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This paper presents a methodology for the analysis of the free, in-plane,
vibration of thin rings with profile variations in the circumferential direction. The
methodology is suitable for any thin ring which is bounded by closed curves which
are single valued functions of circumferential position. The inner and outer
profiles are expressed as Fourier series, thus allowing any profile to be
approximated with any degree of accuracy. An iterative numerical procedure for
determining the true middle surface and the corresponding thickness at each
cross-section around the circumference is established. A reduced (plane stress)
form of Novozhilov’s thin-shell theory is used to model the deformation
mechanics of the ring. The eigenvalue problem is then formulated using the
Rayleigh—Ritz method in conjunction with a harmonic series description of the
displacements. General expressions are presented for the corresponding mass and
stiffness matrices. A companion paper presents a comprehensive set of results
which illustrates application of the theory.

© 1999 Academic Press

1. INTRODUCTION

The free vibration of rings and cylindrical shells has been widely studied for over
a century. Much of the early work on rings is summarised in reference [1] while
reference [2] contains a comprehensive survey of work completed prior to 1973 on
the vibration of shells. More recent work of particular relevance to the present
paper will be reviewed later.

The great majority of papers dealing with rings and cylindrical shells are
restricted to cases where the structure is either perfectly circular, or has a
non-circular but otherwise perfectly defined shape such as an ellipse. However,
such perfect shapes are impossible to realise in practice due to limitations in
manufacturing processes which cause departures from the nominal profile, i.e.,
imperfection.

The general effects of imperfection on the natural frequencies and mode shapes
of nominally circular rings and cylinders is well understood [3]. In particular,
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imperfection causes frequency splitting between pairs of modes which would, in
a perfectly circular structure, have identical natural frequencies. It also fixes the
nodal positions in the structure, thus removing the circumferential indeterminacy
which exists in perfectly axi-symmetric structures.

The initial reason for carrying out the work reported in the present paper was
to obtain an improved quantitative understanding of the effects on natural
frequencies and mode shapes of small derivations from true circularity in rings and
cylinders. This was motivated by the involvement of the authors in the
development of inertial sensors (rate gyroscopes and rate integrating gyroscopes)
which use a vibrating ring or cylinder as their sensitive element [4, 5]. In these
applications, frequency splitting of the order of 100 ppm (0-01%) or better is often
required between the relevant modes which are usually low order (“20” or ““30”)
radial modes. Thus, levels of imperfection which would be irrelevant in many
structures assume a first order importance in such applications.

The most important early work on the free vibration of a circular ring [6] was
published in 1871 by Hoppe, who obtained a simple classical solution by neglecting
the effects of centreline extension, shear deformation and rotatory inertia.
Subsequently, many authors have investigated the vibration of thin rings and shells
[1, 2] using a variety of methods based on either Newtonian or energy approaches.

Regarding rings, the majority of papers deal with structures which are either
perfectly circular or perfectly elliptical with a circumferentially constant
cross-section. Comprehensive reviews of these are given in references [7, 8].
Relatively few papers deal with the more general case where the ring cross-section
shape varies with circumferential position and a brief review of the most important
of these follows.

References [9, 10] presented analyses of the vibrations of circular and
non-circular rings and shells. In these, the shape of the mid-surface was assumed
to be a simple analytic function of the circumferential co-ordinate and the
circumferential variation in ring thickness and the ring deformation were both
described using ““infinite” power series (truncated in practice at 90 terms). This
approach would be difficult to apply to rings of arbitrary profile for which the
mid-surface shape is not known a priori in a suitable form.

In references [11, 12], rings were treated as one-dimensional curved beams to
investigate the in-plane vibrations of rings of non-uniform cross-section in which
specific forms of the centreline of the middle surface were assumed. Exact solutions
for the axi-symmetric modes of vibrating rings of uniform cross-section were used
as the basis for approximate solutions for rings with non-uniform cross-section,
using a first order approximation based on beam bending theory.

The effects of simple eccentricity in circular rings were considered in reference
[13], which presented a perturbation analysis in which the classical frequency
equation for a thin ring is modified to account for eccentricity, and frequency
splitting was predicted.

