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Abstract—Two-dimensional equations are derived for high-frequency vibrations of linear elastic
shells. The derivation is based on the variational asymptotic analysis of the three-dimensional action
functional. This guarantees the exactness of the derived equations for the classical and thickness
branches of vibrations in the long-wave range. A best short-wave extrapolation is chosen so as
to reach the qualitative agreement with the three-dimensional theory in the short-wave range.
Comparisons are made with the similar results of the three-dimensional theory. © 1997 Elsevier
Science Ltd.

1. INTRODUCTION

The classical two-dimensional equations of motion of elastic plates and shells can be used
to describe their vibrations in the low-frequency long-wave range (Berdichevsky, 1979).
The exact solutions of the three dimensional equations of elasticity for infinite plates, by
Rayleigh (1889) and Lamb (1917), confirm this conclusion. A similar situation exists with
regard to the classical one-dimensional equations of motion of elastic rods (Pochhammer,
1876). Numerical analysis of Rayleigh-Lamb’s and Pochhammer’s dispersion equations
(Onoe, 1955; Tolstoy and Usdin, 1957) shows that, as the frequency increases, many new
branches of the dispersion curves arise. These branches are connected to each other in the
complex wave-number plane, signifying the complicated interaction between waves of
different branches near the free edge of the plate or rod. As the wave number and the
frequency increase, the velocities in the three-dimensional theory have upper limits for all
branches, in contrast to the classical two-dimensional theory. Hence, the latter cannot be
expected to give good results for the frequencies of modes of vibration of high order.

Timoshenko (1921) was the first who included the effect of transverse shear defor-
mation to derive a one-dimensional theory of flexural motions of bars which gives more
satisfactory results for short waves and high modes of vibrations. But Timoshenko’s theory
and its generalization for plates and shells (Reissner, 1947, statics only; Berdichevsky,
1979} have the shortcoming that they cannot describe satisfactorily the cut-off frequency
(corresponding to the zero wave number) and the long-wave asymptotes of the first branch
of thickness vibrations.

It was Mindlin (1951) and Mindlin and Medick (1959), who succeeded in deriving
two-dimensional equations of motions of plates which gives satisfactory results for dis-
persion curves of both low-frequency and thickness branches. In their pioneering papers
the following method of derivation has been proposed. The displacements are expressed by
the expansions in the series of Legendre polynomials of the thickness coordinate. These
series expressions are then substituted into the three-dimensional action functional followed
by an integration over the thickness and a truncation to produce a required order of
approximation. Since Legendre polynomials are not appropriate eigenfunctions of the
branches of thickness vibrations, the obtained two-dimensional theory cannot describe cut-
off frequencies and long-wave asymptotes of those branches. The ““correction coefficients”
are introduced to improve the match between the frequency spectra of an infinite plate as
obtained from the approximate and exact equations.
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Although Mindlin’s and Mindlin-Medick’s theories have been successfully applied for
many engineering problems (see Mindlin, the Collected Papers, and quotations therein),
their introduction of the “correction coefficients” remains a little bit mystic. Berdichevsky
(1977) was the first who showed that the long-wave asymptotic analysis can be applied for
branches of high-frequency thickness vibrations of elastic plates near the cut-off frequencies.
Based on the variational asymptotic method (Berdichevsky, 1979, 1983) he found the
distributions of the displacements and derived the equations of high frequency long-wave
vibrations for all thickness branches. This method is then applied for elastic rods (Kva-
shnina, 1979), elastic shells (Berdichevsky and Le, 1980}, and piezoelectric plates (Le, 1984).
The later checking, by Kaplunov (1990), confirm the results for plates, but display some
arithmetic mistakes in our calculations of coefficients for the equations of shells, the
corrections of which lead to the full agreement of the results.

The equations derived in Berdichevsky and Le (1980) are asymptotically exact and
describe correctly the behavior of shells in the long-wave range near the cut-off frequencies.
However, these same equations without modification yields an unsatisfactory description
of the dispersion curves and the group velocities in the short-wave range. At the same
time, the formulation of boundary-value problems is associated with the behavior of the
differential operator at short wavelength. Thus, even asymptotic exact equations in the
long-wave range may lead to the ill-posed boundary value problems (Berdichevsky, 1979).
Therefore the construction of the theory of shells involves not only the derivation of
equations in the long-wave range, but also another logically independent step—the extra-
polation of those equations to short waves.

