT 06340

Or. J. E. Greenspon

J. G. Engineering Research Associates
3831 Menlo Drive

Baltimore, MD 21215

Dr. K. C. Park

Lockheed Missile and Space Company
3251 Hanover Street

Palc Alto, CA 94304

Newport News Shipbuilding and
Dry Dock Company

Library

Newport News, VA 23607

Dr. W. F. Bozich

McDonnell Douglas Corporation
5301 Bolsa Avenue

Huntington Beach, CA 92647

Dr. H. N. Abramson
Southwest Research Institute
8500 Culebra Road

San Antonio, TX 78284

Dr. R. C. DeHart

Southwest Research Institute
8500 Culebra Road

San Antonio, TX 78284

Dr. M. L. Baron

Weidlinger Associates
110 East 59th Street
New York, NY 10022
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Industry and Research Institutes (Con't.)

Dr. T. L. Geers

Lockheed Missiles and Space Company
3251 Hanover Street

Palo Alto, CA 94304

Mr. William Caywood
Applied Physics Laboratory
Johns Hopkins Road
Laurel, MD 20810

Dr. Robert E. Nickell
Pacifica Technology
P.0. Box 148

Del Mar, CA 92014

Dr. M. F. Kanninen

Battelle Columbus Laboratories
505 King Avenue

Columbus, OH 43201

Dr. G. T. Hahn

Battelle Columbus Laboratories
505 King Avenue

Columbus, OH 43201

Dr. A. A. Hochrein
Daedalean Associates, Inc.
Springlake Research Center
15110 Frederick Road
Woodbina, MD 21797

Mr. Richard Y. Dow

National Academy of Sciences
2101 Constitution Avenue
Washington, DC 20418

Mr. H. L. Kington

Airesearch Manufacturing Company
of Arizona

P.0. Box 5217

111 South 34th Street

Phoenix, AZ 85010

Dr. M. K. Rice

Systems, Science, and Software
P.0. Bex 1620

La Jolla, CA 92037
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