The analysis presented in reference [14] is of particular relevance to the work
reported in the present paper. Reference [14] deals with circular cylindrical shells
with circumferential thickness variation caused by eccentricity between circular
inner and outer surfaces. The shell geometry was defined by two circular profiles
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with non-coincident centres. The cylinder centre was taken to be midway between
the centres of the inner and outer surfaces and the thickness variation was
represented by Fourier series. Love’s thin shell theory and the Rayleigh—Ritz
method were used to estimate the natural frequencies and frequency splitting. An
important assumption on which the analysis in reference [14] is based is that there
exists an unstrained circular mid-surface which is taken to be a circle whose radius
is the mean of the radii of the inner and outer surfaces. Strictly speaking this does
not comply with the formal definition [15] of the mid-surface which is taken as
the locus of points which lie at equal distances from the inner and outer surfaces
along the directions of the normal to the mid-surface. The accuracy of results
based on the analysis given in reference [14] will therefore be affected by the
assumed definition of mid-surface, although for small eccentricity in thin rings the
effect may be expected to be minimal. However, for profiles which are far from
having a circular mid-surface (such as ellipses, ovals and polygons) the assumption
of a circular mid-surface is not valid. The present paper presents a methodology
for the formulation of the eigenvalue problem for the in-plane vibration of thin,
flat rings of constant axial length with variable radius and circumferentially
variable rectangular cross-section as considered in reference [7]. The shape of the
ring is defined by two closed profiles, each of which is a single-valued function in
polar co-ordinates. The inner and outer profiles are decomposed as Fourier series,
thus allowing any single-valued profile to be approximated to any desired degree
of accuracy in a very general way. It may be noted that modern metrology
equipment for measuring circularity can be used to provide the required Fourier
series description of any such machined profile.

The middle surface of the ring is properly determined from the inner and outer
surfaces in accordance with the usual definition [15], using an iterative numerical
procedure. A reduced, plane stress version of Novozhilov’s thin shell theory is used
to describe the deformation mechanics of the ring. Novozhilov’s theory is often
regarded [16, 17] as being the most accurate for shells of arbitrary shape.

Finally, the Rayleigh—Ritz method is used to set up the eigenvalue problem in
terms of generalised co-ordinates which are taken to be the harmonic displacement
functions of the flexural vibration of a perfect ring.

It may be noted that the method used in the present paper could be extended
to cover the vibration of prismatic thin shells with circumferentially variable
thickness.

The Fourier series description of the ring geometry adopted here is obviously
appropriate for rings which are nominally circular. It is, however, equally suitable
for other closed shapes such as ellipses, ovals and polygons. A companion paper
[18] reports the application of the methodology of the present paper to a range
of rings of nominally circular shape, and draws conclusions about the effects of
simple departures from circularity in the inner and outer profiles. A further paper
[19] will present results for elliptical rings, with and without circumferential
thickness variations.

Before the vibration analysis can be carried out it is first necessary to devise a
logical system for describing the inner and outer profiles of the ring, and for
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determining the true middle surface. These issues are addressed in sections 2.1 and
2.2 below.

2. GEOMETRY AND IMPERFECTION
2.1. RING GEOMETRY

Consider a thin ring of mean radius r, having a rectangular cross-section of
mean thickness / («r,) and axial length L («r,). The inner and outer surfaces
vary circumferentially. Two co-ordinate systems are used to formulate the
problem, as follows (see Figure 1): (1) Global polar co-ordinates in which unit
vectors 15, 1> are directed along the global circumferential and radial directions.
The initial geometry of the undeformed ring is defined using this co-ordinate
system; (2) Local curvilinear co-ordinates in which unit vectors i, 1: are directed
along the local tangential and normal directions relative to the middle surface
which is yet to be determined. This local co-ordinate system is required for deriving
the strain and kinetic energies, based on the Novozhilov thin-shell theory, in terms
of radial and circumferential displacements which are w, v in the local co-ordinate
system (and w’, v’ in the corresponding global co-ordinate system). In Figure 1,
rp denotes the distance from an arbitrary fixed point C” inside the ring to a general
point P located on the middle surface at angle f’ relative to an arbitrary datum
in global co-ordinate and 0, is the angle between the global and local co-ordinate
systems at the point P. In the following formulation, all the displacements,
thicknesses, and radii are expressed non-dimensionally by dividing by r,, the mean
radius of the ring.

