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Abstract

This paper considers wave propagation in circular cylindrical beams adopting a power
series expansion method in the radial coordinate. Equations of motion together with
consistent sets of end boundary conditions are derived in a systematic fashion up to ar-
bitrary order using a generalized Hamilton’s principle. These equations are believed to
be asymptotically correct. Numerical examples for dispersion curves, eigenfrequen-
cies, displacement and stress distributions are given for various sorts of finite beam
structures. The results are presented for series expansion theories of different order
and various classical theories, from which one may conclude that the present method
generally models the beam accurately.

Keywords: circular beam, series expansion, recursion relations, asymptotic, eigen-
frequency.

1 Introduction

There exist many models which describe the elastodynamic wave propagation in finite
circular cylindrical beams. It has been treated at different levels; from a simple one-
dimensional wave propagation problem to the complete three-dimensional theory of
elastodynamics. The involved three-dimensional theory has been adopted in conjunc-
tion with various levels of approximations when studying dynamic beam problems for
different standard end boundary conditions. Most such works consider eigenfrequency
analyzes using fix frequency. There exists on one hand analytical solutions based on
expansion in terms of Bessel functions [1, 2] where part of the boundary conditions
are satisfied approximately, and on the other hand numerical solutions such as the Ritz
method [3, 4, 5] or the finite element method [6].

However, the bulk of analysis has been on various approximate models due to the



complexity of the exact theory. In these simplified theories, both the dynamic equa-
tions and the boundary conditions are often derived using various kinds of simplify-
ing kinematic assumptions. The most used approximate theory is the simple Euler—
Bernoulli equation, where shear and rotary inertia are neglected. This leads to a dif-
ferential equation that has the undesired feature of being non-hyperbolic. However, if
the beam radius is much smaller than the wavelengths this approximation is known to
yield accurate results. The next level is to include shear and rotary inertia described
by Timoshenko [7], resulting in a hyperbolic equation of motion. There are several
other more advanced beam theories in use. Some of these concern only rectangu-
lar cross sections [8, 9, 10], while others are applicable for circular cross sections
[11,12, 13, 14].

Among the various beam theories, higher order power series expansion are used in
[11, 12]. These work use approaches different from the present theory, such as the
series expansion method, the use of recursion relations, the procedure when collect-
ing terms or the truncation process as a whole. Besides isotropic beams, the present
method has been used on rods, shells and plates [15, 16, 17, 18, 19].

The present paper aims at systematically develop higher order beam equations to-
gether with the end boundary conditions. These equations are supposed to be asymp-
totically correct, and may be derived to an (in principle) arbitrary order. To this end
a generalized Hamilton’s principle is used, where both the displacements and the
stresses are varied independently. This results in traction and displacement boundary
conditions, as well as the beam equation of motion. Besides presenting a hierarchy
of beam equations with end boundary conditions, a more detailed comparison is per-
formed between the lowest nontrivial theory and the Euler—Bernoulli and Timoshenko
theories. The numerical results present the dispersion curves, the lowest eigenfrequen-
cies for simply supported beams, together with corresponding displacement and stress
distributions.

2 Hamilton’s principle

Consider a cylindrical beam with length L and radius a. The beam is homogeneous,
isotropic and linearly elastic with density p and Lamé constants A\ and . Cylindrical
coordinates are used with radial coordinate r, circumferential coordinate 6 and axial
coordinate z. The corresponding radial, circumferential and longitudinal displacement
fields are denoted by u, v and w.

A generalized Hamilton’s principle can be used to derive the differential equation
describing the motion of the beam and the corresponding boundary conditions. Simul-
taneous and independent variations of displacements and stresses are adopted [19, 20].
The Hamilton’s principle states that

t1
5/ Ldt =0, L=T-U+W, @2.1)
to

where 7' is the kinetic energy, U is the potential energy and W is the work done by



body forces and surface tractions. The energy densities 7' and U are defined as

T=p/2u-u=p/2(i*+0"+u?), 22

U= 1/2 g.€—= 1/2 (Urrerr + Opo€py + Uzzezz) + 0rg€ro + Orz€ry + 09g2€¢2,
where o is the stress, € is the strain and a dot denotes a time derivative. By consid-
ering displacement terms and force terms as independent, the variational expressions
become

t1
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(2.3)

Since the virtual displacement components in du and the virtual traction components
ot are independent, equation (2.3) reduces to separate equations for each variational
term. For clarity of sake, each equation is written below on component form. The
equations of motion contained in the volume integrals are thus
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and the surface integrals follow directly.

