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Abstract—The dispersion spectrum is found for axially asymmetric torsional waves in an elastic, bimetallic
rod with cylindrical core and concentric outer casing. Plotting of the various branches of the spectrum is
simplified by the presence of discrete invariant points which are independent of the material properties and
through which the spectral lines must pass. The siope and curvature of the spectral lines at cut-off
frequencies, the asymptotic approximations at high frequency, the non-existence of complex branches, the
problem of co-existence and the concept of energy flow are also studied.

INTRODUCTION
The problem of wave propagation in a piecewise, homogeneous elastic solid is of interest in
a number of physical areas, e.g.[1-3]. This study concentrates on a geometrically simple
problem, which contains many aspects of more general problems but has not been fully
explored in the literature. In particular, the dispersion equation is obtained and analyzed for
axially symmetric torsional waves in a bimetallic circular cylinder with solid cylindrical core
perfectly bonded to a cylindrical casing of a different elastic material.

Earlier investigations in this area are due to Armenakas{4], Reuter{S] and Haines and
Lee[6]. Using Pochhammer’s equation for torsional waves in elastic cylinders[7], Armenakas
presented numerical results for a few typical choices of material and geometric parameters for
real wave numbers only. Reuter carried out an asymptotic analysis for the low frequency long
wave length region and determined the expression for the phase velocity of the lowest torsional
mode. Haines and Lee reinvestigated the problem and numerically demonstrated the properties
of the dispersion spectrum for a general composite cylinder for both real and imaginary wave
numbers. They also formally pointed out the absence of complex segments of the dispersion
spectrum and rederived the low frequency long wave length approximation for the lowest
torsional mode.

The present study amplifies and further extends the research carried out by these earlier
investigators in this problem area. In addition to a solution for the actual frequency equation,
obtained by numerical solution of transcendental eigenvalue equation, a number of other
significant results have been obtained. First, it is shown that the eigenvalue equation is
separable in the Bernoulli sense so that it may be written as the sum of two analytic functions,
one of which is a function of the radial casing wave number and the other is a function of the
radial core wave number. The separation constant Q, represents the elastic coupling at the
bonded interface between the core and casing and therefore can be incorporated in the
interface continuity equations. The solutions to the eigenvalue problem is thus an analytic
function of the Lie-parameter Q. In particular, the lower limiting value Q- 0* corresponds to a
traction-free boundary eigenvalue problem and the upper limiting value Q 1  corresponds to a
displacement-free boundary eigenvalue problem. The problem of perfect bonding at the
interface is therefore an intermediate cigenvalue problem. It therefore follows from Weyl-
Courant minimax theorem in the theory of self-adjoint differential operators that the Rayleigh
quotient is a continuously increasing function of the Lie-parameter Q, and therefore the
eigenvalues of the intermediate problem are nested by the eigenvalues of the two limiting cases,
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that is, wg¢* <@ <wgt«. The dispersion equations for these limiting cases take on a very
simple form and can be easily plotted and therefore serve as bounds on the dispersion spectrum
of the intermediate problem, as required by the minimax theorem.

To qualitatively sketch the dispersion spectrum, we have also determined analytically the
cut-off frequencies, their slope and their curvature at long wave length. We have also shown
that except for the lowest torsional mode, coincidence of frequencies at cut-off does not exist
and therefore, in general, all branches except the lowest, have zero slope at infinite wave length.
The lowest torsional mode is, however, an exception because at cut-off, zero frequency is a
non-simple double root of the eigenvalue equation and two linearly independent eigen-
functions can co-exist at this frequency, giving rise to coincidence phenomena, and non-zero
slope. We have further shown that in the long wave length region, the curvature of the branch is
greater (less) than c,?/w when u,/u, is greater (less) than p,/p,. Thus for a typical set of material
parameters, all branches of the spectrum except the lowest, have similar geometric properties in
the neighborhood of cut-off frequencies. To obviate elaborate computations in the high
frequency region we have also obtained McMahon-asymptotic representations of the various
frequency equations which enter in the discussion. We finally .conclude this study with a brief
discussion of group velocity and flow of energy fiux in bimetallic cylinder.