The overall geometry of the ring is determined by the shape of the inner and
outer bounding surfaces which, in turn, determine the position and shape of the
middle surface of the ring (see Figure 2). This contrasts with other formulations

Mid-surface

Figure 1. A thin ring with arbitrary profile.
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Figure 2. The bounding surfaces and the middle surface.

where the shape of the mid-surface is assumed to be known a priori. Due to the
fact that they are (single valued) closed curves, the outer and inner surfaces can
be expressed by Fourier series in terms of the global circumferential co-ordinate
p’ as follows:

FB)=fi + Y cosB) + Y £ sin (gB), (1)

p=1 qg=1

FB) =t + X 1 cos@f) + . £ sin (qf). @)

r=1 g=1

where f*(f") and f~(p’) denote respectively the outer and inner surface profile
functions with respect to the global circumferential co-ordinate " and f7, 1", f;,
fo . f, and f; are the Fourier coefficients. In practice, the Fourier coefficients can
be measured by suitable metrology equipment. In Figure 2, f"(f’) and /(")
denote respectively the distance from arbitrary point C” to points O’ and I’ on
the outer and inner surfaces. Choosing C’ at a different position will lead to a
different set of Fourier coefficients for the same inner and outer profiles. Note

however that the choice of C” must be the same for both inner and outer profiles.

2.2. DETERMINATION OF THE MIDDLE SURFACE

The middle surface is defined as the locus of points which lie at equal distances
from the outer and inner surfaces along the direction normal to the mid-surface.
Thus, referring to Figure 2 the thickness at a point P on the true middle surface
is equal to the distance 7O measured along the local normal direction &. Hence,
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since point P lies on the middle surface, we have hf = h: , where A and h; denote
the outer and inner thicknesses measured from the point P to the outer and inner
surfaces along the local normal direction &.

The problem now is to determine the position of the true mid-surface, given the
inner and outer profiles which define the ring. This can be achieved using an
iterative procedure as described below. Consider first Figure 3(a) which shows the
inner and outer profiles f~(f7) and f*(f7).

I’ and O’ are points on the inner and outer surfaces along the global radial
direction £’ at a given orientation fr which corresponds to point P on the true
mid-surface. / and O are points on the inner and outer surfaces along the local
normal to the middle surface at P. C’I and C’O are the inner and outer surface
profile functions, f~(fi) and f*(p;), evaluated at orientations fi and p;,
respectively, which are to be determined. r, is the length of a vector, r,, from C’
to the point P on the middle surface, and 0, denotes the angle between the local
and global co-ordinate systems so that i, = i + 05.

For a given orientation f8;, the outer and inner surface functions, f*(f7) and
f~(Br), are known and are defined by equations (1) and (2) but r, is unknown
initially. From the definition of middle surface and Figure 3(a), the length of r,
at global position S5 can be expressed in terms of f*(f:),f (f») and variable
parameter m as follows

re=mf*(fr) + (1 — m)f(B?), A3)

where 0 < m < 1. In general, m will vary as f» changes. In the special case where
f*(Br) and f(f7) are concentric circles, m = 0-5.

The true middle surface can now be determined using the following iterative
numerical procedure.

Step I—Assume initially that P on the middle surface at orientation f;, is also
the mid-point of I’O’ (i.e., I'P = PO’), and m = 0-5 in equation (3).

Step II—Determine the corresponding locations of / and O in terms of the given
orientation fp.

To do this, it is necessary to note that, from geometrical considerations (see
Figure 3(b))

tan B, = 0, P/10: = [PM — TB)/[C'M — C'B]

= [C'P sin By — C'I sin B{]/[C'P cos By — C’I cos Bi], 4)

and, similarly (see Figure 3(c))

tan f» = 0.0/PQ, = [OD — PM)/[C'D — C'M]
= [C’O sin p5 — C'P sin B;]/[C’O cos p5 — C'P cos Br], (5
where (see Figure 3(a))

Br= Br+ 0p. (6)
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Starting from the definition of curvature [20] it can be shown [7] that 8, can be
expressed as

0p = tan™' _f". (7)

7]

I

(")

Mid-surface

FB)

B=0

Figure 3. The determination of the middle surface of a ring. (a) The assumed middle surface. (d)
The true middle surface (IP, = P,0).