3 Series expansion

The displacement components are now expanded in power series in the radial coordi-
nate r

u=uo(f, z,t) +rui (0, z,t) +r*uy(0, z,t) + ...,
v=1p(0,2,t) +rvi(0, z,t) + (0, 2, ) + ..., (3.1)
w = wy(0, z,t) +rw (0, z,t) + 12wy (0, 2,t) + ...
Using this ansatz in the stress—displacement relations this results in stress expressions
on series form
Uij = 7”710'1‘]'7,1(9, zZ, t) + O'ij70(9, Z, t) -+ ?”O'Z'j71((9, Z, t) 4+ ... s (32)

that are to be used in (2.4)—(2.6). Each term in the radial series ansatz (3.1) are ex-
panded in Fourier series according to

U = Z Upm(2,t) cosmb, v = Z Vkm(z,t)sinmb,  wy = Z Wi (2, 1) cosmb.
m=0



(3.3)

Here the angle 6 is measured from a vertical axis in a plane through the cross section
of the cylinder with a horizontal z axis. Hereby, the case m = 1 correspond to the
flexural motion in the vertical direction. The axisymmetric case m = 0 is for a rod
with radial and longitudinal motion, treated in [15, 19].

Adopting (3.3) in (2.4)—(2.6) using the stress—displacement relations gives the re-
cursion relations for each Fourier mode m as

(k+1)(k+3) [(k+1)(k+3) 4+ 4m(k + 2) + 4m®] p(X + 20) Ui ppom =
[(m + K +1)(m + &+ 3)u — m* (A + 20)] (pilin-shm — Wty g, n)

— [m(m +k + D)X+ ) — 2mp] (pUntiem — 10 km)
—(E+1)(m+k+3)2m 4k 4+ 1)pA + p)w, 1 ms k=1,3,...,

(3.4)
(k+1)(k+3) [(k+1)(k+3) + 4m(k + 2) + 4m®] p(A + 21) Vmikrom =
[(m + K +1)(m + &+ 3)(A+2u) — m®p] (Pl — 107k )

+ [m(m 4k + 3) (A + p) + 2mp] (piton-sim — Py g, n)

+m(k4+1)2m + k + 1) (N 4 )Wy, s 1ms k=1,3,...,
(3.5)

[(m +k+ 2)2 - mQ} HWmtk+2,m = pwm-ﬁ-k,m - ()‘ + QM)w;:zHc,m

—(m+k+2)(A+ :u)u;nJrkJrl,m —m(A+ U)U;n+k+1,ma k=0,2....
(3.6)

Here a prime denotes a z-derivative. Two further equations may also be obtained by
combining the recursion relations for negative k values, resulting in

Um—1,m + Um—1,m = 07

(3.7)
[m(m + 2)(A + 2p) — m*p] wns1m + [MP(X + 1) = 2mp] V1 m
. p , (3.8)
= PUm—1,m — MUy g — m()\ + :u)wm,m
By inspection, these equations reveal that the terms in (3.3) are such that
Ukm = Vkm = Wem—1 = 0, k<m-—1. 3.9

Moreover, uy ,, and vy, are zero when k and m are either both even or both odd,
respectively. The opposite situation holds for wy, ,,,. The recursion formulas (3.4)—
(3.6) together with (3.7) and (3.8) allow for expressing higher order index terms in the
mutually independent lowest order index terms. This is to be used in the derivation
process for obtaining a hierarchy of beam equations with pertinent boundary condi-
tions.



The expressions for the stresses follow directly from (3.1) and the stress—displacement
relations. Hereby {o,,,049,0..,0,.} are expanded in cosmf and {o,4, 0y, } are ex-
panded in sin m#f. The stresses may be written

oij = Z Gijm(r, z,t){cosmb;sinmb}, (3.10)

m=0

using either cos m# or sin m# according to above. The Fourier modes are

~ _.m—2 m m—+2
Oabm =T Oab,{m—2,m} +7r Oab,{m,m} +r Oab{m+2,m} + ... 5

T (3.11)