BASIC EQUATIONS

For torsional waves in a homogeneous, isotropic, elastic medium the displacement equation
of motion in an open domain R is given by

19/ 4 1 d%u_1du 2
rar(rar>“ pUtg=age >0 (0

where ¢?= u/p is the square of wave-speed of the shear waves in an infinite, homogeneous,
isotropic elastic medium with rigidity modulus u and mass density p. The tangential displace-
ment component is u = uy(r, z; t), where r is the radial direction, z the longitudinal direction
and ¢ is the time parameter, e.g.[7]. Equation (1) is a two-dimensional wave equation and admits
plane waves propagating in the longitudinal z-direction. Assuming solutions of the form

u(r,z; t)y= V(ryexp i(éz — wt), (i=v-1 )
we find that V(r) must satisfy the equation
1d( d\y_ 1y, ays 2
rdr(rd,)v Lveev=0, «Z0 3)
where

k2= (wlc) - &, C)

is the square of radial wave number, £ is the wave number in the longitudinal direction, o is the
angular frequency with real period 27/w and frequency w/2#. The radial function V(r) is the
solution of Bessel equation of order one when x# 0, and in the limiting case when « =0, the
Bessel equation reduces to an Euler equation. In order to accommodate the limiting case when
the radial wave number approaches the value zero, we take the general solution of eqn (1) in the
form

Uy = [A %J.(xr) -z KBY,(xr)] exp i(&z - wt), )

where A and B are suitable coefficients to be determined from the boundary conditions,
We define our bimetallic composite cylinder R: R, X R, to be the union of two cylinders R,
and R, such that

R:0=sr<r, Ry rn<r=<a, |z|]<wo
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a > ry with interface r = r,, which is assumed to be petfectly bonded. The material properties of
the two cylinders are assumed to be

R (1, 1), Ry (ua, p2).
The shear stresses are given by

u a (1
AL ©

and therefore using eqn (5) we find that
. 2 T ,
T0 = iué [A p Ji(kr) - 7 xBY,(xr)] exp i(&z2 — wt),
R [ZAJ,(xr) -z KZBYz(Kr)] exp i(éz — o). ™

For a solid cylinder in region R,, the boundary conditions as r-»0* require that |u, "
(0%, z; )] and |749(0%, z; 1)] be bounded and therefore suitable forms for displacement and shear
stress are

ud = ;(2-1 Ak expi(z—wt), 79 ==2u,AJx(x\7) exp i(§z — wt), (8)

where
k=)’ - &1 cl=wilpy. )]

For a hollow cylinder in region R,, the suitable forms for displacement and shear stress are
U = [Klz Addiian) = F B Yan) | exp iz - o),
TR =—i [ZAzfz(Kzf ) ‘% K2’ BY(kor )] exp i(éz - ot), (10
where

k=0l - "%, = plps. (1

FREQUENCY EQUATION

For a bimetallic cylinder with generators parallel to the z-axis the boundary, interface and
boundedness conditions are

L %k, = oRy: (r=a)xz,
T?o’lak, = T(:zo)lakz oR,,

" uar, = 4Pk, Ry (r=r)xz, (12)

3. |u'(l)l’_.o+ < M, IT‘,‘."MO < M

We assume that R, and R, are perfectly bonded at their common interface R, N R,:
(r = ro) X 2. We therefore assume that the ensuing motion of the bimetallic cylinder will have a
common frequency /27 and a common spatial period 2#/¢ in the axial direction. However, the
radial wave numbers x, € R, and «, € R, will in general be different. The two wave numbers «,
and x, are not independent and only those values are admissible for which the boundary and
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interface conditions (12) are satisfied. We have one boundary condition (12), and two continuity
conditions (12),. From eqns (8), (10) and (12) we find that there are five unknowns A,, A, B,; k,
and k,. Since we have only three homogeneous equations relating the five unknowns, it follows
that the two radial wave numbers «; and «, are not independent. For the three homogeneous
equations to have a non-trivial solution, the determinant of the coefficients A,, A, and B, must
be zero. This leads to the frequency equation

na’Py ~ oy LA (1)aQp+ 2S5 = 0, (13)
where
a=ax,, yErK, n=rla, o=l (14)
and
2 2 4
PzE P0+';'7'; Qo+;Ro+;’? SO-

The functions Py, P2; Qo, Ro and Sy are defined as

Pn E]n(a)yn(na)_ Y,.(a)],,(na), n =092

Qo= Jo(@)Yo(na) - Jo(na) Yo(a),

Ry=Jia)Yo(na)—Jo(na)Y (),

So=Jo(a)Yo(na) - Jo(na)Yo(a) = Py, (15)
where primes indicate differentiation with respect to their respective arguments, e.g.[8].