It is possible to carry out either trivial extrapolations, when the system of equations
derived for long waves is applied for short waves without any changes, or nontrivial
extrapolations, when terms that are small in the long-wave range but appreciable for short
waves are introduced (removed). We clarify this by a simple example. Let us consider the
following one-dimensional equations

S*u—c*0iu =0, 1))
Olu—ctoiu+cPhPotu = 0. 2)

Here c is a constant having the dimension of velocity, 4 is a small parameter having the
dimension of length. In the long-wave range these equations are indistinguishable in the
first approximation, for the term c?4%d%u for long waves is small compared with the term
¢?0%u. In the short-wave range, however, eqns (1) and (2) differ essentially. Equation (1) is
a hyperbolic equation of second order requiring two boundary conditions. In eqn (2), for
short waves, the term ¢?62u, which is small compared with ¢?3%u, can be neglected, so that
(2) is analogous to the equation for the transverse vibrations of a beam and requires the
formulation of four boundary conditions. Equations (1) and (2) can therefore be regarded
as the two different short-wave extrapolations describing the same physical situation in the
long-wave range.

For shells in the short-wave range it is impossible to describe the three dimensional
stress state exactly by the two-dimensional theory, and only a qualitative agreement can at
best be expected. For this reason, different two-dimensional equations are allowed in the
theory of shells. However, it is natural to demand asymptotic equivalence in the long-wave
range of the different short-wave extrapolations.

In our paper (Berdichevsky and Le, 1982) the best hyperbolic short-wave extrapolation
is proposed for the equations derived in Berdichevsky and Le (1980). This involves the
classical branches and several thickness branches of vibrations and takes into account their
cross-terms at short waves. The structure of the equations is similar to those of Mindlin
and Mindlin and Medick for plates, but in contrast to their theories, the asymptotic
accuracy is achieved in the long-wave range by the asymptotic analysis and not by an
introduction of “correction coefficient” based on an ad hoc assumption. This result is then
generalized for piezoelectric shells (Le, 1985, 1986), and elastic rods (Le, 1986).
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In this paper we present the full derivation of the two-dimensional theory of high-
frequency vibration of the elastic shells. We regard this theory as the shell theory with
internal degrees of freedom, which is specified by the two-dimensional kinetic and internal
energy densities. We then apply this theory to study wave propagation in an infinite
cylindrical shell. We compare the dispersion curves according to the two- and three-
dimensional theory (Gazis, 1959) and show the asymptotical exactness of the former in the
long-wave range. Based on the two-dimensional theory, an edge mode of vibration is found
for the semi-infinite cylindrical shells. The physical explanation of the existence of this
mode is given.

2. DISPLACEMENT NEAR THE CUT-OFF FREQUENCIES

The long-wave state in shells is defined as the state whose smallest wavelength / of the
deformation pattern in the longitudinal directions is considerably greater than the shell
thickness 4. The possible types of long-wave vibrations can be classified roughly as follows.
Let the face surfaces of the shell be traction-free. Since /> A, the derivatives of the dis-
placements with respect to the longitudinal coordinates £ (x = 1, 2) can be neglected in the
Lame equations and in the stress free boundary conditions as small compared with the
derivatives with respect to the transverse coordinates & e(—#/2, h/2). Then the Lame equa-
tions decompose into a system of three independent equations

W, . h  ow, 3 h
Hog2 =P 1€l <3, FE =0, {=%7., ()
0w h  ow h
- = y 4 XA A — E = s 4
(A+2p) PP pw, el <3 o 0, ¢=1%; @

Here w, and w are projections of the displacements on the longitudinal and transverse
coordinates, 4 and u are Lame’s constants of the isotropic elastic material of the shell, and
p the mass density. Small Greek indices correspond to projections on the longitudinal
coordinates and range over 1, 2. The dot over quantities denotes their time derivative. The
complete set of particular solutions of (3) and (4) follows

w=uv/2cosal, w,=0, a=2mn, (F.(n), (5)
w=0, w,=y,/2sinpl, B=nQn+1), (F @), (6)
w=y/2sinal, w,=0, a=n2a+l), (L.(n), (7)

w=0, w,=r1,/2c0s B, (L n), (8)

with { = ¢/h. The quantities « and f run through a countable set of values, however, no
indices are attached to o and f§ in order to avoid complicated notations. The factor \/5 is
chosen so as to simplify the two-dimensional kinetic energy. It is understood that the
functions v, ¥,, ¥, and », correspond to each value of a or f; these functions are also
not numbered. Furthermore, they depend harmonically on ¢ with frequency « which is
determined by the appropriate values of o or § from the formulae

w=— 0or w=—-. &)

