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Abstract—In this article, the effects of thickness and torus radii ratio on the axisymmetric circumferential natural
vibrations of freely supported, hollowed tori are determined. The solutions for eigenfrequencies and eigenmodes
are effected by finite difference approximations of the basic equations of elastic motion, written in terms of a set
of toroidal coordinates. The results agree quite well with the special cases of toroidal membranes and infinite
circular cylinders.

1. INTRODUCTION

THE hollowed torus is utilized in many areas of science and engineering, for example, as
space vehicle liquid storage containers, and nuclear particle accelerators. The toroidal
geometrical shape is also being considered by N.A.S.A., in their design of inflatable manned
rotating spacecraft [1]. Thicknesses of tori in most applications are small enough to permit
shell theory analyses to be performed ; however, it is always of interest to determine the
effect of thickness on the vibrations of shells. This has been done extensively for the cylinder
[2, 3], by means of the exact equations of linear elasticity.

In this paper, one of the two classes of axisymmetric motion which exist for the torus is
examined, using an expansion of the basic equation of elastic motion into toroidal co-
ordinates. The effects of thickness and the radii ratio upon the eigenfrequencies of cir-
cumferential free oscillation of the freely supported, hollowed torus is determined, and
convergence plots of frequency parameter against fineness of difference mesh are presented
as a point of mathematical interest. An excellent check against the solution, contained in [4],
for the eigenfrequencies and eigenmodes of axisymmetric circumferential motion of a free
toroidal membrane was made by letting the shell thickness in the present analysis become
small. Further, the present results reduce to the classical longitudinal free vibrations of
an infinite cylinder as the radii ratio approaches zero.

2. PROBLEM FORMULATION

Figure 1 depicts the nondimensionalized geometry of the holiowed torus. The radii
R, Ry, and Ry, are respectively equal to the polar coordinate r, the inner radius ry, and the
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Fic. 1. Nondimensional geometry of the thick toroidal shell.

outer radius ry, ali divided by the average radius, ry = {ry+ry)/2. The torus radii ratio, v,
is taken to be r, divided by the distance between the axis of symmetry and the center of any
cross-section.

In [5], the basic vector equation of motion of an elastic continuum,

(A+20)V(V . u)—uV x(V xu) = pil, (2.1)

is expanded into three component equations in toroidal coordinates. In (2.1), u is the
displacement vector, p is the density, and A and px are Lamé’s elastic constants of the
isotropic material.

For the case of axisymmetric motion, i.e. motion symmetric with respect to the axis
of symmetry of Fig. 1, and hence independent of the circumferential angle ¢, the governing
differential equations and stresses split into two completely independent classes, called the
polar and circumferential problems. The polar problem, involving radial (4,) and tangential
{u,) displacements in meridional planes, has the three normal stresses, plus the shearin these
planes, asits stresses, and there are two governing second order partial differential equations
in the two displacements. This problem has been solved [6] by a perturbation technique
for the case of a static torus loaded by internal and external pressures. The polar free vibra-
tions of a freely supported, hollowed torus were recently studied by the authors [7]. An
early attempt at this problem by Federhofer [8] contains results valid for very thin shells
with small radii ratios.

The present paper is concerned with the other, lesser-known class of axisymmetric
free vibration of a freely supported torus, involving purely circumferential motion. In this
type of vibration, all points move only in the ¢-direction (Fig. 1) via displacements u,
perpendicular to the meridional planes.
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The third of the three partial differential equations, which result upon expansion of (2.1),
contains only the circumferential displacement and its derivatives with respect to R and 6
in the case of axisymmetry, and may be written as

&u, 1 83U, [ 1+2yRcos 0 |0U,
+__
dR? "R* 80° | R(1+yRcosO)| R

inf |oU 2 22
Y sin ¢ Y 2
N | 2| 5| Up+ ¥2U, = 0
[R(I—H)Rcos 9)] 06 [(1+yR cos 0)2} o T H o
in which
_ prow?
et

The circumferential displacement u, has been nondimensionalized, and time elimi-
minated, by the relation