When «a is imaginary and v real, i.e. when a > ia and y— v, the frequency equation (13)
takes the form

na?Py(a) - oy [P aQa) + 28y(@) =0, ;> ¢ (16)
where now a and vy are both real and
152(01) = Iz(a)Kz(Tla) - Iz(ﬂa)Kz(a),
Oo(a) = J(a)K(na) + L(na)K(a),
= Iy(na)Kola) - I(a)Ky(na).
So(a) = Li(na)Ki(e) - I (@)K (na),
= Io(a)Ko(na) —Iy(na)Ky(a). 1mn

When both a and y are imaginary, i.e. a = ia, y - iy the frequency equation (13) takes the
form

na*Pya) + oy LML) aQua) +25¢(a)) =0, (18)

where a and y are both real in eqn (18), I, and K, are modified Bessel functions and other
symbols are same as defined earlier.

The case of grazing incidence occurs when either ¥ =0 or when a =0. When a -0, the
frequency equation takes the form

YJy)=0. (19)
When y -0, the frequency equation takes the form

aPy(a)=0. (20
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Equation (20) has no real zeros except a =0, since

Pya) = L(a)Ky(na) - L(na)K(a),
~2cosha(l-n)+ ..., a>l, @1

which has no real zeros.t Hence the dispersion spectrum never intersects the line y =0, but
approaches it asymptotically from above. This eliminates the existence of imaginary values of a
and y in eqn (13). However, eqn (19) admits simple zeros and therefore in the region
wlc; < é<wlcy, v is real and a is imaginary.

The last case is when a is real and y is imaginary, i.e. when a - a and y - iy. The frequency
equation in this case takes the form

naPy(a) - oy[L(Y) L(V)NaQua) +28a)) =0,  ¢;>¢; (22)

where now a and vy are both real, and other symbols are as defined earlier. This equation
replaces eqn (16) when the wave speed in the core is greater than that in the casing. Such a
situation is certainly possible, but is of less physical interest.

ANALYSIS OF FREQUENCY EQUATION

The frequency equation (13) can be treated as a function of two independent variables a and
v and has an interesting property that the equation is separable. It is easy to see that this
equation can be written in the form

F(a) = YY), @)
where
= na’Py(a) .
H@) = S Ta0oe) + 254)]
Since
4 s@=0,  Lnminm=0 Q4
da a y d,y ‘y 2 ‘Y 1 ')' y

it follows that there exists a separation constant Q such that

Fa)-Q=0, yh(n)-Qi(y)=0, (29)

where 0 < Q <= and can be considered as a continuous parameter, e.g.(9, 10].

The second of eqn (25) corresponds to the case of a solid cylinder with elastic boundary
condition at r=r,

9l “om == Quilr,. (26)

When Q-0%, we have the case of a traction-free solid cylinder and Q 1 = corresponds to the
case of a solid cylinder with rigid encased surface. The rigid boundary conditions slowly
change to traction-free boundary conditions as we gradually change the parameter Q from = to
0*,

Similarly the first of eqn (25) corresponds to the case of an hollow cylinder with elastic
boundary conditions

() R/u®=-Quilro, (r=r)xz
(i) *2=0, (r=a)xz 27

A general proof follows from the theory of Sturm-Liouville equations.
$Note that this process of separation is capable of generalization.
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By varying Q from 0° to x, the interface boundary condition at r=r, changes from
traction-free to rigid condition. Thus when Q =0, we get from eqn (25),

Pa)=0 if a#0, (28)

which is the frequency equation of a traction-free hollow cylinder. When Q 1 x, eqn (25), gives
us the frequency equation

aQya)+2S¢(a)=0 if ¢#0, (29)

which is the frequency equation of a hollow cylinder with traction-free external surface and
rigid internal surface.
We therefore conclude that when Q —» 0%, the two frequency equations are

M) L(y)=0, y#0,
(i) Pya)=0, a#0, (30)

and when Q 1 «, the two frequency equations are

@) Ji(») =0,
(i) aQyla)+28y(@)=0 if c#0. (31

It can be easily verified that these frequency equations have only simple zeros. Furthermore,
these are also the zeros of the general frequency equation (13). In addition these simple zeros
have the interesting property that they do not depend upon the choice of the rigidity ratio o.
Thus all of these roots of the frequency equation are invariant with respect to the ratio of the
rigidity modulii of the bimetallic cylinder.