Here ¢, and c, are the velocities of dilatational and shear waves, respectively. The notation
for series of different solutions is indicated in parentheses in (5)—(8).
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For functions, v, ¥,, ¥, v, independent of &% each of the solutions given above
represents an exact solution of the Lame equations for an infinite plate and corresponds to
synchronized vibrations of transverse fibers along the plate (with the zero longitudinal wave
number). The frequencies (9) will be called cut-off frequencies. For vibrations whose
amplitude and frequency vary slowly in the longitudinal directions of the plates and shells,
the equations (3)—(4) can be regarded as the zero approximations. The solutions (5)—(8)
can be considered as the principal terms in a certain asymptotic expansion in which v, .,
¥, v, are functions of £* and ¢, where

U~ wu, l/}u ~ wl//ae lp ~ (,()l//, l;.ac ~ WU, (10)

The values of w in these estimates are taken for the same branch as the corresponding
function, with the exception of F,(0) and L,(0), for which it is assumed that ¢ ~ ¢,v//,
0% ~ co0,/1, where [ is the smallest wavelength of the deformation pattern. The branches
F,(0) and L,(0) correspond to the low frequency vibration when wh/c, « 1. The inde-
pendence of the displacement at these branches from £ in the zero approximation is a part
of the Kirchhoff-Love hypothesis (Kirchhoff, 1850, Love, 1927). All the remaining branches
correspond to vibrations with frequency @ ~ ¢,/h. The propagation time for a perturbation
over the thickness is of the same order as the period of vibration, and it is impossible to
suppose the displacements polynomials in £ even in a zero approximation. Since w — oo as
h — 0, the corresponding vibrations are naturally called high-frequency (or thickness)
vibrations.

Taking for example # = 1, ¢, = 2500 m/s (e.g., steel), 4 = 3 mm, we have w, ~ 4-10°
Hz for the branch F,(0), i.e., », is in the ultrasonic domain. Vibrations of elastic bodies at
such a frequency can be important in problems of impact or in problems of vibrations
caused by an electromagnetic field (Mason, 1950, Shaw, 1956). Let us note that for layered
shells of sandwich type with a significant drop in the elastic moduli, w, is considerably
smaller and can even be in the audio frequency domain (Ryazantseva, 1985). The branches
have the displacement distributions which oscillate all the more rapidly over £ as n grows.
The distribution of the branch » has 2n or 2n+1 zeros. Note that the wavelength of the
high-frequency branches in the transverse direction of the three-dimensional shell is smaller
than 4, but this fact is not an obstacle for the application of the asymptotic analysis, which
is based on the smallness of 4/I, with / the wavelength in the longitudinal direction.

To formulate the problem of free vibration of the shell we refer its unreformed state
to the curvilinear coordinates &%, &

X' = (&) +En'(&).

Here, x' are Cartesian coordinates, #(¢%) is the position vector of the middle surface Q,
n'(£%) is the normal to Q. Latin indices correspond to projections on x' and range over 1, 2,
3. In the coordinate system &*, £ the covariant and contravariant components of the metric
tensors are given by the formulas

Gop = Uup—2byl ol G =0, g3 =1,

1
g = — (1 —2HO @ + 251 —2HOb + ¢
g

h3
=a? +20PE+ 3P E + 0(;),

7o =0, g”=1. (1)

Here a,g, b,;, ¢,z are the first, second and third quadratic forms of the middle surface €,
respectively, k = 1 —2HE+ K&%, H and K are the mean and Gaussian curvatures of Q, R is
the smallest radius of curvature of Q. We express the components of the strain tensor in
the following form
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Eap = XiaWiLpy = FaWipy — EDGTsWip)
= Wapy — Whyg — EbGWo,p + EWeyg,
263:1 = niwi.:x + xfuwi,f = W,az + bgwa + wcz,g' - bgéwa.fs
833 - niwi‘i == W‘g. (12)
Here w, = w;rl, w = wn' are the projections of the displacement vector w; on the tangent
vectors r, = r’, and the normal #, the comma in the subscripts denotes partial differentiation
with respect to &%, the semicolon denotes covariant differentiation on the surface Q, and the
parentheses in the subscripts denote the symmetrization operation.