504 R. S. HWANG ET AL.

Note that 7, denotes the first derivative of r, (defined by equation (3)) with respect
to fr.
Substitution of equations (3), (6) and (7) into equation (4) gives:
tan (B7 + 0r) = {[mf* (Bz) + (1 — m)f~(Bz)] sin B — f~(B1) sin Bi}

[mf*(B7) + (1 — m)f(Br)] cos Br — f~(Bi) cos Bi}. @®)
Similarly, equation (5) can be rewritten as
tan (B7 + 0p) = {f*(B3) sin B3 — [mf*(Bz) + (1 — m)f"(B7)] sin B}
JUfF(B3) cos s — [mf*(Br) + (1 — m)f~(Br)] cos fr}. )

Noting the definition of 0, using equations (7) and (3), inspection of equations
(8) and (9) indicates that i and f; are the only unknown variables when m takes
an assumed value. A standard numerical technique, such as the Newton—Raphson
method, can be used to solve these non-linear equations for the unknown
variables. Having obtained f{ and f3;, the corresponding locations of / and O can
be determined.

Step III—Determine the mid-point P, between the inner and outer surfaces
along the line 1O (see Figure 3(d).

From Figure 3(d), it can be seen that

%wv+é§)

—  CM, _ C’O cos p; + C'I cos By
CPr=Cos Br cos fij, N 2 cos B, ’ (10)
where
| —
/ P, y E(OD—i—IB)
P = tan M = tan 1—7
: 7(CD +C'B)
~ tan-! C’O sin ; + C’I sin f; (11)

C’O cos 5+ C'Icos B

Equations (10) and (11) can be solved using the Newton—Raphson numerical
method to obtain 7, the angular position of point P;.

The positional difference between the originally assumed mid-point P and the
newly estimated mid-point P, is then compared to a given tolerance in terms of
the global circumferential co-ordinate (1-0 x 107> rad was used to ensure four
significant figures in the frequencies in the numerical investigations [7, 18, 19].

Step IV—If P and P, do not coincide within the given tolerance, then repeat
steps II and III until the true mid-point is found.

At each iteration the point P is redefined by setting r» = C’P, for the same value
of f; and m is recalculated from equation (3) where

m = [rr — [~ (B (B2) — f~(Br)]. (12)
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When the point P on the true middle surface is determined, the variables rp, h: ,
h#, 0, and B, at the given f; can be calculated. The same iterative procedure can
then be used to calculate all the corresponding variables section by section around
the circumference from =0 to 2n. The step length in ” should be varied
depending on the complexity of the profile variation and the desired accuracy in
the frequencies (1-0 x 10* rad was used for the small profile variations to achieve
four significant figures frequency accuracy in the numerical investigations
[7, 18, 19]).

Having defined the ring geometry it is necessary to derive expressions for the
kinetic energy and strain energy of the deformed ring so that the Rayleigh—Ritz
method can be applied. This will be done in the next section.

3. ENERGY EXPRESSIONS

The strain energy for a thin ring whose axial length is much smaller than the
mean radius has the form [12]:

> B (hE B
S=’“§LJ f egﬁR<1 +§> dp dé, (13)

By Jhz ()

where r, is the mean radius of the middle surface, which is taken as the zero order
Fourier harmonic of the mid-surface profile. £ is Young’s modulus and L is the
axial length of the ring. eg;, the normal strain along the local tangential co-ordinate
fp, and R, the non-dimensional radius of curvature at a point on the middle
surface, are functions of ’. R can be determined at point P using the following
equation [20]:

1 JEDE ) = i)
E = (V K }/:)3f2 5 (14)

where r = rp as previously defined. Note that the limits of integration, 4/ and 4; ,
in equation (13) are functions of f§’.

Based on the reduced Novozhilov thin-shell theory in which the plane-stress
approximation is used by neglecting axial deformations and axial variations in
radial and tangential displacements, the normal strain ez in equation (13) is given
as

1
=TFER (&5 + Exp), (15)
where
1ov w 10 (f1ow v
8/]:}@4‘?, Kg = _R0ﬂ<R0ﬂ_R> (169 17)

¢y and xy characterise the deformation of the middle surface of the ring. ¢ is
the tangential strain at the middle surface and «; is the change of curvature. v, w
are the non-dimensional displacement components of a point on the middle
surface along the tangential and normal directions respectively.