Let v, p=1,2,3,... and @, ¢=1,2,3,... be the roots of the two frequency equations
(30). Then using these values of @ and v, the spectral branches of the two frequency equations
are given by

(aw/c)pg = al +(aé),  (awlcy)pe = % (el ) + (ag)?], (32)

where p = p,/p,. The points of intersection of these branches are

2 _ o)~ pal aw\’ _ ol(y/n)f-af)
(@€)5q p—0 ’ ( C) ),,,, p-a ) 33)

From the earlier discussion it is obvious that these points of intersection are invariant points of
the dispersion spectrum through which the branches of the frequency equation (13) must pass.
Furthermore, these are the only points at which these branches can pass through these Q—=0*
and Q 1 = spectral branches which may then be thought of as bounding curves.

For large values of the argument, frequency equations (30) have the Hankel-type asymptotic
form

(i) tan(y—w/d) = 18—5 Y,

- (34)
(i) tan a(1-7) = %QM—")

1t is relatively easy to find the roots of these transcendental equations. These roots when used
in eqn (33) determine the invariant intersection points of the frequency equation (13) in the high
frequency region.
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Now consider the remaining two frequency equations (31). For large values of the argument,
the Hankel-asymptotic forms for these equations are

(i) tan (y~ 7/4)+%=o,

. _ 890 _ (35)
(i) tan a(1 n)+3(l—5n)—0'

Let v,, n=1,2,3,... and an, m=1,2,3,... be the zeros of these two frequency equations
which for large values of y, and a,, agree with the zeros of eqn (31). Then in the high frequency
region the spectral branches of the two frequency equations (31) are given by eqn (32) if we
replace v, by v, and a, by a,. Under the same transformation, the points of intersection of the
branches are given by eqn (33). Again, these additional intersection points are invariant points
of the spectrum through which the branches of the frequency equation (13) must pass.

Now Q is a continuous parameter and for various values of Q one may easily find the roots
of the frequency equation (25). Because the frequency equations are entire functions, it is
possible to express a and v in terms of power series in Q and one can then study the properties
of the a and y trajectories with respect to Q. However, such an analysis is not of much interest
because of roots a of eqn (25); depend upon the choice of ratio o and the intersection points of
the a- and y-branches are not invariant points of the spectrum. With a view towards usefulness
in the study of Floquet waves in bimetallic cylinder with periodic structure, only these invariant
points merit special consideration. As such, no attempt is made to study the properties in the
neighborhood of the o-variant intersection points for other values of parameter Q.

LONG WAVELENGTH PROPERTIES

With the invariant points at our disposal, the branches of the spectrum pertaining to the
frequency equation (13) can be qualitatively traced if one has: (a) the cut-off frequencies; (b)
the slope of the branches at cut-off; and (c) the curvature of the branches at cut-off.
Supplementing this information with the properties at long wavelength and low frequency;
zeros in the zero-frequency plane; and the zeros at grazing incidence, provides sufficient
information to trace the branches of the spectrum qualitatively. Additional information based
on the theory of differential equations reveals that the problem of coexistence does not exist
because all the roots are simple and furthermore, complex roots are inadmissible. However, the
lowest torsional mode is an exception.

(i) Slope at cut-off

If we represent symbolically the frequency equation (13) by the functional form F(a, ¥) =0,
then using the differentiation formulas of implicit functions, we get

do _ Fa;+Fpy, 36
G- " Fa.tFy. (36)

where a =a(w(é), §), y=y(w(f), ) and F,,F,aq...,7, indicate partial derivatives with
respect to the variables a, v, ¢, ..., and o, respectively. Now

a=—a*fa, y=-ridy, Gn

and in the limit as £0, a;Jo~ 0 and y¢jo— 0. Therefore it follows that at cut-off frequencies, the
slope of the branches is in general zero, i.e.

dw _
df (0 = 0: (38)

except when the denominator (F,a, + F,y.) =0. For non-zero values of wave number ¢ the
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slope of the branches will vanish if
14F + 2 L OF