According to Hamilton’s principle the displacements corresponding to the free
vibrations of the shell are extremals of the action functional (see, e.g., Berdichevsky, 1983)

ty h/2
I=J JJ Lrxdldads, (13)
1y JQJ —hf2

with L the Lagrangian given by

1 1
L=5p(# + @ vg) — [5 MG ey +€33)° + 19797 60,5+ 1(E33) +2ug”‘38a3833}
(14)

and da the area element on Q.

Let us apply the variational-asymptotic method to the variational problem of finding
the extremals of the functional (13). We assume the smallness of the parameters 4, = 4/R
and Ay = h/l everywhere in Q. Making the substitution { = £/h and discarding formally
all small terms in (13) we arrive at the zero approximation functional

ty 1/2 1 1 1 1
lo=h SoW A+ S pa P g — (A4 2) — (W) —p—aPw,w :Id“dadt.
’ LLL&L” 5Py — (24 20) =) —u g @y |dL

(15)

The Euler equations of this functional yield four series of free vibrations (5)—(8). It is
convenient to introduce further in the series F, and L, the number § according to

_ e 1—2v
v=eb e= i (16)

Similarly, we also introduce in the series ) and L, the number « by the same formula (16).

Now we find the next refinement for the displacements of branches of the series F, .
Considering v belonging to the branch F,(n) a given function of £* and ¢, we seek w, for
that branch. Keeping the principal terms depending on w, and the principal cross terms in

(13), we obtain the functional
1 1/2
fJd—172

with
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1
L, = 3 pww w* — Aw*v ,ah~ ' /2 sinal
1
— E,ua“”(h‘ "W,y +v,,,ﬁ cosal)(h™! W+ vﬁﬁ cosaf).

Integration by parts was performed and terms that go to the boundary and does not affect
the equations inside Q were neglected in (17). Let us find the extremal of this functional.
After taking the variation of (17) relative to w, we obtain the equations

Wage + oW, = A:”how,a\/i sina, & <1/2, w,+hv,/2c0sal =0, (= +1/2.
(13)
They yield the following tangential displacements
h ) 2(—1)"esin(Bl)
=p,— B 1
W, = U, . ﬁ(sm ol cos(B12) 19

As expected, the tangential displacements turn out to be much smaller than the normal
displacement in the long-wave range and are of the order A, ,u.
Let us seek the correction to w

w=vcosal+w.

Here w, is considered fixed and defined by (19). Without limiting the generality, the
following constraint can be imposed on w’

172
J w cosald{ = 0.

—1/2

It corresponds to the assumption that u = <w\/§ cosal), where {.» denotes the integration
over { from —1/2 to 1/2. After discarding small terms containing w” and small cross terms
as compared with the rest, the functional (13) takes the form (17) with a Lagrangian given
by the formula

1 1
L =5pi+ p2HA{i /2 cos alw’ — S0+ 2u) (W)

At2 2H 2H . ‘
_ J; # 2HCow. /2 sin alw’, + — Wvy/2cos ol ~ 4 - wavy/2sinal.  (20)
Its extremal has the form

1—4¢2

w = Hhv\/E(C cosal + sin af).

o

Summing up, we have the following distribution of the displacements over the thickness in
the series F, (within the first approximation)
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1 —4¢?
F . w=v ZCosocC+Hhv\/§(CcosaC+ a" sinocC),

_h ) 2(—1)"esin(BL)
Wy =0V, &\/i(smocC— W) (21)

Analogously, formulae are obtained for the displacements in the three remaining series

Fii w,=,/2sin ﬁc+hﬁ(ﬂmc sin B + %‘5% COSﬁC>,
W=y %ﬁ (cos BL— L—;—l%(ﬁc—)) (22)

Li: w=y/2sin ac+Hh¢ﬁ<c cosal — 1_:62 cos aC),
W=, §ﬁ<—cos ol + %) (23)

N
Li: w,=v,/2cos ﬂC—i—h\/E(HvaC cos f{ — %‘vﬁ sin [3{),

na : 2(=1)"esin(e)
W= v;aﬂ\/i<—s1n BC+ cos(2/2) ), (24)

where b2 = b + HS?. The distinguishing feature of shells as compared with plates is that
the correction terms in the displacements are of the order A, compared to the principal
term, while they are of the order A%, in plates. By continuing the iteration process, the
next corrections to w and w, can be found. They are not presented here since they yield no
contribution to the average Lagrangian of the first approximation.