~ _.m—1 m+1 m+3
Ocdm =T Ocd,{m—1,m} +r Ocd,{m+1,m} +r Ocd,{m+3,m} T

where ab is for {rr, 00, zz, 0} and cd is for {rz,0z}. Each stress term is expressed
as

Trr e} (2, 8) = [(k + 2) (A + 21) — 2] Wy 1,m + MAV 1, + AW) . (3.12)
000, (k,m} (2,1) = [(k + 2)A + 20] wpr1,m + MU + 200) Vg1, + AWy, (3.13)
Oz fim} (2 1) = (K 4 2) My 1m0 + MAg1,m + (A + 2p) W), (3.14)
Oro (k) (25 1) = W [KVky1m — MUk m] (3.15)
Oz (k) (2,8) = 1 [y + (K + Dwiiam] (3.16)
oz (kan} (2, 1) = 11 [V} — MWk 1,m] - (3.17)

4 Equations of motion

The lateral boundary conditions at 7 = a constitute the beam equations of motion.
Considering the standard case of only prescribed tractions, the set of three lateral
boundary conditions thus becomes from (3.11), (3.12), (3.15) and (3.16)

ame [(m<)‘ + 2:“) - 2“) umfl,m + m)\vmfl,m] +

a™ [((m 4+ 2)(X + 2p) = 20) Uy 1,m + MAs 1 + A0, ] + o = brms
4.1)

a™ ?p(m — 2)Vm—1m — MU—1.m] + A" 1 [NV — MUpg1m] + - .. = fgm
4.2)

a™ [u;n—l,m + MWy ] + 0™ [ulm—i-l,m + (M + 2Witom] + ... = tom.
4.3)

Adopting the recursion relations (3.4)—(3.6) together with (3.7) and (3.8), a hierarchy
of beam equations is obtained expressed in terms of the mutually independent lowest
order index terms. These beam displacement terms are wy,—1 m, Um+1,m and wy, ,,, for
m > 0, and u, o, v1 9, and wp o for m = 0. The axisymmetric case using u; o and wy o
in (4.1) and (4.3) is described in [15, 19].

The differential orders of the beam equations depend on the number of terms used
in (4.1)—(4.3). Consider now the case when m > 0. The resulting hyperbolic beam



equations using n, terms in (4.1), ny terms in (4.2) and n, terms in (4.3) (including
zero terms) are of total differential order 2(n,. + ny + n,) — 8 in both space and time.
This is readily seen by eliminating within the set of equations, so as to obtain one
equation in one of the fields, say u,,—1 . Due to the same differential terms appearing
in both (4.1) and (4.2), it is natural to set ny = n,. As for (4.3), the appearance of
higher order derivatives implies that one should choose n, = n, or n, = n,, — 1. For
nontrivial solutions, (4.1)—(4.3) are solved using n; > 1. However, since for m = 1 the
first a~! terms in (4.1) and (4.2) are zero, one has here that n,, > 2 and ny > 2.

The lowest order set of beam equations that incorporates flexural motion is for the
present theory when n, = ny = 3 and n, = 2 in (4.1)—(4.3). Written out explicitly,
the truncated system may be expressed as

(BA+4p) us 1 + Avgg + )\le + a? [(5)\ + 8u) ugy + Avg g + )\wg’l} =0,

(4.4)
Vg1 — Ug1 + a® [3ug1 — ugq] =0, 4.5)
uyy + wiy + a’ [u'21 + 3ws] = 0. (4.6)

Using the recursion relations, this is seen to be a hyperbolic 8:th order system.

5 Numerical results

The behavior using the present beam theory is to be compared to exact and classical
beam theories. These comparisons comprise dispersion relation curves for an infinite
beam, eigenfrequencies for a finite beam, as well as mode shapes and stress distribu-
tions. These dynamical problems are for laterally free beams.