22" ;a—y-=0. (39

In the region of long wavelength and low frequency, when both ¢ and w tend to zero, eqn (36)
takes an indeterminate form, since it can be rewritten as

do _( yF,+n%aF, \¢
df - <')’C|2Fa + 172C220F-y) w (40)

This can be written as

d(w)2 = YFa + 712“51
d(¢) ~ yei’F, + n*cr’aF,’

which suggests that in the low frequency long wave length region, ? is linearly proportional to
&. To determine the slope of the branch in this region, when both w <1 and £<1, we use
power series expansion of Bessel functions for fixed order and small values of the argument.
The frequency equation in this region takes the approximate form

ony’+(n”' - n)a’ =0,

or equivalently

as conjectured earlier. From here we immediately conclude that the slope of the lowest branch
at long wave length and low frequency is given by

_d_f’_ _ (0_ ) 4 \12 ) w<l
az Ro—c2(1+l~(l—p)n‘> o Re g (42)

which agrees with the limiting value obtained by Reuter[5].
From eqn (36) we also see that the slope is indeterminate when

Fu;+ Fyye=F, =0, Fa,+Fy,=F,=0.
Simultaneous solution of the three equations
F=0, F;=0 and F,=0, (43)

determine o, £ and o for which we have coalescence of spectral lines. These are points of
coincidence and as shown in Ref. [11] the slope at these points is given by

2
Fu. (%i"f-) +2F,, %%4 Fe =0, (44)
which gives us the value of slopes
(§3) P = - Fue (L~ FuuFi™. )

When F,|;0—0, as in the present case, the slope of the branches at points of coincidence
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takes the simple form

3—? e-—o=\/(—-§f§)' “9)

In the present problem it can be verified that eqn (43) has only one non-trivial solution
(w, £€):(0,0), which reveals that the origin in the (v, £)-plane is a zero of multiplicity 2. In the
-neighborhood of the origin F,, =2, Fy=—c[1+(0—p)n*/[1-(1-p)n]) and therefore
from eqn (46) we get (dw/d€)e o, Which agrees with the result derived earlier for the lowest
branch. As remarked earlier, this multiplicity leads to co-existence of two linearly independent
eigenfunctions.

(ii) Curvature at cut-off
At cut-off frequencies when the slope is zero, the curvature of the branches is given by

d’w _ _(Fuag+ Fye I
e, ” (R )], - )

Now

aegle—-o= -ac)w, ‘Yeflg-o= - rcilw, a.‘e—»o= alcy, ‘Yalf-o= rlcy,

and therefore the curvature of all those branches at cut-off, whose slope is zero, is given by

d’w _c n(cilca— calcy)
a_g-f 6...‘20 - w (1 + Fa/Fy + 71(02/01))' (48)

For high frequencies and long wavelengths, both « and y are large. Using asymptotic
expansion of Béssel functions of large argument and fixed order, the frequency equation (13)
takes the Hankel-asymptotic form

na sin a1l = n)(cos vy —sin ¥) + oy cos a(l — n)(cos y +sin y) = 0. (49)

From here one can easily show that

(ﬂ ) _ (1= 9)(e?y’ + n*a®) +(a?y* ~ n’a?) sin 2y} - oy cos 2y
F,/¢w noa(2y +cos 2y) ’

and

(g, -

Ct/gs0 O

(I-7) “c—‘: {(1+ ap)+ (1 - op) sin 2y0} + 270V (0p)
(2yy+ cos 2vp) ’

Therefore the curvature of the higher branches at cut-off is given by

d_’mf o ( 1+ (01p)"™(a — pX2y0 + cOs 27,) (50)
Wlet, @0 2pton+1-m (22) {0+ 0p)+ (1 - oprsin2y,

where v, = n(p/0)"*(aw/c,) and aw/c, is a dimensionless frequency.
Now

(1+ap)+(1 - ap) sin 2y, = (cos yo + sin ¥)* + ap(cos o — sin ¥,)?,
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and is therefore a positive-definite quantity. Also, for y,>(1/2) and real, 2y, +cos 2y, =
(290 + 1) cos? yo+ (270 — 1) sin? yo > 0. Hence the second term in the parentheses is positive if
o > p and negative if o <p. When o = p, the curvature is ¢;’/w, which is the curvature of the
a-branch at cut-off frequency. Thus starting at cut-off frequency with zero slope, the branch of
the spectrum lies above (below) the a-hyperbola, when o is greater (less) than p.