3. THICKNESS VIBRATIONS IN THE LONG-WAVE RANGE

Let the displacements w, w, be expressed by the infinite series of branches given above,
where u, Y, ¥, u, are arbitrary functions of ¢* and ¢. After substituting these series into the
action functional (13) and integrating over the thickness we neglect those small terms of
order A,, A,y compared with 1. It turns out that the thickness branches are orthogonal
relative to the energy functional in the long-wave range (Berdichevsky, 1977, Berdichevsky
and Le, 1980). Therefore the average functional has the form

I= hff Ldads, (25)
1 JQ

where the average Lagrangian L decomposes into a series of average Lagrangians of low
frequency and thickness branches.t For the series F, we get

t The average Lagrangian of the low frequency branches can be found in Berdichevsky, 1979.
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AN h\?
F.: 2L=pi*+pl, (&) a0+ pls <&> v*

2
—(A+2p) ((%) v +hate v+, vz>,

_ o, 2e°tan(B2) 53¢ 2¢°
h= 2<1 B2 1-e? +cosz(ﬁ/2))’
3 —¢? 42 tan(B/2) N 4¢?
e pR cos*(8/2)’

lz=1—

2

3
I, = —(3H> —K)(5 + % —8e2)+4H2(1 —5¢> +4e),

1 2
I, = —(3H2—K)<§+%)+2H2(1—6e2+8e‘)- (26)

Within the first approximation one can further simplify this expression. Indeed, at the cut-
up frequencies eqns (9) and (10) are valid so that one can replace the term
ply(hja)*a?s,04 by plycia™®v,v, and the term pl,(h/a)*0* by pliciv?. Now the average
Lagrangians for the series F, become
Fi: 2L = pi* — p((h=* 2 +ho)v? +kyao,0,),
1 16tan(f/2)

k== — ,
LT e B

1 1
ky, = ~H2<—2—16>+K<—2—8). (27)
(4 e
In the similar way we get

Fyr 20 = pa™ g —pl(h > B2 + kP Wlp+ 20 wp ¥ ™P + k1 (05)7],
16¢7 cot(x/2
+ e* cot(o/ )’

k= —1 (28)

o

k¥ =(3H* - K)a® + 6Hb* —2Ka™,
L,: 2L =py? —u[(h 2B + k)2 + k@ b 4],
1 16cot(f/2

K, =+ B/ )’ 29)

e’ B

Ly: 2L = paPo,05— pl(h~*B*a™ + k5 )o,05 + 200,50 P + K,y ()],
16e? t 2

ky = —1— L6 tan(@/2) (30)

o4

The coefficients k, in the series L, and the tensors k¥ in the series L, are not written down
here since they agree in form with those in the series F, and L.t Not only the principal
terms containing the factor 1 in the kinetic energy and the factor #~* in the internal energy,

t There were some arithmetic mistakes in our calculation of the coefficients of correction terms in Berdichevsky
and Le (1980).
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Fig. 1. Graph of k, as the function of v.

but also terms of the next orders of smallness must be retained in the average Lagrangians
(27)-(30), due to the fact that, at the cut-up frequencies, the sum of the principal terms
turns out to be small.

By varying the action functional (25) with L from (27)—(30) we arrive at the following
equations of thickness vibration

Fiiopp=pl—(h 2B +k;)v+k Al G

Fy ol = pl— (02 B+ kabg) + (ko + DY + AL (32)

The equations for the series L, and L, can be obtained from (31) and (32) by making the
respective substitutions: v — ¥, ¥, — v,. These equations coincide with those of Kaplunov
(1990) derived by the asymptotic method of Goldenveizer.

It is interesting to note that the type of the eqns (31)~(32) depend on the coefficients
k,. For instance, eqn (31) is of the hyperbolic type if k; > 0. Figure 1 shows the graphs of
k, as the functions of the Poisson ratio v for the branch L, (0). One can see that for the
range 0 < v < 1/3 this coeflicient is negative, and the equation of vibration is of the elliptic
type.

We shall see in the next section, how this “pathological” feature of the equations of
thickness vibration could be removed by extrapolating them to the short waves taking into
account the cross terms between branches.

4. HYPERBOLIC SHORT-WAVE EXTRAPOLATION

Let us consider vibrations of the shell that can be regarded with sufficient accuracy as
the superposition of the branches F,(0), F,(0), L,(0), L,(0), L,(1). The branches F,(0) and
L,(0) correspond to low-frequency vibrations, the other ones—to thickness vibrations with
the lowest frequencies. The dynamic equations contain eight unknown functions of the
longitudinal coordinates and the time: @, @* §*, ¥, &* (the symbols without the bar are
reserved for the functions in the final equations). Despite the fact that the theory involves
more unknown functions than in the classical shell theory, it should be regarded as a first
approximation theory describing asymptotically exactly the vibrations of the shell in the
range of long waves and high frequencies (@ < 2nc,/h).