\.}12

uy(r, 0,t) = roU4(R, 0) cos wt

Here, as usual, w is the natural circular frequency of free vibration, and ¢ is time.
Of the six possible stresses, only two exist in the present axisymmetric circumferential
problem. They are the shearsin the r—¢ and 6—¢ planes:
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The boundary stresses which vanish in general at R = R;and Ry, for natural vibrations
of hollowed tori with free surfaces are o,,, 6,9, and ¢,4. The axisymmetric boundary condi-
tions are compatible; i.e. in the polar problem there are two second order partial differential
equations in two variables (U, and U,) with four boundary conditions (viz. o,, and o,,
vanish at R = R;and Ry). In the present circumferential problem there are two boundary
conditions (o,, vanishes at R; and Ry) to go with the second order partial differential
equation (2.2) in U,.

It is noted that equation (2.2) is elliptic and that the circumferential problem posed here
is of the mixed boupdary value type. Because of the complexity of the governing equation,
the solution to the problem is found by finite differences. This solution is carried out in
terms of displacements to eliminate the necessity of satisfying compatibility conditions.

3. FINITE DIFFERENCE APPROXIMATIONS AND COMPUTER SOLUTION

In [5] it is proved that all solutions of the exact equations, of which (2.2) is a special
case, are such that either

(a) U,and U areeven,and U, is odd with respecttof = Oand x, or

(b) U,and U, are odd, and U, is even with respect to # = Oand =.
Type (a) will be called symmetric vibrations and type (b), aatisymmetric vibrations. Since
the above forms comprise all possible solutions, only the upper half of the annulus in the
R-0 plane need be considered in drawing the finite difference mesh. When a displacement
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at (R, 8) below the rays 6 = 0 and = is needed in a difference equation, its coefficient is
multiplied by plus or minus the displacement at (R, 2r— 6} within the semiannulus. It
should be noted that the signs are dependent upon whether the vibrations are of type (a) or

(b).

Fi6. 2. Mesh point notation.

Simple central difference formulae are used to approximate the derivatives involved
in (2.2} and (2.3.1). In the notation of Fig. 2, equation (2.2) becomes
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in which k and ¢, are, respectively, the radial and tangential mesh increments divided by r,.
When o,, from (2.3.1) is written in finite difference form and equated to zero on the free
surfaces R = R; and Ry, the difference approximations to the boundary conditions result.

U,,,‘—UM} [ ycos 8; ]
[ 2h 1+yR;cos8, | ¥ at R, 130¢ Ry (32)

G.1)

The difference equation of motion (3.1) is applied to the nodal points on the interior
of the region, and also to the boundary nodes, but with modifications. It must be insured
that there is no traction on the free surface. Application of (3.1) to the boundary nodes
yields fictitious nodal displacements of points lying outside the semiannular cross section.
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The values of these displacements (viz. U,;on R = Ry, and Uy, on R = Ry)are determined
from (3.2) in terms of displacements of nodes within and on the boundaries of the cross
section. This procedure yields two additional difference equations which are applicable to
the boundary nodes.

Computer programs were written which traverse the finite difference mesh, generating
the equations of motion at each of the nodes by calculating the non-zero coefficients. These
equations form a system which may be written as

[Al[U]-¥*[U]1=0 (3.3)

which constitutes a standard eigenvalue problem. The matrix [A] is the coefficient matrix,
and [U] is the column vector containing the circumferential nodal displacements, or the
U,i. To solve the resulting equation |4 — 21| = 0, the QR Transformation of Francis [9],
which is programmed for SHARE by Imad and Van Ness [10], is used.

After the eigenfrequencies W2 are determined, the mode shapes, or eigenvectors [U],
follow easily for any mode number. A node is selected to have a displacement of one unit.
Then the corresponding column is shifted to the right side of (3.3), forming a non-homo-
geneous set of linear algebraic equations. The solution of this system yields the displace-
ment ratios, and it is found by Jordan elimination with no difficulty due to the strength
of the principal diagonal of [4].