5.1 Dispersion curves

In order to illustrate the effects from the number of terms adopted in (4.1)—(4.3), dis-
persion relations are calculated for n, = ny = nandn, =n—1, wheren = 3,4, 5, 6.
A normalized frequency ) = wa/cg is introduced with ¢%, = F/p. Considering the
flexural case m = 1, Figure 1 shows the three lowest modes using both the series
expansion theories (4.1)—(4.3) and the exact theory. It is clear that higher accuracy is
obtained as more terms are used. Among the results, the lowest curve is accurately
captured in the lower frequency range for all theories. Note that the n = 5 curve for
the second mode virtually coincides with the exact curve, which is also the case for the
first mode over most of presented frequencies. Here the case n = 6 is not plotted as
these three curves are indistinguishable from the exact curves in the presented range.
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Figure 1: Dispersion curves for m = 1: ——Exact, - - -n=3,---n=4,---n=1>5

5.2 Eigenfrequencies

In this section, the eigenfrequencies for the flexural series expansions theories m = 1
are compared with one another using different truncation orders. These expansions
are also compared to other classical theories as well as the exact theory for simply
supported ends. As for the dispersion relations n, = ny = nand n, = n — 1 are
chosen. This results in 3n — 5 BCs at each end. The three lowest eigenfrequencies
for L/a = 10 and L/a = 2 are presented for the bending dominant mode in Table 1.
It is clear from the table that the series expansion results converge to the exact results
as the power series orders are increased. These series results seem to converge mono-
tonically from below to the exact values. It is clear from Table 1 that more accurate
results are obtained for lower frequencies and slender beams. The Timoshenko theory
is astonishingly accurate. This behavior relates to the choice of shear correction fac-
tor, here chosen as k = 0.932. The results for the Euler-Bernoulli theory confirm the
well known fact that this theory renders reasonably accurate results for slender beams
in the low frequency spectra.

5.3 Mode shapes and stress distributions

In order to illustrate the differences between the current beam theory, classical theories
and the exact theory when m = 1, various plots on mode shapes and stress distribu-
tions are compared for the fundamental frequency in case of the lowest bending mode
for a simply supported beam when L/a = 10. The presented numerical results are
such that the curves using the lowest series expansion theory n = 3 are very close to
the exact curves. Hereby, separate exact curves virtually on top of the n = 3 curves
are not plotted. Moreover, the eigenmodes are normalized so that the maximum radial
displacement u at r = a is equal to unity.



| Lja Q  Exact EB T n=3 n=4 n=5 n=6
Q1 0047215 0.049348 0.047214 0046910 0.047214 0.047215 0.047215

10 Q, 016955 019739 0.16952  0.16619  0.16950  0.16955  0.16955
Q3 033422 044413 033404 032308 033388 033422 0.33422
Q; 071391 12337 071310 067335 071115 071381  0.71391

2 Q, 17079 49348 17074  1.5053  1.6748 17040  1.7076
QO 26765 11103 2.6864  2.1134 25227  2.6465  2.6717

Table 1: The eigenfrequencies for ./a = 10 and L/a = 2 using exact, Euler-Bernoulli
(EB), Timoshenko (T) and the series expansion theories of orders n = 3,4, 5, 6 for the
bending dominant mode in a beam simply supported at z = 0, L

Figure 2a illustrates the radial displacement u as a function of the radius for z =
3L/4. For the exact and the present beam theories, the radial displacement varies,
while both the Euler-Bernoulli and the Timoshenko theories describe a constant dis-
placement field lying on top of each other. Still the differences between theories are
quite small, which partly stem from the normalization process. For the stress distri-
bution, Figure 2b presents the shear stress o,.,. It is seen that the Timoshenko theory
generates a constant shear stress, while the stress magnitudes from the Euler-Bernoulli
theory are zero. Note that the shear stress using the present theory is zero at the lateral
boundary, as expected.

o/ E
0.718
0.2 0.4 0.6 0.8 0 r/a

0.716 -0.01
0.714 -0.02
0.712 —0.03
—-0.04

0.710
-0.05

0.708
—-0.06
02 0.4 0.6 0.8 1.0 T/ a _0.07

(a) Radial displacement u at z = 3L /4. (b) Shear stress ., at z = 3L /4.
Figure 2: Cross section distribution for the lowest eigenfrequency. —— Exact,

- - - Euler—Bernoulli, - - - Timoshenko

6 Conclusions

This paper presents the beam equation and corresponding boundary conditions to ar-
bitrary order according to the power series expansion theory. The method used is a
generalized Hamilton’s principle resulting in variationally consistent equations that
seem to be asymptotically correct. Numerical results are presented for different beam



theories. Here, all theories are fairly adequate for calculating the eigenfrequencies,
but the distribution of stresses varies considerably between theories. One application
of this theory is to implement it in finite element codes. Hereby one benefits from the
accurate results using the present theory, and at the same time the number of elements
can be considerably reduced compared to using three-dimensional elements.
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