506 R. S. HWANG ET AL.

Substituting equations (14)—(17) into equation (13), then integrating with respect
to the thickness from /; to i, neglecting the 4th and higher powers of 4 and
h: and noting that |2 F(B)[h:* — h:*]dp = 0 where F(f) is an arbitrary function
of f, the strain energy can be expressed in terms of the tangential and normal
displacements, v and w, and local co-ordinate f as follows

2EL (P ([1 (o0 ov R
= [ 3] v ]

R Pw (3w ],
+3R3 _w +2waﬁ2+<aﬂ2>}H

1 [, ow ow 0*w w0 (1Y .,
+3R2_2waﬁ+2aﬂw—2vw—2vaﬁ2:|aﬂ<R>H

Al

where H and H® denote (b7 — h; ) and (hf* — h:’), respectively.
Similarly, the kinetic energy can be expressed as

_rpL (B (PO (@Y | (aw©Y :
T_2L1 ﬁg(ﬁ) ot + ot R 1+ﬁ dp de¢, (19)

where p is the material density, and (&) and w(&) are the tangential and normal
displacements of a point on the parallel surface separated from the middle surface
by a distance ¢ [14], given by

v(€)=v+ o, w(é) =w, (20, 21)
where
¢ = —}ngg + 5 (22)

Substituting equations (20)—(22) into equation (19) and neglecting 4th and
higher powers of & and /;, the kinetic energy can be expressed as follows:

_npL [® [ (a0, (awY
r=2t [ (&) (&) o
v\ ov O*w w1 ..,

in which the terms of the form: [f2 F(8)[h*> — h:°] df have been set to zero in
equation (23). The first term on the right-hand side of equation (23) represents
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kinetic energy due to the linear velocities of point P on the middle surface and
the second term is related to the effect of rotational inertia about the point P.

Having established the appropriate energy expressions it is now necessary to
define the generalized co-ordinates which are to be used to define the ring
displacements, as outlined in the following section.

4. DISPLACEMENT FUNCTIONS AND CO-ORDINATE TRANSFORMATION

For free vibration at frequency w the tangential and normal displacements, v
and w, of the middle surface are assumed to have the following forms

N
v=> (v;sinnp’ — v, cosnp’)e”, (24)
n=20

N
w= Y (w;cosnf’ + w;sinnp’)e”, (29)
n=0

where v, vy, w and w; are the generalized co-ordinates (undetermined amplitude
coefficients). The superscripts s and ¢ in equations (24) and (25) denote the
coefficients of sine and cosine terms, respectively. It is obvious from equations (24)
and (25) that the terms involving v} and w; equal zero when n = 0. Thus, one
displacement pattern at n =0 is the so-called breathing mode (i.e., radial
displacement w is equal at all circumferential positions and the tangential
displacement v is zero everywhere), and the other is a rigid body rotation about
the ring axis (i.e., the radial displacement w is zero everywhere).

The number of terms to be used in the displacement function series will depend
on the degree of accuracy required in the solution. This matter is discussed in
further detail in reference [18] when specific examples are investigated.

Note that the strain energy, equation (18), and the kinetic energy, equation (23),
are both expressed in terms of the local co-ordinates 8, £ and and tangential and
normal displacement components, v and w, integrated over the local tangential
co-ordinate . In order to calculate the natural frequencies (eigenvalues) and the
mode shapes (eigenvectors), the displacement functions, v and w, in equation (24)
are expressed in terms of global circumferential co-ordinate f’. Hence, it is
necessary to make a co-ordinate transformation in equations (18) and (23) to
express the local tangential co-ordinate f in terms of the global co-ordinate f8’.
The integrals can then be evaluated numerically over the global circumferential
co-ordinate * from 0 to 2x.