4. RESULTS OF THE ANALYSIS

The errors involved in the finite difference analysis are known to be of the order of the
squares of the mesh increments. Since an exact elasticity approach is used, these difference
approximation errors are the only ones that exist. The present method of attack was
employed in lieu of a shell approach, in which errors are inherent in the governing differen-
tial equations and in which the total error might have been greatly compounded for tori
of appreciable thicknesses.

Two very good limiting case checks are available for the out-of-plane modes of this
paper. One is the toroidal membrane, which the torus approaches when its thickness goes
to zero (i.e. when R, approaches 1). The solution for the free vibrations of a toroidal mem-
brane was obtained by Liepins [4]. One set of modes of his paper dealt with purely circum-
ferential motion. The thickness was taken to be small in order to compare results for the
eigenfrequency with those of [4]. For a toroidal shell having R; = 0-99, which represents
an average radius to thickness ratio of 50, the 24 values of P2 obtained for various radii
ratios and mode numbers differ from the solution based on membrane theory by an
average of 1:90%,. The mode shapes also show very good agreement when compared to
Liepins’ curves.

The second limiting case is obtained by letting the radii ratio y become zero, which
results in an infinite cylinder. The solution to purely axial free vibration of such a shell was
found by Rayleigh [11] using shell theory. The solution for the eigenfrequency of a torus
with y =0 and R, = 099, executing symmetric vibrations, differs from the classical
solution by 0-0, 0-40, 0-97, 1-75, and 2-75 %, for the first five modes respectively. The classical
mode shapes are harmonic in 6, and the present analysis yielded near-perfect cosine
(n0), n = 1-5, curves as the first five mode shapes, for an additional check. Furthermore, a
mode with zero frequency was found whenever symmetric modes were examined. Analysis
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of the corresponding modal pattern showed that it represented the solution for U, of
(1 +yR cos 0)/y,a rigid body turn of the torus about its axis of symmetry. Since the computer
was programmed to yield all solutions for the eigenfrequencies and eigenmodes, this
trivial solution was obtained even though it involved no elastic straining, and was an
excellent check.

Since the radial mesh increment, &, could be made small by varying the torus thickness,
and since the number of equations used to obtain the solution was limited by both computer
space and time, three nodes were taken across the thickness in the radial direction. This kept
the nondimensional radial and tangential increments approximately the same. It was
thought that since the errors inherent in (3.1) and (3.2) are of order h? and &2, that keeping
the increments as nearly equal as possible would yield the best possible difference solution.
Several runs were then made with more radial nodes, and for the same number of tangential
mesh points, there was indeed very little change in the vibrations.

Convergence plots were then drawn which showed that the eigenfrequencies converged
when the tangential mesh increment, &;, became smaller, i.c. when the number of sections
formed by the radial lines of the mesh increased. Three of these plots, for the first seven
symmetric modes of tori with R; = 0-9and y = 0,0-3, and 0-75 are shown in Fig. 3. Figure 4
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FIG. 3. Convergence plot for circumferential symmetric free vibration of tori with Ry = 0-9and y = 0,
0-3, and 0-75.
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depicts a convergence plot of the seven lowest antisymmetric modes of a torus having
R, = 09 and y = 0-75. From these curves and other convergence plots, it was seen that
18 or more sections gave a sufficiently fine difference mesh for examination of the effects
of other parameters upon the eigenfrequencies and eigenmodes of the lower free vibratory
patterns.

Figure 5 shows the first four eigenfrequencies plotted as a function of the torus radii ratio
y for Ry = 0-8, 09, and 0-99. It is seen that there is a considerable increase in frequency as y
increases from zero to its maximum value {which is given in general by 1/(2—R}}), which
appears for all three thicknesses® considered. It is noted that the antisymmetric and
symmetric modes become more and more distinct as the torus deviates more and more
from the cylinder, i.e. as y gets farther from zero. This shows a definite effect of the cir-
cumferential curvature on the vibratory modes. The symmetric frequencies are higher than
the antisymmetric ones, indicating that it is easier for sections to shear past each other
in horizontal than in vertical planes.