(iti) Cut-off frequencies

To sketch the higher branches qualitatively, it now remains to determine the cut-off
frequencies. At £ =0, these frequencies are given by the higher roots of the frequency equation

tan (1- 1)Q — (op)" tan [n(p/a')”zﬂ —%] =0, (51
where Q= aw/c; = a|;p=— (a-/p)”zyle_.o.

ASYMPTOTIC FORMULA FOR THE ZEROS OF FREQUENCY EQUATION WHEN [Q|-=

The zeros of the frequency equation (30) when Q = 0 are well tabulated and their asymptotic
form can also be found in [8). Also, one can find the zeros of Ji(y) = 0, well tabulated. However
asymptotic formulas for the zeros of frequency equation (31), are not available and in this
section we obtain their McMahon-asymptotic representation[12).

Consider the equation

aQo(a) + 250(0’) = 0, (52)
where
Qo) = Ji(na) Yo(a) = Jo(a)Yi(na),  Sela) = Y(na)Ji(a) - Yi(a)]i(na),

and n = ry/a <1. Using Hankel-asymptotic expansion of cylinder functions for fixed order and
large arguments, it can be shown that eqn (52) can be written as

cos[(1-n)a+8]=90, (53)
where
cos§~1+ 15 (1+6n-T9H)+
———-72(8 y
1 ~_.._... 2 3
sin 8 8na [(517 ])+W(7+15"+2]" +21ﬂ)+---]- 54)

The zeros of eqn (53) are given by
(l_n)an =Bn—0’ (55)

where
Bo=@n-DF, =123, (56)
and @ is the solution of

3 3
tan0~8—n;[(5n—) @n )2(5+911 4597 +63n)+...]. 57
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When a > 1, it follows that tan <1 and therefore we can write

0=tan0—%tan30+§tan’0—---- (58)

From eqns (57) and (58) we therefore get
6= (5n - 1) i (7 - 157+ - (59)
8na (8na)

From eqns (55) and (59) it now follows that for large values of a, the asymptotic value of the
roots is governed by the algebraic equation

a=vy+pla+qgla®+--- (60)
where
=B _31-57) _12(159°=7)
TS 1w PTE(-wy TG -wy ©1)

Using Lagrange’s expansion theorem, the roots of the algebraic equation (60) are
a~y+ply+(q-ply’ +--- (62)

Hence for large values of a, the asymptotic formula for the zeros of the frequency equation
(52) have the explicit representation

31-57)  12(7— 1 —60n+1359° + 1579

-~ - . s
R Py e (8n7.) (1 - n)? oo Wi, 63)
where
- @Qn-Dm

INADMISSIBILITY OF COMPLEX WAVE NUMBER ¢

In this section we show that in the case of a bimetallic rod, the wave number ¢ can be real
or imaginary, but cannot be complex. This easily follows by using the theory of singular
Sturm-Liouville eigenvalue problems[13].

Consider eqn (3) which can be written in the self-adjoint form

Lu+x*ru=0, reR: RiXxR, «*20 (65)

where

_4(,4)_1
L=3 (' dr) r
and r =0 is a singular point. The domain of the operator L is the class of C¥I) functions which
satisfy the boundary and continuity conditions (12).
Let u,(r) and u,(r) be two complex-valued functions which satisfy the equations

Lu,+x,zm, =0, R|: 0<r< Fos Lu;+x22ruz=0, Rz: n<r<a, (66)

where x; and «, are assumed to be complex wave numbers. The associated eigenfunctions u,
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and u, are assumed to be complex and therefore we choose

u|=UI+iW|. Uy = L‘2+l'W2, K1='lh+il/|, K2=172+iV2,

KP= = v) 2y, k= () - ) + 2imgrs. (67)
Substituting into eqn (66) and equating real and imaginary parts, we get the four equations

Lvy+(n? = vdrv, = 2mvrw, =0,

<r<
LW|+(7712"V|2)rwl+2nlvlrv|=0; 0<r o

va"’(’ﬂzzz" Vz?"vz“ 2051w, =0, < r<a (68)
Lwy+ (= v)rwy + 2mpar0, = 0.