Thus, we present the displacements of the shell in the form

w = a—ho AL+ pm(Q) +Ja) +hig0),
w, = @, —hn'i L+ 1 plap(Q) + 1 pl.q(0)
+ el () + 5,45+ hy . fD) (33)

with o = 4/(A+2u) = v/(1 —v). The three first terms of the first equations of (33) and four
of the second one describe the low-frequency branches (Berdichevsky, 1979), with the
following surface strain measures
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Aup = Nl = By — bl
ﬁaﬁ = (n::,(ac);ﬂ) +b€u(DB)/1s

1
(szB = E(ﬂﬂ,a —aa,ﬂ)-
The functions m(?), p(0), ¢(0), a({), dE(0), i (), A(0), g({) are given by
1 1 3 1 5
m® = 3@ =112, 90 =3 (03t} a0 =g(e-30)

a(l) = \/2sin RC+Hhﬁ(Ccosn§— 1 —4e

cosnf),

14
di(Q) = /268 cos 2n{ + hy/2(HOE cos 2nl — 5. sin 20),

. . bl .
el (0) = % sin nl +he(HSEE sin nl + —sin 7{),

SO = ﬁ(—cosnl+ M>,

s sin(r/2e)
VTR 2esin(2mel)
9l = 2n (—sm 2nl— cos(ne) >’

(34

(35)

with ¢ at the moment an undefined constant that will be chosen later to simplify the
subsequent change of unknown functions. In (33) we neglect the correction term associated
with /5. This is due to an additional analysis, which shows that a hyperbolic short-wave
extrapolation describing exactly the curvature of the dispersion curve near the cut-up

frequency of the branch F,(0) does not exist.

We substitute the formulae (33) into the action functional (13) and integrate over the
thickness. Discarding small terms in the asymptotic sense and using the results of the

previous section, after long but otherwise standard calculations one can show that

- l . 2 = . .z - - -
L= 50[122 + %(%)2 —(@)* + 20, ™ +§* + 20, b 4}

. . . o 1 - —
+2¢, Yol + 02 +204h17al//;°‘:|— Eu[ﬁﬁh‘zdﬂ +B3h 202+ 2d, 0 T,

+2dsh ' 0 4 20( A0 + 24 Ay + ko o+ ks (53) +20%P 5,

2

h ) _ _ 2
+ g(a(ﬁir)”' + 5 Pog) + 2hd, pir + 2hds P (g +h 2T > y?
+ 2hd Py + 2hd B Bl + (P 2) 5 g + 557 —s‘;;’*ﬁaﬁﬁ}

In this Lagrangian the coefficients are given by the following formulae

T

Bl=n’ ﬁz— ’ ﬂ3=2na

4

1 16 8
k2 p— _2 + ___ecot (;)’ k3 = — l — ‘etan(ne),
e n e TF

(36)
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. 2,/20 . 1( 4. 2 )
1FOE T 65 6=l T3 b
T n e*—1/4

40 16
_ — A2 — — _
d, = dy = frc3+1,, r2_3e2’ r; = — 3
4ac 4c
d4=d6=—j, d5=d7=—2,
n A

¥ =(3H? —K)a* + 6Hb™* —2Ka*,

ss = —H*(1/e* —16) + K(1/e* —8). 37

It is interesting to note the identifies ¢, = ¢,, ¢; = ¢4, d, = ds, d, = dg, ds = d;, which mean

that the cross-terms in (36) form divergence terms that do not affect the equations of
vibrations in the long-wave range.

In order to search for a short-wave extrapolation which does not contain second and

higher derivatives in the Lagrangian let us choose ¢ = n?/24% and make the following
substitutions

- = —rig g (R LMY,
u_us v/a - nui.a+h (wx 3(7I3> p/.;az 3 7[3 pz;/. s

U, =+, ¥=y+chdi+chth, v, =0,+chf,. (38)

The sense of these changes of unknown functions is to make all terms containing second
and higher derivatives of the new functions negligibly small in the long-wave range. Dis-
carding them and extrapolating the result to short wave, we obtain the following average
Lagrangian.