Figure 6 shows the effect of thickness on the eigenfrequencies of the first three modes
for both symmetric and antisymmetric modes, and for three values of 7. It is seen that fre-
quency increases with thickness. This is because a thicker shell is stiffer, requiring a higher
frequency to vibrate it in a given nodal pattern.
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Fic. 6. Frequency parameter vs. nondimensionalized inner radius for symmetric and antisymmetric
modes, and for three values of y,

The first four mode shapes of the middle surface nodes of symmetric circumferential
vibration of a toroidal shell with y = 0-75 and R; = 0-99 are shown in Fig. 7. The corres-
ponding curves for a cylindrical shell are cosine (n8), n = 1-4 {which were obtained with
y = 0), hence, the distortion caused by a considerable amount of circumferential curvature
can be seen.

* The nondimensional thickness is 2{1 — Ry). so that as R; approaches 1, the thickness approaches zero. The
inner radii R, = 08, 09, and 0-99, therefore, correspond to average radius to thickness ratios of 2-5, 5, and 50,

respectively.
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F1G. 7. The first four circumferential symmetric free vibratory modes of a toroidal shell with R; = 0-99
and y = 075.

The modal frequencies of polar motion [7] are dependent upon Poisson’s ratio v,
whereas the present circumferential vibrations are dilatationless, and independent of v.
Both classes of vibration occur at high frequencies. For v = 0-3, the polar circular fre-
quencies of [7] were compared with the present circumferential circular frequencies for
several thicknesses, and the two were seen to be interspersed, and of the same order of
magnitude for the lower modes examined.

Another result, discussed in more detail in [5], is that the present elasticity theory de-
monstrates that at any angle 6, the node across the thickness at which the magnitude of the
Gaussian curvature is smallest tends to have the largest displacement. This is because the
Gaussian curvature is a measure of the net amount of curvature at a point, and curvature
is known to stiffen a shell.
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Résumé—Dans cet article, les effets du rapport de I'épaisseur au rayon du tore sur les vibrations naturelles
circonférentielles symétriques selon P'axe de tores creux, supportés librement sont déterminés. Les solutions
pour fréquences propres et modes propres sont obtenues par des approximations a différence finie des équations de
base du mouvement élastique, posées d’aprés un ensemble de coordonnées toroidales. Les résultats s’accordent
trés bien avec les cas spéciaux des membranes toroidales et des cylindres circulaires infinis.

Zusammenfassung—In dieser Arbeit wir der Einfluss von Dicke und und Ringhalbmesserverhéltnis auf die axial-
symmetrischen natiirlichen Umfangsschwingungen eines frei gestiitzten Torusringes bestimmt. Die Losungen der
Eigenfrequenzen und Eigensysteme werden durch begrenzte Differenz-Annédherungen der Grundgleichung fiir
clastische Bewegung bestimmt, die in Toroidalkoordinaten ausgedriickt sind. Die Resultate zeigen gute Uberein-
stimmung mit den Spezialfillen fiir Toroidalmembranen und fiir unendliche kreisférmige Zylinder.

A6cTpakT—B 3T0# crarie BhiBeneHbl I(HEKTH OTHOWICHHS TOMIHMHBI M PAANYCa TOPYCA HA TIOBESACHHE
OCECHMMETPHYHBIX, KOMBUEBLIX, HATYPHBIX Koebanuit B cBOBOXHO ONEpThIX, MONBIX TOpycax. Peiuenus
ans coBerpeHHbIX HacTOT Kostebammit u cobcrBenHbix ¢opM konebanuil OCYHIECTBASETCH C NOMOMIBIO
KOHEYHO PAIHOCTHOTO NPUOMIDKEHHA OCHOBHBIX YDaBHEHHH yODYTOTO ABHKCHHS, ONMCAHHOTO B BHIC
CHCTEME! TOPORIANBHLIX KOOPAUHAT, Pe3ynbTaThl NOYTH COTNIACOBHIBAIOTCA CO CHICHHANLHBIMM CAYYAAMH
TOPOHIANILHEIX MeMOpau ¥ GeCKOHETHBIX KPYITIBIX IMIMHADOB.,