The required relationship between the global and local co-ordinates can be
deduced from Figure 4. This shows the inner and outer profiles and the
mid-surface which are defined relative to C’. R is the radius of curvature of the
mid-surface at point P. The length ds from P to P’ can be expressed as:

ds=L,dp’ = R dg, (26)
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+( 1 “, .':
(B ﬁ \0

Figure 4. Transformation between global and local co-ordinates.

where L, is the Lamé’s parameter [14], defined as:

be () (3) o

x and y in equation (27) denote generalized representations in the perspective of
a curved surface in plane Cartesian co-ordinates.
It follows that

_Legy
dp = R dp’. (28)
Hence
v R ov ow R ow
B-LF" B LF (230
and
v R*0% R Ov 0 (1 R* 0 (1

w R*Ow R dw 0 (1 R 0 [1
B "L L op {R o <L> T Lo (R)} 2
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Substituting equations (28)—(32) into equations (18) and (23), the strain and
kinetic energies can be rewritten in terms of the global co-ordinate f’, integrated
from 0 to 27 as follows:

_rREL [ (L, ov R v
i B A R R
Ly [y p R Cw  REwNT
3R _W +2 6ﬁ’2+L;‘ B H

2 [ ow Rowdw]| o [1 R
+3R2_W6/3’+L20ﬁ’5/3’2}6ﬁ’<Lp>H

2[R | (1),
3R 6ﬁ’2} oF <R> -

2 ow| 0 (1) 0 [1 s ,
EElEWsEe o
_ripL " oo\ ow\
r= ] (5) + (%) ]

L [,(0wY 4R &w R [ &w |, ,
3R ? <az> “Laaop T <az ap) H o dp”. (34)

5. EIGENVALUE PROBLEM

Making use of the results derived in the previous sections of the paper, the
Rayleigh—Ritz procedure can now be applied to obtain the eigenvalue problem
which can be expressed in the following general matrix form

K.vs K.\'(' 5 M.S.v MS(' qs _ O
|:|:K('.\' K(‘c:| - ;" |:Mcs M(L:|:||:q(:| - |:O:| > (3 5)
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where
F o v
W we
v} vy
wi wi
=] . |’ Q= . (36)
Uy Uy
Wi Wy

and [K*] etc. and [M”] etc. represent stiffness and mass matrices of size 2(N + 1),
where N is the number of terms in the displacement function series (equations (24)
and (25)). The matrix elements are given in the The superscripts s and
¢ indicate that the coefficients are related to sine and cosine terms, respectively,
in the displacement function series and gq,,q. are vectors of generalised
co-ordinates v,, w,. The frequency factors of the ring, 4, are the eigenvalues of
equation (35) (calculated using standard NAG routines) and are defined by

i»z = \/év Wpla, (37)

where w, is the natural frequency of the nth radial mode.

For a given value of n, equation (37) will yield a pair of values of 4,. These will
be equal in the case of a perfect ring but will be different in the case of an imperfect
ring, giving rise to a higher frequency mode and a lower frequency mode for each
value of n. The magnitude of the frequency splitting between a given pair of modes
will often be small, of the order of a fraction of 1% of the nominal value.
Sometimes, however, for particular combinations of profile variation and mode
number, the frequency splitting can be much larger, of the order of 20% or 30%
[7, 18].

In the general case where the profile of the ring is not symmetric with respect
to f” = 0, the frequently used classification of the modes as being “‘symmetric” and
“anti-symmetric”” would be inappropriate. In the special cases where the ring is
either perfectly circular or is symmetric about the line defined by ' =0, the
off-diagonal sub-matrices [K*], [K“], [M*] and [M“] appearing in equation (35) will
be null matrices. In this case equation (35) decomposes into two uncoupled sets
of equations: one set would give modes which are symmetric with respect to " = 0
and the other would give modes which are anti-symmetric.