_ 1 . .
L= p(@ +ug+ ok +97 +6;) — g[sl (42" +24 Ay
h? )
+ K(U(Pi) 2407 pug) + 5205+ 53 (04) + 20 b
2 B A+ 20 h ok 2k
+f°l$ (lpcx + niui,m)(lllﬂ + niui,ﬁ) +f2h -2 l//2 +f§”h -2 Uozvﬂj|7 (39)
with
. 1
Aup = Up = Ouglt, pup = Vi +bapis Oup = S(Upa—thp). (40)

The new coefficients in (39) are given by

1 7.[2 2
o= 5<2—4) , P =a@at+hsP),
T 2
f= <Z> +hss, [ =Qn)2a + ks,

It is easy to show that the Lagrangian does not depend on this special choice.
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2./2¢ 80’
eZ

ry = N S1=2a+ s
e*n?

1 l6ecot(n/2e)  16(1+2¢€%)? 802
$2=—7+ 2042 2 2,20
e n In’(4e’ —1)e* we
8etan(ne)  16(1+2¢?)?

n 92 (4e’ —1)e?

(41)

S3 = —-1—

The Lagrangian L is a quadratic form with respect to u,, u, ¥, ¥, v, and their first
derivatives. Varying the action functional with L from (39), we obtain the equations

phi = £f —¢"b3,
phu = q;ucz + tuﬂbaﬁa
puh™* = —g*—mf,

phy = ph(s; A —r h ' Al —rysh 0 — LR,

phii, = ph((s; + )i, +Av, +r3h~ 'Y, —f’s’ah”uﬂ), (42)
where
1 A A
P = pf 4 E(bi«fm f_ bm™),
n? = ph(s, Aia® +24% +r ik~ "a*),
n ,
m? = pe(opia?+p?), q* = phfY b+ ug+bju), (43)
and

Fa3 = ry—rs3.

It is easy to show that when s, > 0 and s;+1 > 0 then the internal energy (the expression
in the square brackets of (39)) is positive definite and the Euler equations (42) are of the
hyperbolic type. Figure 2 depicts the graphs of s, and s;+ 1 as functions of v in the interval
(0, 0.44), which are positive over there.

3.0
2.5
2.0 s34+ 1
1.5
1.0
S2
0.5 \
0.1 0.2 0.3 0.4

Fig. 2. Graphs of s, and 5,+ 1 as functions of v.
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Fig. 3. A cylindrical shell.

5. WAVE PROPAGATION AND AN EDGE MODE IN CYLINDRICAL SHELLS

Let us consider a cylindrical coordinate system &', &2, &, with &' the axial, &* = R6 the
circumferential, and & the radial coordinate, respectively. An infinitely long cylindrical
shell (Fig. 3) occupies the region |&?| < nR, |&* — R| < h/2. Its middle surface is specified by
& = R, which leads to the following first and second quadratic forms

1
ay=ay=1 a,=0 b, =5b,=0, b22=_§'

We seek solutions of the wave equations (42) for the cylindrical shell in the form

o
(uy, 4,91, ¥, 0,) = (W1, W3, Wy, we, wy) cos n&Ze®e =20,

(U3, Y2,05) = (wa, ws, ws) sinne2ets =0, (44)
where the unknowns wy, ... ,ws; do not depend on &* and ¢, and # is determined by
nR=n, n=0,1,2,...

Substituting (44) into (42) and eliminating the common factors, which is either cosyé?
expli(k&' — wi)] or sin né? expli(kE' — wt)], we arrive at the following eigenvalue problem

H(k)w = o’w, 45)

where H is an 8 x 8 matrix, whose elements are the (complex) functions of k. One can check
directly that for real k there are eight real eigenvalues of (45). In Fig. 4 graphs of the
dimensionless frequencies 3 = wh/(nc,) vs the dimensionless wave numbers k = kh/(2n)
(dispesion curves) are shown. The parameters chosen for the numerical calculation are
equal to

v=03, AR=1/30, n=1.

To be able to compare with the analogous results from the three dimensional theory, we
show also the dispersion curves obtained numerically by Gazis (1958) (the dashed lines in
Fig. 4). One can see that both curves are almost identical in the long-wave range. Moreover,
even in the short-wave range there is a qualitatively good agreement between them. In Fig.
5 we present a detail of the lowest three modes near the origin, where the dispersion curves
according to the two- and three-dimensional theories are practically identical.
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4
3
2
1
0
0 02 04 0.6 0.8 1
Fig. 4. Dispersion curves for n = 1, #/R = 1/30.
0.150
v
0.125 //
0.100
0.075 / ]
/ e -~
0.050 v )
0.025
] 1
0.01 0.02 0.03 0.04 0.05

Fig. 5. Detail of the three lowest branches for n = 1, /R = 1/30.