From these equations we easily get the relation
U|LW1“W|LU[+2‘T]|V]"(D|2+ W|2)=0, 0<r< Iy
szWZ - WzLUz + 27]21/2"(1)22 + sz) =, o <r<a (69)

We first remark that the operator L is singular at r = 0. Therefore we consider the improper
integral

o a
Zmzqf v+ wHr dr+2n2v2j (v + wirdr
€ ro

lim ¢—0

= f o(wlLvl— U|LW1) dr+j (Wle)z" UzLWz) dr,
lim -0 J ¢ r

(]

= [rWlw, 0]]@+ [rW(wy, 0a]17;, (70)

lim e—0

where W(w, v]=(wv'—vw'). First r-0 as e—-0; secondly the self-adjoint operator L is
symmetric and therefore the conjunct of the operator is zero at the boundaries. Hence we get
the equation

mv f ’ (l)|2+ le)r dr+ 172V2f (Uzz+ sz)r dr=0. (71)
0 T

0

Let «; and «, be the wave numbers defined by eqns (9) and (11). Assuming ¢ = ¢, +i& in
these equations, we get
k=0l = £ =(¥cr - &+ &) -2k,
K = 0¥l — = (0¥~ &7+ &) - 2k, (72)

and therefore comparing with eqn (67) we find that

mv=mn=-5&. (73)

Equation (71) therefore takes the form

&6 {L’o (vl +wHrdr+ I: (v2+ wh)r dr} =0. (74)

0

We first assume that the quantity inside the braces is non-zero. Then eqn (74) will be satisfied if
either £ =0 or & =0. This says that real and imaginary wave numbers ¢ are admissible. Now
let ¢ be complex so that £ and ¢, are both non-zero. Then for the equation to hold the quantity
within the braces must be zero. Since each of the integrand is positive-definite, it follows that
u; = (v, w) =0, and u, = (v, wy) =0. This implies that for complex values of £, the functions
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uy(r) and uy(r) are identically zero and therefore complex ¢ is inadmissible. We therefore
conclude that frequency equation (13) does not admit complex wave number £, but can be real
or imaginary.

COINCIDENCE OF FREQUENCIES

It is easy to demonstrate that for each frequency » >0 there exists only one linearly
independent eigenfunction, and therefore all roots of the frequency equation are simple and
coincidence cannot take place. Suppose that for a given frequency, eqn (66) has two linearly
independent eigenfunctions ¢, and ¢,. If we compute the conjunct of the operator and use the
boundary conditions to evaluate it we find that the conjunct vanishes. However, in this case the
conjunct is the Wronskian and vanishing of the Wronskian implies that the two solutions cannot
be linearly independent as assumed. Hence all the roots of the frequency equation for w > 0 are
simple and coincidence of frequencies cannot occur, because our problem is of Sturm-Liouville
type[13].

On the other hand x =0 when w =£=0 and the equation degenerates to an Euler's
equation. The conjunct of the operator is

(dldx) W1, d2lor = {1, ¢2)
lim x>0

m x

and hence non-zero. We thus have a problem of co-existence when w = ¢ =0. In the theory of
spectral representation this knowledge is of fundamental importance.

VELOCITY OF ENERGY FLOW

In an open connected domain R, the stress equation of motion, correspoding to displace-
ment equation (1), can be written as

O 2 O Ou_ :
ar+r'r,,+ 2 P 0, R:RXR, (75)

where in terms of the physical components

Te =R (% -%) =2uey TH=H ‘;—: =2pe, (76)
The total energy is
E= L erdrdz, an
where the scalar energy density is
& = (Trgtrs + Tr020) +% pi?, (78)

which is the sum of the potential and kinetic energy densities.

The time rate of change of energy density can be easily obtained by differentiating the
energy density e with respect to the time parameter . When the shear stresses satisfy the
equation of motion (75), the rate of change of energy density is given by

%2 )+ =0, 79

Relating the physical components to components of tensor density, we now define

re=é,  Urme =i, Urne = U7, (80)
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where u, is the covariant component of displacement, 72 are the contravariant components of
stress tensor density of weight +1 and ¢ is the scalar energy density of weight +1. The
equation of continuity of energy and its flow now takes a familiar (covariant) form

iéi— 1,75 = =
fy 3, (U 7%) =0, k=1,3 (81)

where we have used the standard summation convention, identified the coordinates r, 8, z with
the indices 1, 2, 3 respectively and 4, represents the partial derivative with respect to the (x)-th

coordinate[14]. On comparing this equation with the flow of matter in fluid, we easily infer that
the mean velocity of energy flow is given by

t
f dtf nrede
Ct =- 0 ‘R 00

t y
fd:fe'd&
o Jr

where Cy,, is the (k)-th component of group velocity.