It should be noted that in solving equation (35) the generalised co-ordinates v}
and wj are set to zero to eliminate rigid body motions. In order to get non-trivial
results, all the corresponding columns and rows of the mass and stiffness matrices
which correspond to v and ¢/0v at n = 0, and w and d/0w at n = 0, which are zero,
must be removed.
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6. CONCLUSIONS

This paper presents a methodology and formulation of the eigenvalue problem
for the free, in-plane, vibration of thin rings of rectangular cross-section and
circumferential profile variation. The profiles of the outer and inner surfaces of
the ring are expressed, in a general way, by Fourier series. An iterative numerical
procedure is presented for the proper determination of the true middle surface
from the specified outer and inner surfaces of the ring. This procedure allows rings
of arbitrary shape to be dealt with. General expressions are presented for the
corresponding mass and stiffness matrices. The resulting eigenvalue problem can
be solved using standard procedures. A companion paper [18] presents a
comprehensive set of results relating to applications of the theory to rings of
nominally circular shape and a further paper [19] presents results for rings of
nominally elliptical shape.
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APPENDIX: MATRIX ELEMENTS IN THE FREQUENCY EQUATION

The elements of the stiffness and mass matrices in equation (35) can be expressed
as follows where m and n are integers which take on the range of values from 0
to N, where N is the number of terms of the displacement function series. Note
that the variables m, n used in this Appendix have different meanings from those
in the main body of the paper.

(1) The elements of the stiffness matrix

K[m + 1,n + 1] = mnB, + 144,
K[m+ 1,n+ N+ 2] = mB; + n’Di; — Diu + nds),
K[m + 1,n + 2N + 3] = mnCy — 1Dy,
K[m + 1,n+ 3N + 4] = mCs + {[n*A; — A — nD13],
K[m + N+ 2,n+ 1] = nB;s + {{m*Cy; — Ciy + mAy;],
K[m+ N+2,n+ N+ 2] = B, + YBs — (m* + n*)By + m’n’Biy — nCis + nm*Cis
—mDys + mn*D\s + mnA],
K[m + N+ 2,n+ 2N + 3] = nCs + {{Biy — m*B;; — mDy;],
K[m+ N+2,n+ 3N+ 4] = C, + i[Cs — (m* + n*)Cs + m’n*Cyy + nBis — nm*Bys
—mAs + mn*A,s — mnD,,],
K[m + 2N + 3,n + 1] = nmD, — 1C\,,
K[m + 2N + 3,n+ N + 2] = mD; + {[Bis — n’By; — nCy3),
K[m + 2N + 3,n + 2N + 3] = mnA, + 1B,
K[m + 2N + 3, n + 3N + 4] = mA; + Ciy — n°Cy; + nBis),
K[m + 3N+ 4,n+ 1] = nDs + {m*4:; — Ay — mCis),
K[m+3N+4,n+ N + 2] = D, + D5 — (m* + n*)Dy + m*n’Dy + mB;s
— mn’Bis — nAs + nm*A,s — mnCy),
K[m + 3N +4,n+ 2N + 3] = nds + i[Dis — m*Dy; + mBi3],
K[m + 3N +4,n+ 3N + 4] = A, + [4s — (m* + n*)As + m’n’ A,y + nD;s
—nm*Dys + mCys — mn*Cis + mnB].
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(i1)) The elements of the mass matrix

Mim+ 1,n+ 1] = A4, + As,
M[m + 1,n+ 2N+ 3]= —D, — Ds,

M[m + N + 2, n + 1] = 3mA;,

Mm+2N+3,n+1]=
M[m + 2N+ 3,n+ 2N + 3] = B, + Bs,

M[m + 3N + 4, n+ 1] = —3m(C;,

—Ci = G,

M[m + 1,n+ N + 2] = 3nd,,
M[m + 1,n+ 3N + 4] = —D,,
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M[m + N + 2,n+ N+ 2] = B, + imnAs,
M[m + N+ 2,n + 2N + 3] = —imDs,
M[m + N + 2,n + 3N + 4] = C, — imnDs,

M[m + 2N +3,n+ N + 2] = —nC,,
M[m + 2N + 3, n + 3N + 4] = 2nB;,

M[m + 3N + 4, n+ N + 2] = D, — imnCs,
M[m + 3N + 4, n + 2N + 3] = 3mB;,
M[m + 3N +4,n+ 3N + 4] = A, + imnBs.

In the following expressions, L, denotes Lamé’s parameter, R denotes the radius
of curvatures, I'},= cos (ifi’) cos (jB’) sin (kf’) sin (/f’), and H and H’ denote
(ht — h™) and (h** — h?), respectively, where A* and i~ are the outer and inner
thicknesses, respectively. These variables can be calculated by an iterative
numerical procedure shown in the main text.
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