One of the most remarkable features of the thickness vibrations of semi-infinite shells,
plates and rods is the existence of a so-called edge mode (Mindlin and Medick, 1959). Let
us consider the semi-infinite cylindrical shell bounded by a free edge at ¢! = 0 and assume
that

Uy =y, =v,=0, u,u,y,¥,v, donotdependon &,

This corresponds to the case n = 0. If, additionally, the ratio A/R is small, then the inter-
action between F- and L-branches can be considered as negligible and consequently the
equations for u,, ¥, v, and those for u, Y, are uncoupled. Introducing the dimensionless co-
ordinate {' = ¢!/h and time © = ¢C,/h, the former can be rewritten as follows

Uppee = Syt +71Y0,
‘/’m = Szl//ml —ruy — Tl —f2y,
Vyje = S3Vin 1) —f304, (46)

where the vertical bar preceding indices denotes the partial derivative with respect to the
corresponding dimensionless coordinate, with the following coefficients
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S] =Sl+2, S2=S2, S3=53+1,
f3 = @2m)* +3(h/R)* /4.

Seeking the solution of (46) in the form

(w1, ¥,01) =(ﬁ1"/;1,51)em
we reduce (46) to
Slﬁllll '—rl‘/;ll +92171 =0,

Szl/;ml — iy —r2s P+ (9 _fz)\; =0,
S30011 +r23l/;|1 + (8 —f3)5, = 0. @7)

The functions 4, z]/l, ¥, can be expressed in terms of three potential function ®, i =1, 2,3
according to

=@y +@y +y,,
a,®, +a,0, +a,P;,
51 = blq)1|1+b2q)2“+b3q)3|l. (48)

1 =

It is easy to show that @, ,, 7, are the solution of (46) if and only if
q)i\ll+Kl'2(Di= 0’ l= 17293’ (49)
where k7 are the three roots of the dispersion equation

(816> =) (8% = F +)(S36° =8 +£,) — (S367 — F +f3)riK”> — (8,67 — )i, * = 0,
(50)
and where
a; = (SlKiz_‘gz)/r]’
b= stai/(SsKrz—\gz +13).
Let us consider the interval of frequencies, in which only one real root x} of the cubic

equation (50) exists. The other two roots k3 ; are complex conjugate to each other. We
present the solution of (49) in the form

(D] - eiKIEI+A1e—ilel,
©, = Ayt @y = Aze "¢ (51)

Because the solution should remain bounded as {! — o, k, and x; should be taken in the
lower half of the complex plane. Substituting (48) and (51) into the free boundary conditions

Slﬁ1|1+rllp =0,
Sz‘/;u +ry0 =0,
S3011 + 12 j= 0, (52)
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Fig. 6. The real and imaginary parts of 4,.
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Fig. 7. Graph of |4,|.

at {' = 0, we obtain the system of three linear equations with respect to 4,. In Fig. 6 graphs
of Re(A4,) and Im(4,) as functions of $ are shown (Poisson’s ratio v is equal to 0.31). At
3 =~ 4.56 we have Re(4;) = 1 and Im(4,) = 0. This corresponds to the frequency of the
edge mode. In Fig. 7 one can see the graph of | 4, as a function of 9. At this frequency | A4,|
reaches it maximum.

6. CONCLUDING REMARKS
In this paper the following results are obtained :

1. The improved 2D equations of high frequency vibrations of elastic shells are derived by
using the variational-asymptotic method, which guarantees their accuracy in the long-
wave range.

2. The improved hyperbolic short-wave extrapolation of the 2D equations of high fre-
quency vibrations in the range of frequencies 0 < w < 2nc,/h is provided. The derived
equations are asymptotically exact in the long-wave range and have a qualitatively good
agreement with the 3D theory in the short-wave range.

3. The dispersion curves according to the derived 2D equations of high frequency vibrations
are calculated numerically for infinitely long cylindrical shells. Comparison of 2D and
3D dispersion curves confirms the accuracy of the 2D equations. The edge mode in the
semi-infinite cylindrical shell is studied in detail, the explanation of its existence is
provided.

Acknowledgements—The author is grateful to Prof, V. L. Berdichevsky (Detroit) for his encouragement in writing
this paper.
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