R: RiXR, (82)

DETAILS OF THE DISPERSION SPECTRUM

As pointed out earlier, the sketching of the spectrum is considerably simplified by the
presence of bounding curves corresponding to the value of parameter Q—0* and Q 1 . The
spectral lines must pass through the intersection points corresponding to the family of bounds
Q-07, and the family for Q 1 =, separately, because the solution common to the two problems
is also a solution to the original problem. In addition, the spectral lines cannot cross these
bounds because such solutions do not satisfy eqn (13).

For convenience of drawing the spectrum we introduce non-dimensional frequency ) and
non-dimensional wave number A, where

Q=ovlo, A=(a-r)émn, (83)

and @ = mcy/(a —ry), is the lowest thickness-shear frequency of an infinite plate of thickness
(a —ry), [9]. In terms of non-dimensional variables the bounding curves for Q@ —0* are

V== [(1-n)nPal, Qleg=A2=[(1-n)mly’ g}=0’1»2»~- (84)

where cg’ = ¢,%/c,* = olp. The coordinates of the intersection points are

1 - 2 1 _ 2
M= () (eini-ntadii-cd). 0= (122) - miaadli- . (89

For the second set of bounding curves corresponding to Q1 and the coordinates of the
intersection points, we replace 7,, @, by ym, a, in the above formulas. The values of y,, , and
Ym> @, for @Q—>0* and Q 1 =, are the simple zeros of eqns (30) and (31), respectively.

In the (Q, A)-plane, the straight lines 0 =A for a =0 and Q=cgr for y=0, are the
asymptotes to the bounding curves. These asymptotic lines divide the real plane in three
regions, (i) = A, (ii) A <Q =< Acg and (iii) Acg <) =0, where we have assumed that cx < 1. In
the first region a and y are both real; in the second region a is pure imaginary and v is real; and
finally in the third region, « and vy are both pure imaginary. However, as shown earlier, no roots
exist in the third region. The asymptotic line { = A intersect the bounds @0 and Q 1 =, and
their coordinates of intersection are given by eqn (85) if we set ay =0 in these equations. The
cut-off frequencies (), are the roots of transcendental equation (13), if in this equation we set
a=70/(1-7) and y=n7Q/[(1 - n)ce]. In the high frequency region this equation takes the
simpler form of eqn (51).

The dispersion spectrum can now be calculated using the above information as guide. For
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real a and v, eqn (13) must hold. Choosing appropriate. starting values and increments for a, the
corresponding y's may be found by numerical iteration. Each y can be identified to the mode it
represents by means of the bounds on a and y. Once a and y are known, the corresponding
values of {) and A are given by

- 9\? -m\2
0= (20) (P - adlticd -1, 47= (122) candn = adlUeg = 1. @6)

As soon as the asymptotic line {} = A is crossed, a becomes imaginary, y remains real and
now eqn (16) must be satisfied. Once a and y are determined from this equation, the
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Fig. 1. Dispersion spectrum in (a, y)-space with bounds and cut-off frequencies.
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Fig. 2. Dispersion spectrum in ({1, A)-space for real and imaginary A with bounds and asymptotes.
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coordinates {) and A can be determined from eqn (86), if in this equation we replace a by ia. As
mentioned earlier, when cgz <1, there are no roots of eqn (18), when both a and vy are
imaginary. Hence the spectral lines never intersect the asymptotic line () = Acg, but approach it
asymptotically from above. After the solution for real A has been carried out, the procedure is
repeated for imaginary values of A. The bounding curves are now circles and ellipses, rather
than hyperbolas as was the case for real A. The computational procedure is the same as for real
A, except that we replace A by iA in all relevant formulas.

Figures 1 and 2 illustrate a typical set of dispersion curves for n=1/3, ¢ =1 and cg = 1/2,
first in the (a, ¥)-space and then in the more familiar ({2, A)-space. The subscripts 1, 2 on a and
v indicate the bounding curves corresponding to Q 1« and Q- 0%, respectively. The integer
inside the brackets indicates the “mode” or value of p, g, m or n, for example a,(3) = a,-3,
Yi(1) = Yuoy, etc.
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